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1. INTRODUCTION: THE POWER OF THE PARADIGMS 

Throughout the pages of this book I shall try to prove how granitic rocks are 
mainly of upper mantle origin while basalts, which are considered to be of an 
unquestionable upper mantle origin, are in fact formed in the crust. 

Granites, that form the thick framework of the all continental crusts, and also of 
those defined as anomalous oceanic crusts, were mainly extracted in the Archean 
from the upper mantle and later reworked (metamorphism-anatexis) in later 
Geological episodes. In my opinion here lies one of the main questions that have 
never been satisfactorily answered: How can such huge volumes of granitic rocks 
be extracted from a peridotitic upper mantle? 

Basalts are doubtlessly upper mantle igneous rocks formed by the partial 
melting of real (peridotites), unreal (pyrolites), or other rocks (eclogites). Peridotite 
is the most current model that involves an upper mantle chemical composition of 
about: SiO2 ~ 44-48%, Al2O3 ~ 2.6-3.9%, CaO ~ 2.2-3.7%, MgO ~ 37-41%, FeO ~ 
8-9%, Na2O ~ 0.3-1.8%, K2O ~ 0.02-0.2%. So, the composition the upper mantle is 
made up of over 80% of SiO2 and MgO, with subordinate FeO (8-10%), and 
accesories Al2O3, CaO and Na2O (5-6%). With such an upper mantle composition 
it is very difficult to determine the origin and evolution of the crust (e.g. igneous 
rocks) throughout geological time. Current petrogenetic models for many so 
considered upper mantle rocks however, are so complicated that matching the 
upper mantle-crust’s global geochemical balance is not easy to understand. This 
geochemical balance can be better explained within a new physical-chemical 
model for the upper mantle. In this new model, the upper mantle is considered to 
be more sialic in composition, but to adjust to geophysical-physical data such a 
“sialic” upper mantle must be arranged in denser structures than the sialic-crustal 
ones. 

I believe that the true composition of the upper mantle can be obtained from the 
geochemical balance of the matter between the upper mantle and the crust 
throughout geological time. This upper mantle-crust geochemical balance, e.g. in 
crusts from thin oceanic to thick continental zones, appears to indicate that sialic 
matter is the main contribution from the upper mantle. Such an enormous 
contribution of juvenile sialic matter from the upper mantle is very difficult to 
understand within current compositional mantle models. But, if together with the 
geochemical balance other such interrelated geophysical and geothermal 
phenomena are taken into account, these can all be explained with a new physical-
chemical understanding for the upper mantle, e.g. being richer in silica-alkaline 
components. The new sialic matter (granitic) from the upper mantle is mainly 
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added to the crust in two zones: at the “bottom” and at the “border” of the previous 
oceanic to continental crusts. Such contributions of new sialic matter are shown by 
the abundant sialic thickening zones, generally with seismic reflections, and by 
accretional sialic prisms. The reflective lower crust is understood here as gradual 
physical transitions between the denser upper mantle matter and the lighter crustal 
one. This new sialic upper mantle matter is also manifested through the abundant 
ridges. Contrary to current ideas these are, understood here as incipient orogenic 
zones in different stages of crustal growth and under compression due to the 
increase in volume (expansion). 

In a new chemical understanding of the upper mantle, the granitic rocks 
(granitoids to gneisses) are the main rocks in the birth and growth of the crust from 
oceanic to continental zones. Within a more sialic upper mantle, SiO2 is the main 
component. This important oxide can be found in denser crystalline forms that 
involve polymorphic and electronic changes (coesite and stishovite). The upper 
mantle must also contain K-Na components which could be arranged in hollandite 
and/or wadeite structures. Other components currently considered to be very 
important are found in minor proportions (Mg, Fe, Ca), which are sometimes 
associated to structures like spinel, periclase, perovskite, etc. The high P-T 
conditions created mainly during the final stages of the Earth accretion could 
favour the formation of an initial amorphous-dense matter more than a crystalline 
one. Such amorphous matter could have been formed either from the rapid cooling 
of a melted matter (magma ocean?) or form the diaplectic transformation of 
crystalline planetesimals. This dense amorphous matter could be suitable for the 
presence of some “water” in the upper mantle, for example in some SiO2 
components, in similar amounts to the crustal granites. The presence of other fluids 
in the mantle (e.g. CO2, SO3, etc.), of carbonate to carbonatitic rocks, and even 
diamonds can be explained as having been produced by the transformation to 
partial melting of crustal materials at various P-T conditions in Magmatic 
Chambers and in very high compressional graben-rift environments. 

The supposed upper mantle basic-ultrabasic rocks are produced in the crust 
where active chemical elements (sialic), released at crustal-dynamic zones, come 
into contact with marly-evaporitic materials covered by thick domed impermeable 
covers. Depending on the endogenetic-exogenetic geochemical balance, and P-T 
conditions, rocks from ultrabasic to basic can be formed throughout. So, basalts are 
formed in the crust through two petrogenetic episodes: 1) The Baking Place 
episode where the petrogenetic processes take place in solid state, which result in 
the formation of a doughy-crystalline mass soaked in abundant fluids that can reach 
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high P-T conditions. 2) The Magmatic episode (and eruption) results from the 
partial melting of the previous doughy mass through decompression. This is due to 
the rapid escape of fluids from the fracturation of the carbonate-domatic cover, 
produced by overpressure conditions during the Baking Place episode, with the 
formation of pyroclastic volcanic edifices and varying amounts of lavas. The 
apparent igneous upper mantle diversity in many geological zones, sometimes 
reaching a punctual-volcanic scale, is mainly due to the geochemical balance 
between the endogenous sialic matter and the sedimentary cover, together with, P-
T differential physical conditions created in compressional to extensional 
environments. 

An additional summary of the main conclusion of this book are the following: 
− The Main Mechanism that governs the geological phenomena (e.g. 

magmatism) is the origin and growth of the sialic crust «sialic thickening». 
This sialic growth involves the addition of juvenile sialic matter to the base of 
the previous crusts, and also in the ridge systems and accretional continental 
zones. The result is the formation of granitic-gneissic rocks. 

− To extract a huge amount of sialic matter (e.g. thick granitic masses) 
from an ultramafic upper mantle is about as impossible as trying to make many 
litres of orange-juice from one orange and without a squeezer. 

− Granitic rocks are by far the oldest and most abundant igneous rocks in 
the Earth’s crust. They can exceed 95% in volume of many Archean continental 
terranes. They can also be relatively abundant in many oceanic zones, from 
islands to submerged plateaus, which in some cases are of Precambrian ages. 

− The ratio of granitic rocks to mafic-ultramafic rocks in many thick 
continental areas can be very high, about 18 to 1. Even in terranes covered by 
abundant, supposed igneous mantle rocks (e.g. Deccan, Siberian and Paraná 
basalts) this ratio can be 10 to 1. 

− The episodic contribution of new granitic matter from the upper mantle, 
which is evident in many continents, is still taking place, although seemingly to 
a lesser degree, in many areas defined as anomalous oceanic zones (e.g. swells, 
ridges, plateaus, etc.). Such zones must be interpreted as crusts in different 
stages of “granitic” growth. So, swells or superswells could be defined as zones 
of the “birth” of granitic rocks in oceanic areas which in time will convert into 
thicker, anomalous oceanic zones, and later into true continental masses, either 
submerged (e.g. Ontong Java and Kerguelen Plateaus) or surfaced (islands to 
continents). 
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− Ridges can be defined as incipient orogens at different stages of granitic 
growth. They correspond to linear zones of episodic granitic growth, affected by 
lateral expansion under compression. This is produced by the intrusion of young 
granitic masses into the previous crusts, together with crustal thickening created 
by the contribution of juvenile granitic matter that is mainly added to the base of 
previous ridge-crusts. 

− The Main Global Mechanism for the “Emplacement” of Granitic Rocks 
in the Upper Crust is the Episodic Growth of the “Granitic” Crust in Depth, 
which results in Isostatic Upliftings, which in time can result in the intrusion 
and later outcropping of some granitic masses, either in compressional 
environments (e.g. gneiss domes), or in more extensional environments (e.g. 
batholiths). 

− The problem of “Space” for the “Emplacement” and “Accommodation” 
of voluminous granitic masses in the crust is solved mainly in three ways: firstly 
by the increase in volume (“expansion”) mainly in a vertical sense, of the 
granitic crust in relation to its parental upper mantle material; secondly by the 
formation of high-very high compressional environments, and thirdly by the 
creation of abundant thrusting structures. 

− The increase in volume of the granitic crust in relation to its upper 
mantle-parental material is the main cause of most tectonic processes. Many of 
these, defined as “collisional” and currently attributed to Plate Tectonics, can be 
easily explained by the dynamic Granitic rocks created during their crustal 
growth in solid state. 

− An Ultramafic Upper Mantle has obstructed and continues to 
considerable hamper an easier understanding and relationship of the various 
geological phenomena. 

− The eruption of basalts through thick cratonic granitic-gneissic masses 
has never, nor will it ever be able to take place for the simple reason that basalts 
are always formed above them. 

− Basalts never have upper mantle-crust conducts beneath their Magmatic 
Chambers. These “conducts” are always formed by mylonitic-frictional granite-
gneissic rocks. 

− The association of basalts, and in general mafic-ultramafic rocks with a 
dynamic sialic basement covered by thick carbonate-marly sediments is evident 
in all continents. 

− In oceanic zones, basalts are always associated with “anomalous oceanic 
crusts”, that is, over 20 km thick. These all have, or once had an active sialic 
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basement in growth stage, covered by thick marine sediments (carbonate-marly 
evaporites). 
Similar questionable paradigms could be found on other planetary bodies such 

as Mars. The geological-petrological data of Mars appear to indicate that in the 
origin of basaltic rocks the presence of an active granitic basement covered by 
sedimentary rocks was also as necessary as it was on Earth. 

2. BASIS FOR A NEW SIALIC UPPER MANTLE 

2.1 THE BEGINNIGS 

2.1.1 New Interpretation of Spanish Mafic-Ultramafic Rocks 

The main arguments for a More Sialic Upper Mantle were derived from the 
following data: 

− The “Beginnings”: A new interpretation of Spanish Mafic-Ultramafic 
rocks. 

− The nature of the oldest rocks in the crust. 
− The origin and evolution (growth) of the crust throughout geological 

time. 
− The relationship between crustal growth and the granitic rocks. 
− The deduction that mafic-ultramafic rocks are always younger than their 

“sialic basements” and the associated carbonate sedimentary materials. 
− The nature of oceanic crusts, mainly those defined as anomalous. 
− The presence of granitic rocks (granite-gneisses) in oceans that do not 

correspond to “fragments” of continents. 
− The meaning of ophiolites in oceanic and continental zones. 

From the study of certain crusts at different stages of growth (oceanic to 
continental), one can easily deduce that the main geochemical contribution from 
the upper mantle (Archean till today) is of “sialic” nature. 

Some new petrogenetical models for Spanish mafic-ultramafic rocks are 
summarized in the following (Sánchez Cela, 1999 a): 

− The Hercynian gabbros and diorites of SW Spain were interpreted as 
having been produced by the transformation of marly-carbonate materials of 
Cambrian to Devonian ages by granitic chemical elements released from the 
gneissic-granite basement. These gabbros-diorites were formed together with 
other associated intermediate rocks, dioritoides (foliated diorites) and various 
amphibolitic rocks which gradually made a transit to the gneissic granites of the 
basement. 

13



− The Alpine Spanish basic rocks (ophites-dolerites) were formed by sialic 
matter released from shear-frictional zones (mylonites) developed on faulted-
compressional granitic basements that transformed the Keuper marly-evaporitic 
materials. For this petrogenetic model to be efficient, the soft Keuper materials 
must have been covered by thick, “impermeable”, carbonate rocks with suitable 
domatic structures that remain stable over a substantial geological time. 

− The Hercynian-Pyrenean lamprophyres were produced by the 
transformation and partial melting of calc-silicate rocks trapped in graben 
structures in high compressional-frictional environments. Such highly dynamic 
environments were created by the growth and uplifting of granitic blocks during 
later Hercynian times. 

− The Ronda peridotites are explained by the transformation of marly 
dolomite materials at moderate-high P-T conditions by sialic matter released in 
relation to the formation and evolution of the gneissic basement. This requires 
the presence and permanence of a thick carbonate cover over a sufficient period. 
These active gneissic basements are arranged in orogenic arches that usually 
outline granitic domes. The high P-T conditions, created in many dynamic arc 
structures that have various chemical-structural environments, were the main 
cause of the formation of inverted metamorphic-igneous sequences in a number 
of peridotite and ophiolite complexes. 
From direct observations and mainly from the abundant studies on similar rock 

formations in the world, it is not difficult to deduce that similar petrogenetic 
conditions could have taken place at the same time, both in Spain and other parts of 
the world. 

The granite-gneissic basements, which are necessary for the formation of mafic-
ultramafic rocks, do not appear to be present in many zones defined as “oceanic”. 
Geological data and deductions indicate that the upper mantle rocks in such zones 
(e.g. ophiolites) are always associated with “anomalous oceanic crusts” (e.g. 
thicker than 10 km), with abundant carbonate sediments (Vp 2-4 km/s) lying on 
thin crusts (Vp 6-7 km/s) which are interpreted as thin sialic crusts at initial stages 
of growth. This sialic-gneissic crust would be present in some thicker ridges, 
plateaus, and mainly island arcs of many oceanic zones. Contrary to former beliefs, 
abundant carbonate rocks exist beneath all oceans even in zones such as “ridges”, 
generally viewed as “juvenile oceanic zones” within current models. In many cases 
the thickness of these carbonate rocks is greater than that of other, nearby, 
equivalent stratigraphic zones. In the origin of such thick carbonate sequences 
together with the CCD (carbonate compensation depth) control for the precipitation 
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of carbonates, the presence is necessary of anomalous thermal flows that can 
enhance the geochemical and biogenic activity for the formation of carbonate and 
related rocks. The Archean mafic to ultramafic rocks, mainly greenstone belts and 
komatiites, appear to indicate that such rocks were formed in a similar way to the 
Alpine peridotite-ophiolites, that is, with the presence of an active arc gneissic 
basement and a marly-dolomitic cover. This Archean structural environment was, 
in many cases, disrupted by later tecto-petrogenetic processes related to the growth 
of the domed-oval granitic masses, which obliterated the suitable, original 
geological conditions in Archean times. 

It appears, therefore, that the greatest challenge lies in describing the origin of 
the basalts which can be formed in the upper crust in various suitable geological 
environments. Therefore, the tholeiitic basalts can be formed in a very similar way 
to the dolerites (ophites) (Sánchez Cela, 1999 b). The “alkaline basalts” can be 
produced in more dynamic environments in a similar manner to lamprophyre rocks. 
Many basaltic formations (e.g. traps) exhibit extensive (tholeiitic), compressive 
(alkaline), and hybrid environments. The following are some of the geological 
features which are of great importance for a better comprehension of such 
important igneous rocks: 

− The voluminous, continental trap basalts are always related to sialic 
frictional dynamic zones covered by thick carbonate-evaporite materials, as 
occurs in Deccan and Paraná and other zones with abundant basaltic rocks. 

− The frictional sialic zones constituted (and in many cases still do) 
important thermal and chemical sources, where active mobile elements (mainly 
silica) were released at high temperatures. 

− Many of these active chemical and thermal sources come into contact 
with sedimentary materials which are suitable for transformation, as with marls 
or marly-evaporites covered by thick carbonate rocks. 

− The formation of basaltic rocks in the crust depends mainly on the 
efficiency of the physical and chemical endogeneous-sialic sources, which 
include the formation and permanence of thick, domed carbonate-marly-
evaporite covers over a substantial period of time. 

− Depending on the chemical and thermal balance, the petrogenetic 
processes will be from undersaturated to oversaturated and anywhere from solid 
to melting stages. So, peridotites, gabbros, and other diverse ultrabasic to basic 
rocks are produced in the crust mainly in a solid state. Basic magmas (e.g. 
basalts) are produced by the partial melting of previous gabbroid rocks and 
decompression due to the rapid escape of fluids. 
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Basalts in “oceanic zones” are associated with anomalous oceanic crusts (10-20 
km thick) and in many cases of continental type (20-35 km thick), such as the 
Icelandic basalts. In this zone and in many others considered as oceanic, the 
geological environments are very similar to continental ones; that is, basalts are 
associated with dynamic-frictional sialic basements covered by thick carbonate-
marly-evaporite sediments. 

The volume of mafic-ultramafic rocks in the crust could be greater (e.g. 100-
1000 times more). This is because the volume of carbonate-marly materials has 
been largely abundant throughout geological time, mainly since the Mesozoic but 
not earlier because the origin of mafic-ultramafic rocks, together with these 
sediments, required the participation of other suitable conditions: the formation of 
efficient thermal-chemical sources in the basement and the creation of suitable 
stable structures over a long period of time. According to geological records, the 
carbonate-marly materials were also present as early as Precambrian, although they 
became ever more abundant from later Paleozoic time. Therefore, the volume of 
basalts could have been greater (e.g. 1000 times). With such a huge amount of 
basalts in the crust, although it would be more difficult to support, the new 
petrogenetic model would be equally valid. A great part of these suitable 
geological conditions in the origin of the basalts and in general, mafic-ultramafic 
rocks are controlled by the main mechanism that governs the geological 
phenomena, sialic thickening. This evident geological phenomenon is understood 
as the episodic, perhaps cyclic, transformation of the denser upper mantle into a 
lighter sialic one. This involves a new physical and chemical interpretation for the 
upper mantle. 

2.1.2 The Oldest Rocks: Granites-Gneisses 

Some of the most valuable data in deducing a new upper mantle composition lie 
in the knowledge of the oldest igneous rocks on the Earth and in the 
comprehension of mafic-ultramafic rocks and their distribution throughout 
geological time. For many years attention has been drawn to the great scarcity of 
igneous mantle rocks in Archean times. On the contrary, granitic-gneissic rocks are 
very abundant. Within the current upper mantle models, for two good reasons, 
most geologists understand an Archean crust with very abundant igneous mantle 
rocks. Firstly, the thermal environment of the primitive Earth was very high 
(magma ocean?), and secondly because the crust was thinner. Although the main 
aim of this chapter is to decide what are the oldest rocks in the crust, all geologists 
must wonder why there is a geological gap of about 600 Ma between the origin of 
the Earth and the Beginning of Geology. A coherent explanation of this gap could 
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help in the comprehension of many geological phenomena, for example the 
mechanisms of activation of the geological phenomena, or how the matter in the 
upper mantle is activated. 

The Archean mafic-ultramafic rocks are very scarce in comparison to the 
granite-gneissic rocks. They are associated to geological environments very similar 
to Hercynian and Alpine mafic-ultramafic rocks. So, the Archean mafic-ultramafic 
rocks are associated to dynamic arc-oval structures where an active gneissic 
basement is present. Together with this, Mg-carbonate rocks are always present, in 
all cases, older than the associated mafic-ultramafic rocks. As geologists know, 
these igneous mafic-ultramafic rocks correspond to greenstones, komatiites, and 
other diverse Mg-basaltic rocks. 

One zone in the world with apparently abundant mafic rocks is the Hearst-
Matachewan area of North America which has been studied by among others Halls 
& Bates (1990) and Heaman (1997). According to these authors, the volume of this 
mafic magmatism exceeds an area of 250,000 km2 and this represents more than 
50,000 km3 of basaltic magma. Within this area the greater part of the mafic rocks 
is formed by abundant dike swarms of diabasic rocks. The rest is formed by a 
lesser amount of flood basalts, some gabbros and anorthosite rocks outcropping in 
small plutons. The volume of this mafic magmatism in the Paleoproterozoic (~2.45 
Ga) is minute in relation to the quartz-feldspathic igneous-metamorphic rocks 
which are present in that area. 

The most abundant Archean rocks correspond to granites and gneisses. An 
aproximate ratio among the different igneous Archean rocks could be that 
considered by Goodwin (1978) for the Canadian Shield: 

− 91.1 % of granitic rocks (gneisses and granites). 
− 8.3 % of metacrustal rocks. 
− 0.6 % of basic-ultrabasic rocks. 

The metacrustal rocks include metasedimentary and various volcanics: basalts, 
andesites, dacites, and rhyolites. Within meta to sedimentary rocks are marbles and 
limestones. The very scarce basic-ultrabasic rocks are formed mainly by olivine 
and anorthosite gabbros, pyroxenites and diorites. 

According to Baragar & McGlynn (1976) the granite-gneissic rocks represent a 
continuous, sialic crust during Archean times. Archean and also Proterozoic rocks 
can, in a broad sense, be divided into three ample groups (e.g. Goodwin, 1978; 
Rogers, 1995): 

a) Gneisses or granitic gneisses. 

b) Supracrustal rocks including greenstones. 
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c) Later domed-oval intrusive granites. 
The Archean gneisses or granitic gneisses are abundant on all continents. They are 
the oldest rocks on Earth (3.8 to 3.9 Ga) and form the basements of all supracrustal 
rocks, though some supracrustal sediments indicate similar and even greater ages. 
So, Maas et al. (1992) from detrital zircons obtained 3.9 to 4.2 Ga, and Mueller et 
al. (1992) from zircons of Archean quartzites obtained 3.96 Ga. If this is correct, 
“granitic” rocks would have been present in older times, although granitic rocks 
older than 4 Ga have been not found. 

Archean greenstone successions are structurally and stratigraphically complex. 
According to Condie (1989), a typical greenstone succession is formed by 
subaqueous basalts and komatiites with minor amounts of felsic tuff and layered 
chert. Komatiite is the most characteristic volcanic rock in the greenstone. It is an 
ultramafic igneous rock generally forming lava flows or phyllonian rocks and 
contains high percentages of MgO (>20%). Related to greenstone and together with 
various igneous rocks from basaltic to rhyolitic compositions, abundant sediments 
exist such as greywackes, carbonates, evaporites, cherts and other sedimentary to 
hydrothermal products. In all greenstone successions a polyphasic metamorphic 
basement is present, formed mainly by various gneissic-schistose rocks. In many 
cases these metamorphic rocks are formed by mylonitic-blastomylonitic rocks 
associated with shear zones. 

In almost all these Archean terrains, granite-gneissic rocks form the basement as 
in the zones of Pilbara, Zimbabwe, Isua and Dharwar, where the granitic rocks are 
covered unconformably by various sediments and the greenstone association. In 
other zones the age-relationship between granites and greenstones is unclear. Is it 
that they are interpreted differently because the granite basement does not crop 
out? The presence of granitic pebbles (in the conglomerates of similar or older ages 
than greenstones) appears to indicate the existence of a granitic basement beneath 
greenstones; an example is the Vermilion Zone (USA). 

The Steep Rock greenstone belt (Western Superior Province) on a granite-
gneissic-tonalitic basement is an approximate stratigraphic sequence (Stone et al., 
1992): 

− Basal quartz-feldspathic conglomerates. 
− Stromatolitic limestones ( > 500 m ). 
− Fe-Mn marly-limestones and iron formation (400-500 m). 
− Komatiites, generally pyroclastic. 
− Mafic and felsic volcanics. 
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The age of this greenstone belt is considered to be about 2990 Ma. Within this 
stratigraphic sequence carbonate-marly rocks are older than both komatiites and 
generally mafic igneous rocks. From this and taking into account the data of Stone 
et al. (1992), it could be deduced that the petrogenetic environment at Steep Rock 
is very similar to that described in many Alpine peridotites and ophiolite 
complexes: 

− The presence of an active arc-granite-gneissic basement. 
− The existence of abundant carbonate and marly rocks, which were 

dolomitized and chloritized. 
− The release of sialic matter at moderate T from the active sialic basement. 
− The creation of high P-T conditions at the core of domes and arch 

structures. 
− The formation of various igneous rocks in these high P-T places, 

according to various petrogenetic environments, etc. (Sánchez Cela, 1999 b). 
Many geologists consider that greenstones in Southern Africa lie on older 

granitic-gneissic rocks (Archibald et al., 1981; Bettenay et al., 1981; Lowe, 1982). 
On the other hand others believe that granitic rocks are younger than greenstones 
(Anhaeusser, 1978, 1981). Although, there are also geologists who think that 
greenstones can be older or younger than granites (Naqvi, 1981; Glikson, 1984); 
Bickle et al., (1975), in the Belingwe greenstone belt of Zimbabwe, describe a well 
exposed stratrigraphic sequence where the granite-gneissic rocks clearly constitute 
the basement of the greenstone-sedimentary pile. Granites here are unconformably 
covered by stromatolite limestones, peridotite-basalts, komatiites-sediments, and 
andesitic-pyroclastic rocks. A similar stratrigraphic disposition is present in the 
East Pilbara Block of Australia (Bickle et al., 1985). 

Viljoen & Viljoen (1969) were probably the first to define the term komatiite 
(Komati Fm., Barberton, South Africa) as “peridotite lavas” of Precambrian age 
from the Barberton greenstone belt, although the “peridotite” is an 
oversimplification since such a name includes ultramafic rocks of diverse 
composition, structures and textures. Arndt et al. (1977) extended the komatiite 
term to rocks from basaltic to andesitic types with mafic and ultramafic cumulates 
associated with ultramafic lavas. This concept appears to be the most acceptable 
among geologists. According to Nisbet (1987), komatiites that represent the 
“Archean Mantle”, are ultramafic volcanic rocks with extrusive-pillow textures and 
composed of serpentine and chlorite. Basically, komatiites contain higher 
percentages of Mg, Ca, Ni and Ca/Al and lower Ti in relation to basalts. Although 
these rocks are generally cited in Precambrian terraines, they are also shown in 
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younger ones such as the komatiites of the Gorgona Island (Colombia) (Echeverria, 
1980). Here, the komatiites exhibit high MgO percentages, up to 24%. Similar 
MgO percentages were only previously known in Precambrian rocks, where many 
Archean komatiites contain up to 32% of MgO. The particular petrological-
geochemical features of komatiites appear to indicate high P-T, hydrous conditions 
of formation. An argument exists as to whether these rocks are intrusive or 
extrusive, although the extrusive emplacement is that most defended (Viljoen & 
Viljoen, 1969). Parman et al. (1997) summarize the main hypothesis in the origin 
of these unusual, igneous rocks as related to: Mid-Ocean ridges; Subduction zones; 
Meteorite impacts; Continental volcanism; Magma oceans and Super-hot plumes. 

The great diversity in the origin of greenstones must be due mostly to the fact 
that geologists always relate any mafic-ultramafic rocks with an upper mantle 
provenance, where the mechanisms of partial melting are so diverse as in impacts 
and mantle plumes. The origin of the komatiites and, in general, greenstones would 
be better understood if geologists took into account the important geological data: 

− These igneous rocks are always associated to highly compressional arc-
domal structures. 

− The presence of an active granite-gneissic basement. 
− The presence of Mg-sediments, mainly dolomitic rocks. 

Many geologists today seem to agree with one important geological fact, that 
the oldest and most important rocks on the Earth are of sialic nature and formed by 
various facies of granites and gneisses. From the importance of the origin of mafic-
ultramafic rocks, it is possible to say that the carbonate rocks and evaporites, 
although thinly distributed, were present in the crust from the beginning of 
geological times (3.8 Ga). Geologists today know the existence of Archean to 
Proterozoic carbonate rocks in many old terrains of most continents. In South 
Africa, several Archean craton zones exist where, with dominant gneissic-granitic 
rocks generally arranged in oval-domed morphologies, carbonate rocks more or 
less metamorphized (marble-calcsilicate rocks) are present. Many of these 
carbonate rocks (the ones around 3.5 Ga old) contain minor evaporites mainly 
sulphates associated with greenstones. A few examples are the Zimbabwe Province 
(Barton & Key, 1981; Eriksson et al., 1994), Barberton Mountain (Anhaeusser, 
1978; Eriksson & Truswell, 1978), and in Zimbabwe the Archean stromalite 
limestones (Bickle et al., 1975). In Isua (Greenland), which is an Archean oval 
gneissic structure, there are marble to calcsilicate rocks and some evaporites about 
3.7 Ga (Allaart, 1976; Nutman et al., 1984; Rosing et al., 1996; Rose et al., 1996). 
The Pilbara (W Australia) Block is one of the Archean terrains where carbonate 

20



rocks are relatively abundant, as occurs with the Marble Bar. These metamorphic 
carbonate rocks are associated with stromatolite limestones, evaporites and chert 
(Lowe, 1983; Buick & Dunlop, 1990; Myers, 1993; Eriksson et al., 1994). Other 
Archean terrains with carbonates are to be found in NE China, southern India 
(Janardhan et al., 1978), Russia-Aldan Shield (Movalev, 1981) and in other 
Archean terrains. 

In greenstone terrains there is always an older granite-gneissic basement, 
generally arranged in arc morphologies, and various carbonate-marly-calcsilicate 
rocks that are always older than mafic igneous rocks (e.g. komatiites or basalt 
komatiites). So, in the Superior Province (USA-Canada) within the greenstone 
stratigraphic sequence there are stromatolitic carbonate rocks that are older than the 
mafic igneous rocks of about 3 Ga old (Davis & Jackson, 1988). After analyzing 
many works on Archean terrains around the world, like many other geologists who 
studied Archean zones, it can be deduced that carbonate rocks are always older 
than igneous mafic-ultramafic rocks. These igneous rocks consistently affect 
previous, carbonate sedimentary rocks. A secondary objective would be to know 
whether these Archean carbonate rocks were produced by biogenic or abiogenic 
causes. The Archean carbonate sedimentation must have been controlled mainly by 
abiogenic causes for two main reasons: firstly by the almost total absence of 
organisms at that time, and secondly because the high thermal flows, related to the 
domed-oval granite-gneisses, could be the underlying cause of thermal control in 
carbonate sedimentation. The oldest scarce fossils, the stromatolites, could have 
been formed by abiogenic causes as well (de Wit et al., 1982; Walter, 1996; 
Grotzinger & Rothman, 1996). 

An important question is: what petrogenetic relationship can exist between 
stromatolite limestones and high Mg-igneous rocks? Many of these Archean 
limestones were dolomitized in those zones where the sialic basement was affected 
by important dynamic-petrogenetic processes. These zones correspond to the 
borders of the domed-oval structures, where prior to the formation of various 
mafic-ultramafic igneous rocks the initial carbonate rocks were affected by high 
thermal environments, possibly related to the heat released at shear friction zones 
produced between compressional granitic-gneissic masses. This heat is released in 
a superficial oceanic environment as thermal convection normally known as 
“Kohout convection” (Kohout, 1967). Following this important and necessary 
episode, it should be easier to understand the petrogenetic habitat of the Archean 
mafic-ultramafic rocks, since they differ very little from Alpine peridotites. 
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2.1.3 Origin and Growth of the Crust 

The comprehension of the origin and growth of the sialic crust, mainly granitic 
rocks, is fundamental for the understanding of many geological phenomena. I think 
that all geological processes are related to the origin and growth of the sialic crust, 
where the various petrological-geodynamical-sedimentological environments are 
mainly controlled by this very important geological phenomenon. The diverse 
theories concerning the origin and evolution of the sialic crust can be divided into 
three broad models: 

1.- The formation of practically all of the sialic crust in early Archean time. 
2.- The continuous formation of the sialic crust from Archean time. 
3.- A gradual growth of the sialic crust but added to a greater or lesser 

reworking. 
It seems that nearly all geologists consider the second or third theories more 
suitable in relation to the evolution of the sialic crust throughout geological time. 
Windley (1995) also considers three alternative models in relation to crustal 
growth: 

1.-  Exponential growth of the crust throughout geological time. 
2.- Rapid growth in the Archean followed by recycling of the crust either 

within the crust or through the upper mantle. 
3.- Linear or exponential growth associated with partial recycling of the 

crust (mixed model). 
From various arguments he concluded that the most important period of crustal 
growth took place in later Archean times. The continental masses, according to 
Windley (op. cit.), in the early Proterozoic achieved their present size and 
thicknesses. De Paolo (1980) and others indicated an episodic growth of the crust 
throughout geological time. In basis to isotope studies applied by means of 
transport equations on 143Nd/144Nd on Archean and recent crustal rocks, this author 
deduces a secular growth of the continental crust with zero or small amounts of 
recycling of the crust over the past 3500 Ma. From isotope data Moorbath (1976, 
1977) deduced several wide events in the growth of the Earth by juvenile addition 
from the upper mantle. These main events took place between: 3800-3500; 2800-
2500; 1900-1600; 1200-900; and 500-0 Ma. Moorbath & Taylor (1981) consider 
that continental growth greatly dominates over continental recycling because of the 
permanence of the sialic crust. Although many geologists-geochemists considered 
the crustal growth with the increase in granitic-gneissic rocks in the crust, there are 
others that relate such growth to basaltic underplating (e.g. Rudnick, 1990). Stein 
& Hofmann (1994) define an episodic crustal growth in relation to mantle plumes, 

22



within the Wilson cycle, where the main crustal growth is related to arc processes. 
Condie (1998) defined three main episodes of continental growth with maximum 
production in juvenile crust at 2.7, 1.9 and 1.2 Ga which correspond to formation 
times of supercontinents. According to his research, each of these maxima may 
reflect a superevent in the mantle as descending slabs catastrophically sink through 
the 600 km seismic discontinuity. These superevents may comprise several 
subevents of 50-80 Ma duration each. The total duration of a supervent cycle, 
according to Condie (op. cit.) is about 800 Ma for Precambrian cycles and 450-650 
Ma for Phanerozoic cycles. Some authors also consider no growth of the crust. 
Armstrong (1968, 1981, 1991) in basis to Sr and Pb studies shows no such growth 
of the sialic crust. Isotopic studies greatly contribute towards understanding 
whether sialic masses are juvenile, recycled or hybrid in origin. North America and 
Greenland, in basis to Nd data (Patchett & Arndt, 1986), appear to have grown, in 
great part, by the addition of juvenile, upper mantle sialic matter and the 
subordinate reworking of crustal materials. In general, isotope data favour a 
continuous addition of juvenile, upper mantle sialic crust (e.g. Moorbath & Taylor, 
1981) more than recycling processes.  

Most models pertaining to the origin and evolution of the crust throughout 
geological time are based on superficial data, that is, on the volume and age and 
primary or secondary origin of the granitic igneous rocks that crop out on the 
Earth's surface. In relationship to this superficial data, geologists know the almost 
concentric, accretional growth of the North American continent and other 
continental-border zones. It has been a long time since geologists discovered that 
the North American continental mass grew as a consequence of younger, sialic 
accretional masses, mainly from the upper mantle during late Paleozoic (eastern) 
and Mesozoic (western), through accreted, island-arc andesitic and granitic rocks 
(Rogers et al., 1974). The North American continent is made up of six Archean 
provinces surrounded by several Paleoproterozoic orogenic chains (Hoffman, 
1989). Many of the western Canadian chains are formed by thick, accreted, granitic 
terrains whose geochemical data indicate a juvenile mantle origin (Friedman et al., 
1995). On the North American Eastern coast, the outcropping accretional masses 
are almost entirely Paleozoic. Abundant Mesozoic materials lie below the Atlantic 
ocean in accretional Triassic-Jurassic rifts (Grow & Sheridan, 1981). A similar 
lateral growth of continents throughout time has also been present in many other 
continents, as occurs in the Baltic Shield (Park, 1991). Accretional lateral growth, 
evident at many continental borders, is also present in many island arcs from 
“oceanic” to continental nature (e.g. Lesser Antilles). Together with the episodic 
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lateral growth of the old crust, a simultaneous growth in depth also took place in 
many crustal areas throughout geological time. This growth of the crust in depth 
appears to be related to the origin of the seismic reflectivity in the lower crust. 

From a statistical point of view, most geologists and geochemists consider the 
Earth's crust to have grown from Archean. Except for some authors (e.g Fyfe, 
1978, and Armstrong, 1981) the greater part of geologists defend models with 
different rates of growth together with more or less crustal recycling. Within these 
growth models it is interesting to consider those that defend the episodic or cyclic 
growth of the crust (e.g. Patchett & Arndt, 1986). Among the continuous crustal 
growth models there are authors who consider a progressive growth of the crust 
with low rates of recycling (e.g. Dewey & Windley, 1981; Allègre, 1982; 
McLennan & Taylor, 1982), while others define low to very low growth rates (e.g. 
Hurley & Rand, 1969). 

2.2 THE VOLUME OF GRANITIC ROCKS IN THE CRUST 

2.2.1 Granitic Rocks in Continents  

The importance of the granitic rocks in the building of the continental crust is so 
evident, that it needs no comment, since the geophysical data “translate” these, in 
principle upper crustal rocks, to depths that can reach 50-70 km. So, today, we can 
say that the granitic rocks are formally the (tridimensional) framework of the 
continental crusts. Examples are unnecessary, from a continent, like North America 
to a small continental island, such as Puerto Rico. 

I think that the volume and importance of granitic rocks in the crust has, to date, 
been well appraised due to the apparent greater volume of igneous mafic-
ultramafic rocks. So, because of the current, untouchable ultramafic upper mantle 
composition, the origin and evolution (growth) of granitic rocks throughout 
geological time have been explained both poorly and in different ways. This is the 
reason why the origin of Archean granitic rocks, for example, is mainly related to 
various, crustal recycling models, with scarcely any juvenile upper mantle granitic 
matter. Even admitting the formation alone of granitic rocks in Archean it is 
difficult to understand the extraction of such an enormous volume of granitic rocks 
from an upper mantle mainly formed by Mg-olivine-pyroxenes. One could 
consider and perhaps understand if, together with such a huge granitic extraction, 
the volume of mafic-ultramafic rocks in the crust was much greater than the 
granitic ones. The granitic crust represents about 0.45-0.50% of the mass of the 
mantle. In order to extract the lighter-sialic components from the mantle and on the 
basis of an upper mantle-crust geochemical balance, about 50-70% of the mantle 
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would be affected by such sialic extraction. But if a mechanism exists in the mantle 
which is able to break the structure of the mafic silicates and which can selectively 
extract the lighter sialic matter from the heavier basic ones, it seems unreasonable 
that after this strange process the upper mantle should be converted into a lighter 
one, e.g. passing from Vp ∼8.1 to 7.8 km/s when the logical process to follow 
would be the contrary, from Vp ∼8.1 to 8.5 km/, for example. 

Geologists who deduce a great thickness of granitoids in the crust (20 to 30 
km), include Paterson et al. (1996) and Collins et al. (1998). Nor must we forget 
Read (1948) because he was one of the first to realize that granite batholiths had 
deep roots. On the contrary other geologists interpret granitic rocks as thin-
horizontal masses (e.g. Hamilton & Myers, 1974; Haederly & Atherton, 2002) or 
as magmas emplaced along dikes in the upper crust (e.g. Petford et al., 1993). 
Surely the great diversity of “evaluations” on the volume of “granitic rocks” in the 
Earth’s crust must depend, in many cases, on the concept of granitic rocks, since it 
involves from the typical granites to other gneissic-granulitic rocks. These latter 
metamorphic rocks are considered by many geologists to be present in the middle 
and even in the lower crust. The question then arises: What is the origin of these 
quartz-feldespathic metamorphic rocks? Such a question must be considered with 
the origin of typical granular granites that generally form the fronts of the thick 
granite-gneissic rocks of the upper continental crust. Many of these small, shallow, 
granitic bodies have been interpreted as emplaced in a diapiric manner because of 
their extensional structural character in comparison to the compressional granitic-
gneissic basement. I can envisage that the “mobilization” of these intrusive 
(diapiric-like) bodies is produced by decompression of the compressional granitic-
gneissic rocks of the lower crust. This appears to be related to thermal softening 
and a decrease in density in these shallow granites which, together with the 
presence of soft sediments, promote the mobility of these masses (plutons) in 
relation to the basement granitic rocks. 

Many geologists consider granitic rocks to be igneous rocks associated to 
plutons and batholiths whose roots do not overpass 5 or 10 km in thickness, where 
the crust can reach 35 km or more, as occurs in many continental zones from 
orogens to shields. In many oceanic zones a thickness of 20 to 30 km can also be 
reached (e.g. Kerguelen, Ontong Java, Iceland). 

If as many geologists think that granitic rocks do not exceed 10 km in thickness 
then an important question arises: what exists below 10 km of granites in a crust of, 
for example, 35 to 50 km thick, as occurs in many continental zones? Geologists 
and geophysicists must fill the rest of this “blank crust”, which extends from the 
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base of the granitic masses down to the generally reflective Moho, with rocks that 
fit in with geophysical data. Thanks to abundant geophysical data and petrological-
geochemical considerations on the upper mantle-crust evolution, we can deduce the 
existence of a great volume of “occult granitic rocks” in the middle-lower crust in 
stratified-dense structures and thus fill the geological gap, the crust. 

2.2.2 Granitic Rocks in the Atlantic Ocean 

The abundant recent studies on the Atlantic Ocean indicate the presence of 
granitic rocks of different ages. Keith (1993) and other geologists cite the presence 
of Precambrian-Paleozoic granitic rocks and other igneous rocks in many oceanic 
zones, particularly in the North Atlantic Ocean. The thicknesses of these oceanic 
crusts together with their ages, structures and compositions appear to indicate that 
the crust in a great part of the North Atlantic Ocean is anomalous and not younger 
than the continental margins or islands, like Ireland for example. In general, the 
crust in the North Atlantic Ocean can be defined as somewhat thinner than the 
continental one with a greater presence of oceanic sediments, mainly Jurassic-
Cretaceous. 

Beloussov & Milanovsky (1977) interpreted the oceanic crust beneath the 
Iceland-Faroe Block as continental. These authors state that such a continental 
crust in the North Atlantic was affected by a process referred to as “oceanization”, 
consisting of the conversion of a more or less thick sialic crust into a thinner 
oceanic crust, with the formation of igneous mafic-ultramafic rocks. I disagree with 
this “oceanization” concept in the sense that a thick sialic crust (e.g. granites) is 
impossible to convert into a thin “oceanic crust” (e.g. mafic-ultramafic). The 
original idea of “oceanization” could possibly have similarities to these newly 
proposed petrogenetic models in the origin of mafic-ultramafic rocks (Sánchez 
Cela, 1999a, b). 

The crust in the North Atlantic Ocean is not entirely of the same thickness. It is 
about 30 km thick in the Rockall Plateau, and 20 km in the Rockall Trough. The 
thinner continental crust is considered by some geologists to be a “stretched” crust 
(e.g. Roberts et al., 1988). This stretching phenomenon must surely be due to the 
influence of the dominant geodynamic model: the Opening of the Atlantic Ocean. 
It is difficult to imagine that a granitic continental crust can be stretched. It seems 
quite obvious that the crust in the Rockall Trough is thinner because the crust there 
simply failed to reach the same thickness as in neighbouring zones (Rockall 
Plateau and Ireland). In my opinion the various crustal thickness from continental 
to “oceanic” zones must be understood as crusts in different stages of growth 
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where “juvenile” granitic matter is being episodically added to the base of the 
previous crusts (Sánchez Cela, 2000). 

In many North Atlantic areas the presence of granitic rocks beneath sediments 
and various volcanics can be deduced from structural and geophysical data. So, the 
Darwin Complex, Northern Rockall Trough, that is formed by a dome structure 20 
to 30 km diameter (Abraham & Ritchie, 1991), could correspond to the front of a 
dome granitic body since the seismic data and the presence of arcuate reflectors are 
very similar to many outcropping, domed granitic plutons and batholithis. Arcuate 
reflectors are also frequent in the Hatton Bank (Morgan & Barton, 1990). 
Structural and geophysical data there, together with abundant evidence of granitic 
rocks in the Rockall Plateau, led Scrutton (1972) to define this “oceanic” zone as a 
“submarine microcontinent”. 

The basement of the Svalbard Archipelago Eastern Greenland, is mainly formed 
by gneissic rocks of Proterozoic to Paleozoic ages (Amundsen et al., 1987). In this 
zone the crust is 26 to 24 km thick (Sellevol et al., 1991). 

According to Keith (1993) and references therein, many zones considered to 
form the Mid-Atlantic Ridge are anomalous thick crusts where in many cases old 
granitic rocks are present, e.g. 1.5-1.7 Ga (e.g. Bald Mountain). Keith’s report 
shows that various ancient rocks are situated on uplifted blocks of the near crest of 
the Mid-Altantic Ridge and from the Transverse ridges that parallel the major 
Transforms. He also states that many structural and petrological data are 
inconsistent with the concepts of axial accretion and spreading. The current Plate 
Tectonics theory cannot be applied to the North Atlantic Ocean because of the 
presence of a continuous granitic basement from North America to Europe. In a 
similar way, Ruditch (1990) considers the existence of Triassic and younger 
sediments and vertical structures that are contrary to Oceanic Spreading. 

In the Middle Atlantic there are also abundant anomalous oceanic crusts which 
are present as volcanic islands (e.g. Canary Islands), plateaus or seamounts. 
Among others are the Atlantic, Cruisser and Great Meteor seamounts (western 
Canary Islands), where the crust is more of continental-granitic character than 
oceanic (∼11 km thick, and Vp ~ 6-7 km/s) (Weigel & Grevemeyer, 1999). The 
Canary Islands, from a structural point of view, are arranged following an oval 
structure, which appears to be outlined by La Palma to Lanzarote, the Salvagens 
Islands and some seamounts (Ranero et al., 1997; Ye et al., 1999). These volcanic 
islands show an approximately westward age progression, with the oldest in 
Fuerteventura and the Lanzarote islands. From these islands to the African 
continent, in basis to geophysical and structural data (Ranero et al., 1997), the crust 
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must be defined as continental instead of oceanic. Within a new model of the origin 
of the crust, the Canary Islands can be interpreted as superficial volcanic 
manifestations that are partially outlining an oval-domed granitic mass in different 
stages of growth. These deduced granitic rocks are affected by NNE-SSW rift-
fractures (Ye et al., 1999). The main volcanic activity is related to the presence of 
these rift-fractures and mainly to the fractures that outline the oval-domed 
structure. In relation to the geological environment of Canary volcanics it is worth 
remembering Beck & Lehner’s (1974) work. These authors deduce the presence of 
thick sediments beneath volcanics, mainly Mesozoic, where carbonates and 
evaporites (Triassic) lie on a continental crust, both similar to those that outcrop in 
northwestern Africa. The presence of a “granitic” continental crust is deduced 
beneath volcanics in the Fuerteventura Island. The crust there can reach 20-25 km 
thickness, with an upper crust, 5-7 km thick, (Vp ~ 3.5-4.5 km/s), a middle crust, 5-
8 km thick (Vp ~ 5.9-6.6 km/s), and a lower crust, 8-20 km thick (Vp ~ 7.3-7.5 km/s) 
(Dañobeitia & Canales, 2000). Due to the fact that these geophysical values are 
similar to the Western Africa coast I deduce that beneath Fuerteventura the crust is 
of a “granitic” type, at least the middle crust (Vp ~ 5.9-6 km/s). 

Seismic profiles on the Mid Atlantic Ridge, together with bathymetric-isostatic 
considerations, lead geologists and geophysicists to define such an ample and 
irregular zone as an anomalous oceanic crust that in many cases exceeds 10 km in 
thickness. Tolstoy et al. (1993), from geophysical and gravimetric data, deduced 
the existence of a relationship between crustal thickness and the bathymetric 
morphology of the Mid-Atlantic axial valley. Bathymetric data indicate that the 
crust in the St. Peter-Paul islets, near the Atlantic equator, must be about 10 to 15 
km thick. In this zone, mylonitic peridotites and other igneous rocks are present 
(Bonatti, 1990).  

Many structures in the Mid-Atlantic are not very different from those of nearby 
granitic continental margins. Many of these correspond to horsts and grabens with 
thick marine sediments, mostly Mesozoic to Tertiary (Durand et al., 1996). In quite 
a few of these dynamic structures, along with mafic-ultramafic rocks, are 
“continental-type granites” as occurs in the Doldrums Fracture Zone, where the age 
of these rocks is from Carboniferous (300 Ma) to Late Jurassic (150-170 Ma) 
(Kepezhinskas, 1990). Many of the zones, defined as the N-S irregular Mid-
Atlantic Ridge, exhibit domed structures where the crust is anomalous (thicker), as 
occurs between latitudes 22º and 24ºN (Pockalny et al., 1996), and between 38ºN 
and 40ºN (Detrick et al., 1995). These incipient domed structures are affected, as in 
many other Atlantic areas, by W-E transverse fractures and ridges. These domed-
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ridge structures could be viewed as active anomalous crusts in various granitic 
growing stages, where the mafic-ultramafic rocks are always associated with 
vertical dynamic-faulted structures and thick Mesozoic sediments. Examples are 
the 15ºN region of the Mid-Atlantic Ridge, studied, among others, by Cannat 
(1993) and Cannat et al. (1995, 1997). From Ocean Drilling Program, Legs 149 
and 173, the presence of Upper Paleozoic continental crust is stated beneath 
serpentinized peridotites, (Beard et al., 2002). 

Many continental margins in the world exhibit rocks and structures very similar 
to those of the continents, showing a general structuration parallel to continents 
that indicates their accretional growth. Some examples of this in the Atlantic Ocean 
are the Blake-Bahama Plateau in Eastern USA, the Canary-Cap Verde Islands, and 
the Galicia Bank (Grow & Sheridan, 1981; Murillas et al., 1990). In many of these 
and other zones, granite-gneissic basements are observed by geologists, as occurs 
in the North Atlantic and in some zones of the Indian and Pacific Oceans 
(Beloussov & Milanovsky, 1977; Keith, 1993).  

Granitic rocks, mainly granodiorites, together with granulites were dredged 
from about 3600 m below sea level in the Goban Spur many years ago (Pautot et 
al., 1976; Didier et al., 1977). Apatite fission track ages on granulites indicate an 
age of 212±10 Ma (Fügenschuh et al., 2003). On other quartz-granulites, western 
Galicia Bank and 2800 m below sea, these authors obtain ages of about 287 Ma 
where the granitic rocks are present. In this bank, sediments, peridotites and 
serpentines are associated with granite-gneissic rocks with different textures 
(Beslier et al., 1990; Schärer et al., 2000). 

Bonatti & Chermak (1981) suggest the presence of a granitic crust in the Mid-
Atlantic as found in the Romanche Chain, formed by uplifted crustal blocks. 
According to these authors such lands could have been intercontinental bridges for 
migration between America and Africa during Tertiary times, since this chain is in 
the narrower section between America and Africa. 

Around the Mid-Atlantic Ridge various granitic rocks have been collected. So, 
at 45ºN, Aumento (1969) and Aldiss (1981) cite the presence of some granitic-
gneissic rocks, mainly plagiogranites. In the Bald Mountain of the Mid-Atlantic 
Ridge, there are granite-genisses of 1550 to 1690 Ma (Aumento & Loncarevic, 
1969). Granitic rocks are also present in the Shetland Platform (Donato & Tully, 
1982), Viking graben (Zervos, 1987), and the Mid-North Sea (Donato et al., 1983). 
In the Mid-Atlantic Ridge, in the Ascension Island, are alkaline granites, syenites 
and gabbros as inclusions in volcanic rocks, which range from olivine basalts to 
peralkaline rhyolites (Harris, 1983, 1985). 
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In the Mid-Atlantic Ridge near the Atlantis fracture zone (∼30ºN and 42ºW), 
Blackman et al. (1998) describe geological features similar to metamorphic core 
complexes (e.g. Great Basin, SW-USA). The geological interpretation of some of 
these “oceanic core complexes” (fig. 1 of Blackman et al., 1998) is very similar to 
many continental and oceanic outcrops of ophiolites, where a gneissic basement is 
present. 

From the presence of old zircons, 330 Ma and 1600 Ma old in the Mid-Atlantic 
Ridge, Kane fracture, in gabbros (Pilot et al., 1998) I deduce the presence of older 
granitic rocks around such a zone since these accessory minerals came from 
granitic rocks. Precambrian gneisses are also present in this zone (Beljasky et al., 
1997, op. cit. in Pilot et al., 1998). 

From geological-geophysical deductions I believe that most seamounts in North 
Atlantic (about 810) described by Epp & Smoot (1989) and defined as anomalous 
oceanic crusts (thickness > 10 km), are formed by crusts with granitic basements 
covered by abundant marine sediments and volcanics. 

˗ Presence of Granitic Rocks beneath Iceland 

From geological and mainly geophysical data we know that the crust in the 
Icelandic area is formed by a great domed-oval structure, (800×400 km). The crust 
beneath Iceland cannot be defined as oceanic because it is much thicker than the 
normal oceanic crust (Flóvenz & Gunnarsson, 1991, Darbyshire et al., 2000, Du & 
Foulger, 2001). According to Flóvenz (1980) the crust in Iceland can divided into 
two parts, the upper and the lower crust. The upper, with Vp ∼ 6.5 km/s, is 5 km 
thick; the lower, with Vp ∼ 6.5-7.4 km/s, is 15 to 30 km thick. Du & Foulger (1999, 
2001), in geophysical studies of northwest and central Iceland, indicate that the 
crust-upper mantle shows a gradual transition, with Vp values from 6-6.5 km/s to 
7.1-7.2 km/s. The thickness of the crust varies from 25 to 40 km; the upper crust is 
5-9 km thick; and the lower crust, 25-40 km; the Moho is badly defined, and there 
is a presence of a LVZ about 25-35 km depth. These and other authors (e.g. 
Bjarnason et al., 1993) state that the upper mantle beneath Iceland must be defined 
as “anomalous” in basis to Vp data (7.6-7.7 km/s). 

Gravimetric-isostatic studies (e.g. Menke, 1999, Gudmundsson, 2003) indicate 
the existence of anomalous high densities beneath Iceland, about 3120-3150 
kg/m3. These anomalous densities could be explained by the presence of mafic 
rocks or because of phase transformations within the thick crust (Gudmundsson, 
2003). If my models on the origin of mafic-ultramafic rocks are correct, the 
anomalous lower crust beneath Iceland, as in many other crusts, can be explained 
as formed by materials which are intermediate between a “dense-granitic” upper 
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mantle matter and the typical crustal granitic rocks. The Jan Mayen crust, Northern 
Iceland, is defined as a microcontinent (Gudlaugsson et al., 1988) built on a 
continental crust up to 15 km thick (Kodaira et al., 1998, op. cit.). From 
geophysical data it is very difficult to understand its formation from a “re-rifting” 
of a young continental margin (< 25 Ma) as suggested by Müller et al. (2001).  

I believe that if we take into account geophysical and petrological data of 
neighbouring, anomalous oceanic crusts (e.g. Faroe Rise, Rockall-Hatton Bank) it 
is not difficult to deduce that beneath the Iceland vocanic rocks there is a granitic 
crust of varying thickness, 15 to 25 km thick. Beloussov & Milanovsky (1977) 
deduced the presence of such a sialic-granitic crust over twenty five years ago. I 
am sure that there are enough data to indicate that beneath Iceland there is a 
granitic basement very similar to that which exists in Rockall-Faroe and the 
continental margins of northern Europe: 

− The geophysical (thickness) and structural data along the North Atlantic 
appear to indicate the presence of a crustal, granitic continuity from Greenland 
to Europe. 

− The Vp values of a great part of these thick-crusts correspond to rocks of 
granitic nature.  

The existence of a thick granitic basement beneath Iceland can also be deduced 
from the abundant presence of rhyolitic rocks in some rift zones. The presence of a 
granitic crust, together with Paleozoic-Mesozoic-Tertiary sediments, and Tertiary 
basalts beneath recent volcanics in Iceland appears to be deduced from geological 
data in the North Atlantic crust from Faroe to Iceland Ridge (Richardson et al., 
1998). 

I believe that the existence of a big domed structure of low velocity beneath 
Iceland (Wolfe et al., 1997) and domal-uplift phenomena (Rohrman & van der 
Beck, 1996) could have been produced by a domed granitic mass during its growth 
(“emplacement”) from the transformation of the densialite upper mantle into sialic-
granitic crust. The presence of this domed granitic mass beneath Iceland could also 
be deduced from bathymetric data (Walker, 1991; Staples et al., 1997). According 
to these authors the bathymetric data defines a W-E oval-domed structure affected 
in the southwest by the Reykjanes Ridge. This thick submarine ridge could be an 
arc-rift continuation of the western volcanic-rift zone in Iceland. All this 
information relays the fact that beneath Iceland there exists an old, oval-domed 
granitic mass about 800 (W-E) by 400 (N-S) km, affected by several NE-SW arc-
rifts that correspond to the most important zones of volcanic activity. 
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In basis to data by Bransdóttir et al. (1997) one could interpret that around the 
Krafla volcano and beneath volcanics there are about 8 km of sediments and 
igneous rocks (mainly basaltic), and a basement formed by an upper “granitic” 
crust, about 6 km thick (Vp ~ 6.5-6.7 km/s) which was affected in the central-rift 
zone by high-frictional-compressional processes, and a lower dense “granitic” 
crust, about 10 km thick (Vp ~ 6.7-7.2 km/s) that gradually transits into an 
anomalous upper mantle (Vp ~ 7.6 km/s). This stratigraphic-geophysical column, 
beneath volcanics and supposed sediments, can be explained within a new 
physical-chemical interpretation of the upper mantle-crust system. 

From the ICEMELT refraction profile in the Skagi peninsula, SE Iceland, 
Darbyshire et al. (1998) obtain different crustal thicknesses: 25 km at the North, 
and 38-40 km beneath southern central Iceland. These authors from Vp data, define 
an upper crust with 3.2 to 6.4 km/s, a middle crust 6.6 to 6.9 km/s, and a lower 
crust 6.9 to 7.1 km/s, all of variable thicknesses. From the lower crust to the 
anomalous upper mantle (Vp ∼ 7.2 km/s) there is a thick, “transitional crust-mantle” 
level that can reach 20 km thickness with Vp ~ 7.1-7.2 km/s. This thick transitional 
level would be also defined as lower crust. The presence of these P wave velocities 
in the lower crust and in the upper mantle are difficult to explain within current 
petrological models.  

Due to the existence of a relationship between physical-geophysical data and 
rock-type it is easy to see that beneath the Icelandic volcanics there is a granitic 
crust quite similar to that which exists in the North Atlantic, for example in the 
Rockall Plateau and Faroe Islands. The continuity of this granitic crust, in many 
cases of Precambrian age, through the North Atlantic was stated in various studies 
(Dickin & Bowes, 1991; Dickin, 1992; Hughes et al., 1997; England & Hobbs, 
1997), mainly between Rockall Plateau and Hatton Bank. The presence and 
continuity of a granitic basement of Precambrian-Paleozoic ages in the North 
Atlantic was also stated by Sellevoll et al. (1991) and Flinn (1996). In basis to 
geophysical data the Precambrian granitic rocks of Newfoundland (Haworth, 1977) 
could be correlated to that of the Rockall Plateau and Hatton Bank across a similar 
granitic basement beneath the Icelandic volcanics. In the Rockall Plateau the crust 
is 30 km thick and formed by a thick Precambrian granitic basement covered by 
diverse sedimentary materials, mainly Triassic-Jurassic (England & Hobbs, 1997). 
The crust here is similar to that of Hatton Bank where Vp seismic data of the upper-
middle crust are very similar (6.4-6.8 km/s) to those of Iceland (White, 1989). 

Iceland is not an exception in the North Atlantic in relation to the origin and 
meaning of the granitic crust in such an “oceanic” zone. The “geological 
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environment” of Iceland was strongly influenced by the situation of this island 
within the dominant model of Plate Tectonics in relation to the origin and 
expansion of the oceanic crust. By similar reasoning with structural-geophysical 
data, the presence of Mesozoic-Early Tertiary sediments is seen to be beneath 
Icelandic volcanics similar to those of the Rockall Plateau and continental borders 
of northern Europe (Hendrie et al., 1993; Dam & Surlyk, 1995; England & Hobbs, 
1997). The existence of sediments beneath Icelandic volcanics could be deduced 
from the presence of Permian-Triassic-Jurassic sediments around Rockall (Ritchie 
& Gatliff, 1996). Roberts et al. (1988) cite the presence of Carboniferous, 
Devonian and even Precambrian sediments. As I will comment on later the 
presence of granitic rocks, Paleozoic-Mesozoic-Tertiary sediments, and Tertiary 
volcanics (mainly basalts) beneath recent volcanics in Iceland could be deduced 
from their eastern crustal evolution.  

The abundance of rhyolitic rocks in Iceland can also be an important argument 
in relation to the presence of a granitic basement beneath Icelandic volcanics. 
These volcanic, “granitic”, rocks are mainly abundant in the Central-Rift zone, 
many of which are historic (e.g. the Askja rhyolitic eruption of 1875). In volcanic 
Icelandic rocks about 85% correspond to basalts, 12% rhyolites, and 3% 
intermediate rocks (Sigurdsson & Sparks, 1981). The volume of rhyolites in some 
local zones within the Central Rift can exceed 20% in relation to the total 
volcanics, as occurs in the Hekla, Askja and Krafla volcanoes and in the 
Torfajökull fissure-eruption. According to Gunnarsson et al. (1998), the 
Torfajökull central volcano in South-central Iceland contains the largest volume of 
exposed silicic volcanics (∼225 km3), although the majority have erupted beneath 
glaciers forming acid hyaloclastites. Lacasse & Garbe-Schönberg (2001) say that 
the volume of silicic extrusives in Iceland is most likely underestimated because of 
the removal of loose pyroclastic materials by erosional processes and the burial by 
younger volcanic rocks. This volume was abundant during the last 6 Ma in Jan 
Mayen area (North Iceland).  

The origin of Icelandic rhyolites has been attributed to diverse mechanisms such 
as: a fractional crystallization of basaltic magmas, or partial melting of a hydrated 
oceanic crust. I think that the Icelandic rhyolites can be defined as being produced 
in the crust by anatexis at frictional zones during the growing and uplifting of 
granitic rocks under high compression. Like many others, this geological 
environment was created by the growth in situ of the oceanic-granitic crust 
throughout geological time, mainly from Mesozoic times. The main arguments for 
this new and revolutionary theory stem mainly from the presence of active granitic 
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rocks beneath Iceland, and that the Central-Rift is a compressional-frictional 
granitic zone created by the forced intrusion of young granitic masses between 
older rocks (Sánchez Cela, 2000). 

The existence of granitic rocks beneath the Icelandic volcanics could be also 
deduced by the outcropping of Tertiary plutonic rocks in Eastern and Southeast 
Iceland. In Slaufrudalur valley a “granophyre” intrusive pluton covers some 15 km2 
and has an exposed volume of approximately 10 km3. Together with acid plutonic 
rocks, there are abundant acid sheets associated with gabbro plutons 
(Gudmundsson, 1998). In the Thverartindur volcanic complex are diverse plutonic 
rocks formed by gabbros, granophyres and granites. In the Hvannadalur intrusion 
the granites and granophyres occupy an area of 3 km2 (Soesoo, 1998). 

Another important datum about the relationship between rhyolites and the 
presence of a frictional granitic basement is the high temperatures of eruption of 
such silicic rocks. Geothermometric data indicate temperatures of 990 to 1010 ºC 
for typical rhyolites at 0.5 Kb (H2O), 1005 to 1020 ºC for icelandite, and 1140 to 
1170 ºC for basalt (Sigurdsson & Sparks, 1981). Similar high temperatures in 
rhyolites were stated in other basaltic provinces, e.g. Deccan and Ethiopia. Within 
current petrogenetic theories such high temperatures are unlikely, since in the 
presence of fluids, rhyolite melts at lower temperatures, about 600 ºC, and nature 
wastes no energy uselessly. I think that the high temperatures of rhyolites can be 
related to the high thermal activity developed on efficient, frictional-compresional 
granitic blocks and the storage of this thermal energy and also of the silica-alkaline 
matter in superficial-refractory magmatic chambers, which in Iceland correspond to 
the central rift zones where rhyolitic volcanism is abundant.  

2.2.3 Granitic Rocks in the Pacific Ocean 

The Pacific, the largest ocean, contains from microcontinents to small islands 
and abundant, submerged anomalous crusts (plateaus, ridges, etc), where many 
geologists cite the presence of granitic rocks, many of Archean ages. In the 
northern Pacific, granitic manifestations are present in the Aleutian Islands, mainly 
in the easternmost parts (Drewes et al., 1961). In northwestern Pacific Ocean there 
are also granites and gneisses together with schists and slates from Archean to 
Proterozoic ages (Choi, 1987; Choi et al., 1990, 1992). Many of these formations 
of granitic nature and of a Precambrian age form a continental basement in eastern-
northeastern Japan. Such granitic masses are older than many continental granitic 
rocks of neighbouring zones (e.g. Japan). 

Choi et al. (1992) made a summary of the main Russian works (Vaslyev, 1986; 
Sergeev et al., 1986, op.cit.) of the northern Pacific Rises where granites, 
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granodiorites, gneisses and other crustal rocks of Precambrian ages are cited. Some 
oceanic Permian sediments contain clasts of granitoids (aplites, pegmatites) and 
quartzites from a Proterozoic age. In this zone, tholeiitic basalts, from Late Jurassic 
to Early Cretaceous, also exist covering granitic basements (Choi et al., 1990). 
According to these authors and some Russian geologists (e.g. Vasil’yev, 1982, 
1986; Vasil’yev & Evlanov, 1982; Vasil’yev et al., 1986a, 1986b, etc. op.cit. in 
Russian), granitic-gneissic rocks were dredged from the following Pacific places:  

− Obruchev Rise, in the Meiji guyot and Detroit seamount with gneisses, 
granite gneisses and other metamorphic rocks of Precambrian ages. 

− Kuril-Kanchatka Arc, with similar rocks and ages. 
− Hokkaido Rise, with granites, gneisses, diorites and various volcanics of 

Cretaceous age. 
I think that many Pacific crusts referred to as “anomalous”, mainly in South 

Pacific areas, defined as “rises”, “swells” or “superswells” (e.g. Bemis & Smith, 
1993; McNutt, 1998) correspond to zones of incipient origin-growth of granitic 
rocks from the upper mantle (Sánchez Cela, 2000). The abundance of sediments 
and volcanic rocks mask the presence of a thin but active granitic basement which 
is the main cause of the crustal growth and of the existence of dynamic, vertical 
structures (e.g. Menard, 1964). All of these swells, plateaus, ridges and in general 
“rises” associated with abundant volcanism are thicker than 10 km (generally 12-
20 km), where Vp values of 6-6.5 km/s appear to correspond to “granitic” rocks, 
which are covered by abundant sediments, from Mesozoic to recent times. 

Among the Pacific zones where granitic rocks are present I must cite the 
following: 

− In the D’Entrecasteaux islands, eastern Papua New Guinea, mainly in 
Goddenough, Fergusson and Normanly islands, there are granites (underformed 
and deformed) and gneisses that are dominant over other rocks (e.g. mafic-
ultramafic) (Hill et al., 1992; Mutter et al., 1996). Hill et al. (1992) defined 
some outcrops of granites as “gneiss domes”, (20 by 16 km) that relate to active 
metamorphic core complexes with a thickness of about 22,5 km. Although 
many gneissic rocks are Precambrian, younger granitic rocks (e.g. Pleistocene) 
are also present (Ollier & Pain, 1980).  

− The crust in the Timor Sea, NNW of Australia, and from this continent to 
the Timor Island, and even beneath the south Banda Arc, is formed by a 
Precambrian granite-gneissic basement covered by thick sedimentary rocks 
from Paleozoic to Upper Cretaceous. In this supposed oceanic crust there are 
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ophiolites associated with a gneissic-schist-metamorphic basement with 
inverted P-T gradients (Snyder & Barber, 1997). 

− The North Banda islands (Buru and Seram) must be defined as a 
microcontinent by the presence of a continous Precambrian granitic-gneissic 
basement (Pigram & Panggabean, 1983). 

− The East Tasman Plateau is underlain by a granitic continental basement 
(Exon et al., 1997). 

− The Gilbert Seamount, southeastern Tasman Sea, is of a continental 
nature (Müller et al., 2001). 

− In the Hikurangi Plateau, eastern New Zealand, the thickness of the crust 
varies from 12 km to 23-26 km, in the Chattam Rise. The presence of schists 
(Davy & Wood, 1994) could indicate the presence of gneissic rocks. 

− In the Fidji Islands, mainly in the Viti Levu island, arranged in an arc 
structure, there are plutonic rocks (granites, trondhjemites, tonalities and other 
plutonic and volcanic rocks) from the Middle to Upper Miocene (Hathway, 
1993).  

− In the Paracel Islands (China) there are Precambrian-Paleozoic granites 
(Ben-Avraham et al., 1981). 

− In the Amari Plateau and Palau Ridge, eastern Philippines Islands some 
granitic rocks were dredged (Aldiss, 1981). 

− Around the West Australian Ridge, Udintsev et al. (1990) deduced the 
presence of many, submerged continental masses, where various volcanic rocks 
and abundant carbonate-evaporite sediments are lying on granite-gneissic 
basements. 

− In Western Pacific, Romanovskii (1989) cites the existence of big-ring 
structures, 2000 to 3000 km in diameter, related to granitic rocks. 

− In many arc structures of the Pacific Ocean, e.g. Nouvelles Hebrides, 
New Caledonia-Norfolk Ridge, the geophysical data indicate the presence of a 
granite-gneissic basement beneath Mesozoic sediments and ophiolites (Van de 
Beuque et al., 1998; Auzende et al., 2000). 

− In the Lord Howe Rise, eastern Australia, with a crust of about 26 km 
thick, a granitic basement can be deduced from geophysical data (Vp ∼ 6 km/s) 
(Auzende et al., 2000). 

− In the North of the Izu-Bonin-Mariana Arc the upper and the middle 
crusts show seismic values typical of granitic rocks, Vp ∼ 6.0 km/s (Takahasi et 
al., 1998). The lowest crust, with Vp ~ 7.1 to 7.3 km/s, is interpreted to be mafic 
in composition. I think that the granitic rocks of this arc continue to NE through 
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the Tanzawa (Japan) plutonic rocks where granitic types are abundant 
(Kitamura et al., 2003). 

˗ Ontong Java Plateau 

This plateau in the Pacific Ocean was defined as a giant oceanic plateau (Coffin 
& Gahagan, 1995), where the crust is 39 to 42 km thick (Furomoto et al., 1976). In 
this plateau, about 1.86.106 km2 (Coffin & Eldholm, 1994) no granitic rocks crop 
out. On the contrary, the basaltic rocks are very abundant (Courtillot & Renne, 
2003) although their volume is in dispute (see ch.4). The deepest stratigraphic 
levels here correspond to Jurassic and Cretaceous materials. The presence of a 
granitic basement beneath the Mesozoic materials is deduced by geophysical data 
(Coffin & Eldholm, 1994; Gladczenko et al., 1997). So, Vp values between 3 and 5 
km/s in the upper 5-6 km of the crust can easily be attributed to volcanic and 
sedimentary-epimetamorphic materials. Beneath this “sedimentary” cover, over 15 
km exist with Vp values between 6 and 6.5 km/s, which can be attributed to granitic 
rocks. Higher Vp values (e.g. 7-7.5 in the lower crust) can be identified with: acid-
basic granulite or underplanting mafic rocks (gabbros?).  

Korenaga (2005) posed an interesting question on the Ontong Java plateau: why 
did this plateau not form subarially? since a crust of about 30-35 km thick would 
be outcropping beneath the oceans, if the building of such a crust responded to 
isostatic adjustment. But, if we consider that the crust in such a plateau adjusts to 
the Pratt isostatic adjustment, then we can understand this apparent problem. This 
could be explained by the presence of a thick granitic-gneissic basement affected 
by high compressional environments beneath the volcanic-sedimentary cover. This, 
large, Ontong Java continental mass (and others) are interpreted by some geologists 
as allochthonous continental fragments, perhaps influenced by the Plate Tectonics 
theory that claim the oceans to be formed by young oceanic rocks, therefore devoid 
of old sialic rocks. Coffin & Gahagan (1995) indicate that geological-geophysical 
data on the Ontong Java Plateau were not related to any spreading process. As, on 
the other hand, these and other geologists do not speculate the possible origin from 
the fragmentation of a continent, it could support our model on the origin and 
growth in situ of most anomalous oceanic crusts, from swells to microcontinents 
(Sánchez, Cela, 2000, 2004). Ingle & Coffin (2004) attribute the voluminous 
basalts of this plateau, a volume which I find grossly overestimated, to an impact 
origin rather than a mantle plume. These basalts and all others on the Earth’s 
surface were produced by the chemical and thermal activity developed on an active 
granite basement, at frictional zones under high compression, that transformed 
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marly-evaporite sediments covered by thick carbonate rocks (Sánchez Cela, 1999a, 
b). 

˗ Aleutian Arc  

The crust in this arc varies from 25 to 30 km in thickness, with an upper crust 
Vp= 4.3-5.4 km/s; a middle-crust, with a thickness of 3-6 km and Vp= 6.5-6.8 km/s, 
and a lower crust, 10-20 km thick and Vp= 6.9-7.3 km/s (Holbrook et al., 1999). 
Most seismic data indicate that their Vp values exceed the granitic ones. Only part 
of the upper-middle crust must be identified as granitic. The middle crust, and 
mainly the lower crust are according to Holbrook et al. (1999), interpreted as mafic 
in composition. In the eastern port of this arc abundant granitic rocks are present, 
near the Alaska Peninsula. In the westernmost part, in the Komandorsky segment, 
granitoids of 12.5-8.5 Ma (Medny Island), and 30-35 Ma (Adak Island) are present 
(Tsvetkov, 1991). The crust here, nearly 40 km thick, exhibits Vp seismic values 
more of a “granitic” nature, 6.0 to 6.5 km/s Fliedner & Klemperer (2000). I think 
that almost 80% of the 25-30 km thick crust must be defined as “granitic”, with a 
lower crust that, although defined as “granulitic”, corresponds to a denser-stratified 
(reflective) young-granitic crust (Sánchez Cela, 2000). 

˗ Ryukyu Arc  

This arc, which extends for about 1200 km from Kyushu (SW Japan) to Taiwan, 
must be defined as continental since the crust is from 30 (North) to 18 (South) 
kilometers thick (Shinjo & Kato, 2000). In some parts of this great “continental 
arc” granites of Cretaceus ages have been dredged, as occurs in the Okinawa 
Trough where Letouzey & Kimura (1986, op. cit. in Shinjo & Kato, 2000) suggest 
the presence of older continental rocks. The granites, that outcrop in the 
Yakuchima Island, are similar in petrography and age to those that outcrop in the 
South of the Kyushu Island, S-type granites of Miocene ages (∼14 Ma) (Anma, 
1997).  I believe that the Ryukyu Arc-islands can be defined as the easternmost 
accretional granitic crust of the submerged-continental crust present beneath the 
China Sea. 

2.2.4 Granitic Rocks in the Indian Ocean 

In the Indian Ocean is a range from large (e.g. Kerguelen Plateau) to smaller 
plateaus, “highs”, ridges or islands (e.g. Seychelles) where granitic rocks are either 
actually present or can be deduced from geological and geophysical data. From 
various works by Russian authors (e.g. Verzhibitsky, 2003) lead to the deduction 
that granitic rocks are present beneath basalts and carbonate rocks in Chagos-
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Laccadive and Ninety-East ridges. In the Chagos-Laccadive, Verzhibitsky (2003) 
cites the presence of basalts (Vp ~ 5 km/s and 3 km thick), associated with abundant 
carbonate sediments (Vp ~ 3 km/s and 1000 to 500 m thick) with a crustal basement 
(Vp ~ 6.8 km/s and 12 km thick). This basement could surely be attributed to 
granitic rocks, which in many “rift” and “ridge” zones exhibit higher densities in 
comparison to the typical granites (Vp ∼ 6 km/s) because of higher compressional 
environments. Other Indian oceanic zones where granitic rocks may well be 
present are: 

− In the Aphanasey Nikitin Rise, 750 km southeast of Sri Lanka, where 
Borisova et al. (2001) deduce the presence of “ancient crust material” by 
geochemical arguments, where basalts were contamined by a “cratonic lower 
continental crust”. 

− In the Agulhas Plateau where several authors (e.g. Tucholke et al., 1981; 
Allen & Tucholke, 1981; Ben-Avraham et al., 1995) state the existence of a 
continental crust formed by granites and gneisses. 

− In the Argo Fracture zone (Central Indian Ridge), where Engel & Fisher 
(1975) and Aldiss (1981) cite the presence of some granitic rocks, mainly 
plagiogranites, quartzdiorites and aplites associated with ultramafic rocks and 
abundant sediments. 
We know that in many cases, and in others which I have deduced, that many 

anomalous-thick crusts (ridges, plateaus, islands) associated with a diverse 
volcanic activity are developed on thin but active granitic basements. In the Indian 
Ocean the knowledge of bathymetric and gravimetric data (Smith & Sandwell, 
1997) proved to be very important in the deduction of old granitic basements 
beneath structures considered to be no older than, for example 65 Ma, as occurs 
with the Carlsberg and Maldives-Chagos Ridges. So, studies by Russian geologists 
(Afanas’yev, 1966-1969) on the Carlsberg Ridge (cited in Meyerhoff et al., 1972) 
indicate the presence of Precambrian to Paleozoic granitic rocks. These granitic 
rocks form the basement of basic-ultrabasic rocks and associated sediments, mainly 
of Mesozoic ages. 

˗ Kerguelen Plateau 

This plateau in the Indian Ocean is perhaps the largest beneath the Earth’s 
oceans. It is rather a microcontinent about 200 km long and 600 km wide (Frey et 
al., 2000). The thickness of the crust varies from 20 to 40 km (Coffin & Eldhom, 
1994). Heezen & Tharp (1966) and Nougier & Lameyre (1973) were perhaps the 
first to cite the presence of “silicic plutonic” rocks in the Kerguelen Archipelago. 
In this plateau, Giret et al. (1981) and Giret (1993) indicate the presence of alkaline 
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granites and nordmarkites associated with gabbros and basaltic rocks in a Miocene-
Pliocene ring structure. Ramsay et al. (1986) cite the presence of igneous basic 
rocks, mainly basalts, associated with sediments (mainly Cretaceous) on a granitic-
metamorphic basement (alkaline granites with phyllites, quartzites and other 
metamorphic rocks). 

Abundant granitic rocks were dredged from the East of the plateau (Coffin & 
Gahagan, 1995). Clasts of garnet biotite gneiss were dredged from a fluvial 
conglomerate interbedded with basalts in the Elan Bank (western Kerguelen) by 
Frey et al. (2000). In this Elan Bank, Frey et al. (2000); Nicolaysen et al. (2001) 
and Weis et al. (2001), indicate that the clasts of garnet biotite gneiss are of 
Proterozoic age. 

In the southern part of the Kerguelen Plateau, Operto & Charvis (1995, 1996) 
divided the crust of about 22 km thick, into three layers: 

− An upper crust, about 5.3 km thick and Vp ~ 3.8 to 6.5 km/s. 
− A middle crust, about 11 km thick, and Vp ~ 6.6 to 6.9 km/s. 
− A reflective lower crust, about 4-6 km thick, and Vp ~ 6.7 to 6.9 km/s. 

In the northern Kerguelen and Elan Banks, where the crust is similar (19-21 
thick), Charvis et al. (1995) also divided the crust into three layers, but with a 
gradual transition: 

− An upper crust, 1.2 to 2.3 km thick, and Vp ~ 3.8-4.9 km/s. 
− A middle crust, 2.3 to 3.3 km thick, and Vp ~ 4.7-6.7 km/s. 
− A lower crust about 17 km thick and Vp ~ 6.6-7.4 km/s. 

I consider that from geophysical data and dredged-granitic rocks is not difficult 
to conclude the existence of a granitic basement beneath volcanics and sediments 
in the Kerguelen Plateau. According to Gagnevin et al. (2003) the Kerguelen 
Archipielago is formed by plutonic intrusive rocks, with granites, syenites and 
gabbros. These authors claim that “the genesis of felsic magma in an oceanic 
environment is a controversial issue giving rise to a great variety of proposed 
petrogenetic processes”. 

The presence of a continental crust in the Kerguelen Plateau, and in other 
oceanic areas, is very difficult to interpret with current geological theories. 
According to Nicolaysen et al. (2001) this great plateau is a continental fragment 
produced by the breakup of Gondwana and dispersed in the nascent Indian Ocean, 
rifted from Antarctica (Frey et al., 2000). On the contrary, Charvis et al. (1997); 
Yang et al. (1998), and Borissova et al. (2000) consider that the Kerguelen basaltic 
rocks were produced in zones of fixed continental basements. I agree with Grégoire 
et al. (1998), that the Kerguelen Plateau, and many other anomalous oceanic crusts, 
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represent zones of origin and growth of the granitic crust “in situ” within a new 
upper mantle-crust relationship (Sánchez Cela, 2000, 2004). 

2.2.5 Upper Mantle-Crust Geochemical Balance 

Current compositional models consider the Upper Mantle to be formed by 
ultramafic rocks with olivines, pyroxenes, and minor amounts of garnets, as the 
main constituents. Plagioclase, amphibole, phlogopite and spinel are subordinate 
minerals. With these components several real (peridotite, eclogite) or unreal rocks 
(pyrolite) have been suggested as those forming the Upper Mantle. The basalts, the 
most abundant “Upper Mantle Rocks”, would be produced by the partial melting of 
peridotites, although several authors consider that peridotites are not enough to 
explain the geochemical data of the various basaltic rocks. Peridotites would be the 
refractory products after extracting the basalts of an upper mantle rock. This 
theoretical rock was defined as pyrolite by Ringwood (1962). In spite of the scarce 
presence of these rocks in the crust and its non-adjustment with geophysical data-
density, the eclogite model is weakly defended today as an upper mantle rock. The 
eclogite upper mantle was suggested mainly by those authors that considered the 
continental Moho to be a phase change from gabbro (lower crust) to eclogite 
(upper mantle). 

Based on many works I can say that the current chemical composition of the 
upper mantle is: SiO2 ∼44-48%, Al2O3 ∼2.6-3.9%, CaO ∼2.2-3.7%, MgO ∼37-41%, 
FeO ∼8-9%, Na2O ∼0.3-1.8%, K2O ∼0.02-0.2%. From such a composition the 
upper mantle is made up of more than 80% by SiO2 and MgO, with subordinate 
FeO (8-10%), and accesories Al2O3, CaO and Na2O (5-6%). 

As we keep saying and insisting (Sánchez Cela, 2000, 2003, 2004) from an 
ultramafic composition for the upper mantle, it is very difficult to explain the origin 
and evolution of the crust (e.g. granitic rocks) throughout geological time. On the 
other hand, current petrogenetic models for many so-called upper mantle rocks are 
both complicated and very difficult to understand in order to match the global 
geochemical balance of the upper mantle-crust. The most important data in 
“discovering” the compostion of the upper mantle is through the geochemical 
balance between the upper mantle and the crust throughout geological time. From 
this extremely difficult task (as many oceanic zones are innaccesible), very 
interesting conclusions can be reached that appear to invalidate current upper 
mantle compositions due mainly to an evident fault in the geochemical balance of 
the upper mantle-crust system. So, from this study the main conclusion is that the 
upper mantle must, by neccessity, be more sialic-granitic in composition in order to 
balance the upper mantle-crust geochemical evolution. A more sialic upper mantle 
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composition arranged in denser structures than the crustal ones, not only fits in 
better with the goechemical data but also explains other interrelated phenomena, 
such as geophysical, geothermal, etc. In deducing the composition of the upper 
mantle it is also important to consider that: 

− The oldest rocks in the crust are gneisses and granites when in fact the 
mafic-ultramafic rocks ought to be the oldest and most abundant igneous rocks, 
because the high thermal state of the Earth, at the beginning of Geology (about 
3800 Ma), would produce a generalized ultramafic upper mantle magmatism. 

− The oldest mafic-ultramafic rocks in the crust are very scarce in relation to 
the granitic ones, and many of them, geochemically different from similar later 
rocks (mantle heterogeneity in time?). These scarce, mafic-ultramafic igneous 
rocks are always associated with the presence of marine sediments and active 
granitic-gneissic basements. 

− The younger and abundant trap basalts and Alpine peridotites were 
formed on thick granitic crusts (e.g. Deccan, Paraná, basalts and Ronda 
peridotites) but affected by high frictional-compressional environments, covered 
by thick carbonate-evaporitic materials. If these continental trap basalts and 
Alpine peridotites passed through thick granite-gneissic crusts (e.g. 30 km 
thick), it is very strange that such “mantle rocks” do not exhibit enclaves of 
such sialic crustal rocks. 

− The oceanic basalts are always associated with anomalous oceanic crusts 
(e.g. 10-20 km thick) with abundant marine sediments. These anomalous crusts 
can be interpreted as crusts in different stages of growth (e.g. Hawaii-Iceland). 
The main question in a new interpretation of those defined as mantle rocks lies 

in understanding the origin and evolution (growth) of the granitic crust, which is 
always present (and in others is deduced) beneath the mafic-ultramafic igneous 
rocks. In this regard I must state that: 

− The origin and growth of the sialic crust is closely related to the origin 
and growth of granites. This sialic crust was and is still being created by the 
episodic contribution of juvenile sialic matter from the upper mantle, which is 
added at the base and at the border of the previous crusts. The reflective 
structures in the crust, mainly in the lower crust-upper mantle transition, are 
vestiges of several stages of the sialic growth in depth. On the other hand, the 
accretional prisms of many arc-continental border zones are credentials of such 
lateral growth of the sialic crust. 

− The continuous contribution of new “granitic” matter from the upper 
mantle, which is evident in many continents, is still taking place, although 
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seemingly to a lesser degree, in many zones defined as “anomalous oceanic” (e.g. 
ridges, plateaus, etc.).  
On the other hand, the temporal distribution of igneous rocks considered to be 

from upper mantle provenance (e.g. basalts) indicate that they are more common in 
recent geological times (e.g. from Mesozoic) than previously (e.g. Archean). The 
continental basalts are important in volume from Permian (e.g. Siberian), and 
mainly in Mesozoic-Tertiary times (e.g. Karoo, Paraná, Deccan, Ethiopia-Yemen, 
Columbia River, etc.). On the contrary, Paleozoic and mainly Precambrian basalts 
are very scarce in the world. Peridotites and the ophiolite complexes are relatively 
abundant in Alpine times in zones associated to arc structures with granitic-
gneissic basements and thick marine sediments. 

Many geologists consider that the huge amount of probable mafic-ultramafic 
mantle manifestations in Archean times, due to the high thermal regime of the 
Earth and a thin crust, would be located somewhere in the crust. So, one would 
expect the oceanic crust to contain these upper mantle products that must, by 
necessity, have been formed. But then another important question arises: are many 
oceanic crusts younger than 200 Ma? Although many oceanic crusts are not very 
different from the continental ones, even in relation to their age, it is evident that 
they do not contain the majority of the upper mantle products from Archean times. 
The same occurs with the peridotite-ophiolites and gabbros in continental zones, 
which are more abundant from Alpine times. One of the most important outcrops 
of mafic-ultramafic rocks in the world is the “Oman Ophiolites”, which occupies 
about 30,000 km2 and a volume of up to 3·104 km3. This apparently large upper 
mantle manifestation is tiny in comparison to the associated granitic basement in 
the same zone. In general, peridotites and ophiolites in the world are always 
associated to arc-dynamic structures formed by gneissic basements where thick, 
carbonate marine sediments are present. The scarce, Precambrian mafic-ultramafic 
rocks, e.g. komatiites, are always associated to domed-oval-arc structures with 
gneissic-granitic basements and carbonate sediments. 

As stated in chapter 4, all the basalts in the world are always associated with the 
presence of an active granitic basement covered by thick carbonate rocks and 
related sediments. This appears to be evident not only in all continental zones, as 
occurs for example in Trap Basalts (Deccan, Paraná, etc.) but also in many defined 
as “oceanic zones”, where such upper mantle manifestations are present. All these 
oceanic zones with basalts correspond to anomalous oceanic crusts, that is, where 
the crust is thicker than the normal oceanic crust. So, practically all these oceanic 
zones with basalts correspond to crusts 10 to 30 km thick (e.g. Hawaii-Iceland). In 
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such “oceanic zones” the geophysical data are very important in order to complete 
the geological data. In many of these anomalous (thick) oceanic crusts the presence 
of thick marine sediments appears to be evident, either outcropping or deduced by 
geophysical and stratigraphic correlation with neighbouring zones, as occurs in the 
North Atlantic Ocean. 

On the other hand, it is not very difficult to relate seismic data (e.g. Vp) to rocks. 
So, seismic Vp values between 6 and 6.5 km/s, which in continental zones are 
assigned to acid and intermediate igneous rocks, can also be attributed in oceanic 
zones to the same or very similar rocks, that is, rocks where the quartz-feldspathic 
components are predominant. The influence of the current upper mantle 
composition is great, not only in the minds of geologists, but also in geophysicists. 
This is the main reason why many of these scientists consider that abundant mafic-
ultramafic rocks must, by necessity, be found in the lower crust, although in many 
cases eroded Precambrian terranes and Vp geophysical data do not appear to 
indicate the presence of mafic-ultramafic rocks in the lower crust. 

The geochemical balance between mafic-ultramafic and granitic rocks 
throughout geological time indicates that the production of igneous rocks from the 
upper mantle was with much of a sialic “granitic” nature. From a young, thin, 
oceanic crust to an old, thick, continental one, the production of igneous rocks is 
mainly concentrated at first in anomalous oceanic crusts (e.g., thicker than 10 km) 
and later mainly in the episodes of crustal growth, when the crusts are truly of 
continental nature (20-40 km thick). In all the episodes of crustal growth from 
oceanic to continental, petrological and geophysical data indicate that granitic 
rocks are the dominant. In many continental, stratigraphic columns, granitic rocks 
sometimes account for 95% of the total of igneous rocks in the crust, as occurs in 
Tibet. 

Taking into account many geophysical and petrological studies on crusts in 
different stages of growth, an average thickness of the main types of rocks in the 
crusts is shown in Table I. These thicknesses can be considered high for mafic-
ultramafic rocks since they correspond to zones where such rocks outcrop. For 
example, a crustal stratigraphic column in the Semail ophiolites could correspond 
to the approximate percentages shown of mantle/crustal rocks, but this is an 
exception being that such igneous mantle rocks outcrop in abundance in relation to 
the granitic basement. On the other hand we know that such mafic-ultramafic rocks 
are very scarce in relation to granitic ones. This evident lack in the upper mantle-
crust geochemical balance in relation to the main chemical components of igneous 
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rocks is also stated by means of trace-isotopic data (De Paolo, 1980; Jacobsen & 
Wasserburg, 1981; Allègre, 1982). 

Table I: Average thickness (km) of main rocks in different stages of crustal evolution. 

Stages of Crustal 
Evolution 

A 
Oceanic 
crust 

B 
Plateaus-
Islands 

C 
Continental 
borders 

D 
Continental 
crusts 

Mafic-ultramafic Rocks 0-2  ? 2-5 1-2 0-3 

Granitic Rocks and other 
sialic rocks (volcanics) 

0-2  ? 5-15 15-25 25-60  

Sedimentary, and other 
rocks 

2-5  ? 5-10 7-10 5-7 

Crustal thickness (km) 6-10 12-30 20-35 30-70  

 
From various petrological-geochemical studies, complemented with 

geophysical data, a different chemical composition for the upper mantle can be 
deduced, since it turns out to be richer in “sialic-granitic” components, similar to 
the average composition of a monzogranite. This new upper mantle is richer in 
SiO2, K2O, Na2O and Al2O3, and poorer in MgO in comparison to current models. 
At first sight, such chemical considerations could be included within the 
“geological heresies”. Although it is difficult to understand the presence of 
abundant fluids, “water” appears to be present in the upper mantle. Due to the high 
P-T conditions, however, it is not clear how important this component is within the 
upper mantle. Hydrated minerals are very difficult to form at such high, upper 
mantle, P-T conditions, especially if geologists take into account that the Earth was 
created under high, dynamic P-T conditions instead of static ones. At such high P-
T conditions, “water” could be present in some SiO2-glassy-hydratated components 
created by diaplectic transformations of initial crystalline components, during the 
dynamic accretion of the Earth. The presence of other fluids in the upper mantle is 
more problematic, for example, hydrocarbons. The geochemical evolution of the 
oxides CaO and MgO, was first controlled by the evolution of the atmosphere in 
relation to the formation of carbonate rocks and later by the evolution of the Ca-Mg 
bearing sediments and the formation of mafic-ultramafic rocks throughout 
geological time. As mentioned, the formation of Ca-Mg sediments and 
dolomitization processes are, in great part, controlled by endogenous causes. This, 
in turn, together with active, physical-chemical, sialic endogenous sources goes on 
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to control the origin of mafic-ultramafic rocks in the crust. Therefore, if the 
proposed petrogenetic models are on the right track, the geochemistry of Ca and 
Mg and other chemical elements (e.g. Fe) might well need revising. 

The contribution of the geophysical data is also important in deducing the 
chemical composition of the upper mantle. It is known that after a great sialic 
extraction, to form a “granitic” continental mass, the upper mantle-crustal 
boundary is badly defined, with the formation of a reflective, lower-middle crust 
and, in many cases, an anomalous upper mantle. So, the Vp values of the upper 
mantle, before the continental-sialic extraction, are about 8.1 to 8.3 km/s. After a 
great sialic-granitic extraction, the Vp upper mantle data can show values of about 
7.7 km/s. That is, the upper mantle rocks become converted into lighter rocks when 
one would expect the contrary, that is, its conversion into denser-refractory rocks 
with Vp values of about 8.6 km/s, for example. This “geophysical-physical” 
phenomenon is very difficult to explain within current, upper mantle compositional 
models. On the contrary, this and other physical-geophysical phenomena can be 
more easily explained within an upper mantle richer in SiO2 and other sialic 
components (K2O, Na2O, etc.), but in order to fit in with physical-geophysical data 
this more “sialic” upper mantle must be arranged in denser structures where, 
together with various polymorphic phase changes (with electronic transitions), 
amorphous-dense phases can also be involved. (Sánchez Cela, 2000). 

2.3 PHYSICAL-GEOPHYSICAL DATA AND THEIR RELATIONSHIP TO  

PHYSICAL CHANGES 

2.3.1 Reflectivity 

From the abundant geophysical studies it is known that the middle-lower crust 
and mainly the lower crust-upper mantle boundary is seismically reflective in 
almost all continental zones and also in many oceanic zones extensively those 
defined as anomalous oceanic zones which are thicker (e.g. 10-15 km) than usual 
(6-8 km) (Meissner, 1986; Matthews, 1986; Smithson, 1986; Allmendinger et al., 
1987; Pavlenkova, 1988; Klemperer, 1989; BABEL Working Group, 1990). These 
studies demonstrate that the famous Conrad discontinuity is not always detectable 
in the middle crust. The Conrad discontinuity could correspond to secondary 
planar-arcuate reflections which are present in many continental zones. The most 
important consequence of such seismic studies is that the “strong”, principal 
Mohorovicic discontinuity in all continental zones is weaker, being shaped by 
several, gradual reflective lines of several kilometers thickness between the upper 
mantle and the lower crust.  
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Regarding the cause of the reflectivity, Allmendinger et al. (1987) suggest the 
following: 

− Gneissic and/or igneous interlayering of the lower crust and upper mantle 
lithologies. 

− Ductile high-strain zones (mylonites). 
− Basaltic sills injected along the base of the crust. 
− Fluid-filled cracks. 

Larsson & Husebye (1991) summarized the main hypothesis of the origin of the 
reflectivity in the Skagerrak area as: 

− Layers of intruded basaltic magma derived from the mantle below. 
− Magmatic layers that once underplated the Moho. 
− Zones of localized shear strain. 
− Banding caused by metamorphism. 
− Residues from partial melting. 
− Other possible explanations are fluid-rich zones and lithological changes. 

These authors consider that the geophysical data alone are insufficient for 
determining which hypotheses are applicable for the origin of the reflectivity in the 
lower crust. Klemperer & Peddy (1992) suggested various causes of the origin of 
reflectivity: 

− Ductile shear zones in the lower crust. 
− Alignment of metamorphic minerals and segregation of minerals into 

felsic, mafic, layered gneisses. 
− Primary magmatic contacts between mafic sills and country rocks. 
− Reflectivity associated with the presence of large conductivity anomalies 

in the lower crust, and both could be related to high P hydrous minerals. 
Seismic studies on the oceanic crust also show the presence of reflections. 

White et al. (1994) defined arcuate and planar reflections in the Atlantic Mesozoic 
oceanic crust, and Ranero et al. (1997), among others, in the Pacific Ocean. 
Although these reflectors are present in the upper-middle crust, they are more 
abundant in the lower crust-upper mantle boundary. Ranero et al. (1997) consider 
that the reflective, oceanic lower crust, formed at a fast-spreading center in the 
Pacific that generally dips toward the paleo-spreading center, may represent 
“mafic-ultramafic banding” similar to that observed in the lower crust from 
reconstructed ophiolite sections. The upper crustal reflections, according to these 
authors, may be related to the base of the sheeted dikes, to the maximun depth of 
hydrothermal circulation, or to the development of a structural discontinuity near 
the base of the brittle crust. Geophysical studies show that all these “oceanic 
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zones”, defined in many cases as spreading centers, correspond to anomalous 
crusts where the thickness is from 25 to 30 km thick (e.g. Iceland). Such crusts 
therefore appear in many cases to be similar to continental ones, although generally 
thinner. 

Any model that attempts to explain the origin of reflectivity must take into 
account: 

− Such structural-geophysical features are evidently secondary and related 
to the origin and growth of the crust from the upper mantle. 

− The upper crust is clearly structured by various geological processes, 
while the middle crust is almost transparent showing some, light, planar to 
arcuate reflections. 

Reckoning from these data it is difficult to understand the structuration of the lower 
crust by mechanisms similar to those of the upper crust, e.g. shearing (BABEL 
Working Group, 1990), mylonites (Fountain et al., 1984; Allmendinger et al., 
1987), or by differential horizontal movement of the upper and middle crust in 
relation to the lower crust and upper mantle (Matte & Hirn, 1988). Also, it is 
difficult to explain the presence of abundant fluids, or brines, in the lower crust as 
the origin of the reflectivity. On the contrary, the idea cannot be ruled out that such 
reflectivity could have been produced by igneous layering mechanisms (e.g.: basic 
sills), since such igneous-basic rocks are abundant in the crust. 

Although, most authors in general consider several causes as the origin of 
reflectivity, others consider one “only” main cause for the origin of this 
geophysical phenomenon. So, from the various available theories, reflectivity can 
mainly be related to: 

− Dynamic causes in relation to Plate Tectonics (BABEL Working Group, 
1990; Ross et al., 1995). 

− Metamorphic causes: a) Shearing tectometamorphic processes in the 
lower crust (Matte & Hirn, 1988). b) Layered gneisses (Green et al., 1990). c) 
Sheared eclogites-mylonites (Fountain et al., 1994). 

− Formation of granulites in relationship with melt calcalkaline (granitic) 
extraction (Vielzeuf et al., 1990). 

− Magmatic underplating associated with upper mantle intrusions 
(Holbrook et al., 1991). 

− Existence of partial melts (Barth et al., 1991). 
− Metamorphic phase changes in intracratonic basins during the 

transformation of the “mafic” lower crust into eclogites (Hale & Thopmson, 
1982; Baird et al., 1995). 
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The main problems concerning these theories are: 
− The unlikelihood that the structuration of the lower crust was caused by 

mechanisms similar to those of the upper crust, e.g. shearing (BABEL Working 
Group, 1990), mylonites (Fountain et al., 1994), or by differential horizontal 
movement of the upper and middle crust in relation to the lower crust and upper 
mantle (Matte & Hirn, 1988). 

− Magmatic underplating as a cause of reflections is also difficult to accept, 
as I have already mentioned, since it is improbable that huge amounts of thick, 
mafic magmas could be interstratified within granitic-granulitic rocks. 

− If we consider that the Earth was formed under high dynamical-
accretional conditions, it is also difficult to understand the presence of abundant 
fluids, or brines, in the lower crust as the origin of reflectivity. 

Reflectivity and other associated physical-geophysical phenomena can be 
explained within a new, physical-chemical upper mantle. It can be related to the 
origin and growth of the sialic-granitic crust, throughout geological time, from the 
upper mantle. It seems that it can be produced by a gradual, layered transformation 
of the denser upper mantle matter into a lighter sialic-granitic one. One simple 
model can explain this through a sole, important chemical component in the upper 
mantle-crust system, silica. Depending on differing physical conditions, this oxide 
in the upper mantle can be arranged in denser structures (e.g. coesite and possibly 
stishovite). The transformations from high density structures to lower ones can take 
place in a gradual manner. In this way and in such a simple upper mantle 
composition, one can consider the existence of several layers in the lower crust 
with a differential participation of silica polymorphs, for example quartz and 
coesite, arranged in various gradual combinations. So, in the upper-middle crust 
with Vp about 6 to 6.5 Km/s, the silica minerals would be formed mainly by quartz. 
The upper reflection layer in the lower crust, with Vp about 6.7 to 7 Km/s, could be 
formed by a mixture of coesite and quartz. Lower reflective layers could be formed 
mainly by coesite and some quartz, and the lowest transition layer to the upper 
mantle (Vp ∼ 8 Km/s) could be formed by coesite. The upper mantle would be 
formed mostly by coesite along with other denser minerals (e.g. hollandite). It is 
also possible that part of this dense sialic matter in the upper mantle could, in part, 
be also formed by amorphous oxides and silicate matter (Sánchez Cela, 2000). 

As a final conclusion I can say that reflectivity is always related to crustal 
thickening, when this phenomenon is understood as the episodic addition of 
juvenile sialic matter from the upper mantle to the base of the previous crust. 
Therefore, reflectivity is a young structural feature, quite clear in deep crustal 
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levels but which gradually becomes less manifest towards upper crustal levels due 
to the existence of a gradual physical tranformation of a dense-sialic upper mantle 
into the lighter granitic crust. An interesting point is that of Chadwick & Pharaoh 
(1998), who, from the analysis of the seismic reflection Moho beneath and around 
the United Kingdom, deduced that “Moho is a young feature and that much of its 
topography has progressively been dissipated with time in response to the changing 
requirements of regional isostasy”. This sentence encloses a particular physical 
message in the upper mantle-crust relationship. 

2.3.2 Isostasy 

Many zones of the Earth exhibit negative gravimetric anomalies, which mean 
that in these zones a deficit of mass exists. On the contrary, though less common, 
other zones also exist which have positive gravity anomalies. Negative anomalies 
on continents are mainly concentrated in active orogenic zones (e.g. Himalayan 
Cordillera). In the oceans, both negative and positive gravity anomalies can be 
present on anomalous oceanic zones, such as ridges (Iceland) and plateaus (Java). 
Negative anomalies are also present in zones affected by deglaciation, such as: 
Canada, the British Isles and mainly Fennoscandia. All zones with negative 
gravimetric anomalies, particularly those affected by rapid deglaciations, are 
affected by dynamic-uplifting processes. 

The crustal zones with negative gravimetric anomalies (e.g. deglaciation, rapid 
alteration), associated with high rapid uplifting, provide the concept of isostasy. 
This physical phenomenon could be defined as the “response of the interior of the 
Earth when gravitational equilibrium is altered”. Geologists and geophysicists 
know how isostasy acts but not the cause or the mechanism of gravitational 
equilibrium, that is, the isostatic compensation. In general the isostatic 
compensation appears to act more in accordance to Airy’s hypothesis than Pratt’s. 
The latter hypothesis could be applied to geological zones affected by high 
compressional environments, as they occur in many intracontinental rifts (e.g. 
Kenya) and even in “oceanic” ridges, as in Iceland. In these zones, the presence of 
high compressional granitic blocks beneath volcanics (Sánchez Cela, 2000) fits in 
better with Pratt’s theory because of a horizontal variation in the density of 
materials, although this, in my opinion, appears to be a local phenomenon. In the 
origin of isostasy several important questions are involved: 

− First, and perhaps most important: why does isostatic compensation exist 
within the current upper mantle-crustal compositional-rheological models? 

− Second, to what extent (mainly depth) does isostatic equilibrium take 
place, and 
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− Third, and related to the first: what is the cause or mechanism of isostatic 
compensation? 
To expose or to comment here on the theories and mechanisms in order to 

explain the isostasy phenomenon is not the objetive of this book, instead it is to 
propose a new theory, where isostasy would not be a phenomenon, merely a 
natural physical process that takes place in the outermost Earth levels, when 
gravitational equilibrium is altered. This new theory is mainly based on the idea 
that the upper mantle-crust boundary means more a physical change than a 
chemical one. The physical transformation of the dense, “sialic” upper mantle 
matter into a lighter granitic crustal one takes place when it is activated by a rapid 
decrease in pressure conditions, as occurs during deglaciation. The main argument 
in defending the physical changes as an explanation of isostatic phenomenon is that 
this phenomenon is associated with other interrelated phenomena, such as: 

− Crustal thickening. 
− Uplifting associated to domed-oval morphologies. 
− Presence of physical-geophysical related phenomena: reflectivity, thermal 

anomalies, high seismicity, etc. 
− Great tectonic and magmatic activity and others. 

Several processes and phenomena can affect the formation of crustal zones with 
low to high negative gravimetric anomalies; the most efficient and rapid one is 
deglaciation, since it is produced in a very short geological time. Another process 
is a rapid alteration of the crust that mainly affects active orogenic zones. The 
abundant geophysical literature indicates that in both active crustal zones the 
isostatic compensation is not reached. Such isostatic compensation is very difficult 
to achieve since the physical changes in the upper mantle are very slow temporal 
processes compared to the external crustal ones. Isostatic compensation can only 
occur in very low-active geological regions that generally coincide with shields. 

An important question remains: how does isostatic compensation act in oceanic 
zones with negative gravimetric anomalies? Here, other different mechanisms of 
activation to continental ones must be proposed to explain such an isostatic 
compensation. In oceanic zones from “normal” (e.g. 6-8 km thick) to “anomalous” 
(10-30 km thick) crusts, the mechanism required to activate the physical changes in 
the upper mantle, as in continental zones, is decompression. But here, one cannot 
involve the rapid tectonic-alteration of supposed submerged mountains and, much 
less, deglaciation.  

Fennoscandia is one of the best examples of gravimetric-isostasy phenomena in 
continents related to deglaciation referred to as Glacial Isostasy (Mörner, 1990) or 
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Postglacial Uplift (Ekman, 1996). Both denominations have the same meaning and 
are applied to an oval, domed, uplifted structure related to deglaciation that began 
about 13,000 years ago. The total uplift at the center of the structure was about 830 
m (Mörner, 1990). This great oval structure is mainly formed by a thick sialic 
basement, composed of granite-gneissic rocks together with other minor igneous 
rocks, partially covered by Mesozoic-Cenozoic sediments which dip away from the 
oval structure (Riis, 1996). Together with an important uplift of the Fennoscandia 
oval structure (∼13,000 years ago), other important vertical movements were 
present earlier, starting about 100 Myr ago (Mörner, 1990). This author deduced 
that Fennoscandia, from 100 Ma to about 22.5 Ma, had an altitude of 500 m or 
more. From 22.5 Ma to about 0.9 Ma, it rose 1100-1200 m higher. Later, 0.9 Ma, 
Fennoscandia was affected by an important subsidence. Riis (1996) illustrates the 
existence of several episodes of uplift in Scandinavia from late Cretaceous. During 
the Paleogene, the zone was affected by a maximum uplifting phase, about 1500 m 
in the North. During the Neogene, the main uplifting took place in South Norway. 
According to this author, the origin of the uplift episodes is very diverse, from a 
relationship to rifting of the North Atlantic (e.g. during Paleogene) to unloading 
causes (e.g. during Late Pliocene). 

I think that the mechanism that most clearly fits in with other geological data in 
Fennoscandia is the action of “phase changes” in the Upper Mantle-Crust System. 
These were suggested by several authors as an explanation of “postglacial uplift” 
or “glacial rebound” in Fennoscandia (Broecker, 1962; O’Connell, 1976; Mörner, 
1990). This theory, based on loading/unloading processes, in essence is that the 
lithostatic pressure produced by the presence of a thick ice cover can be enough to 
induce phase changes in the upper mantle basaltic rocks (3.05 gr/cm3), 
transforming either to garnet granulite (3.25 gm/cm3) or to eclogite (3.45 gr/cm3). 
During the release of lithostatic pressure, due to deglaciation, an expansional 
increase in volume and uplifting is produced. This suggested theory does not fit in 
with the geological data of Fennoscandia and, in general, of many other geological 
zones affected by postglacial uplift. The dominant rocks in the crust in this 
continental area are granite-gneissic rocks, associated to dome-oval structures. The 
differential uplifting from the center to the borders of the Fennoscandia oval can be 
explained by the differential stress conditions during the uplifting (emplacement) 
of this structure, produced in several episodes of sialic thickening. Again, I insist 
that sialic thickening is understood as the episodic addition of juvenile sialic-
granitic matter to the base of the previous crusts, resulting, in this case, in several 
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uplifting processes in order to balance the new gravimetric conditions (isostatic 
adjustment). 

In a new physical change model the denser-silica upper mantle matter is mainly 
activated by the rapid deglaciation that began to take place 13,000 years ago. 
Together with this, gravitational-pull forces of galactic origin had less influence. 
Returning again to an oversimplified composition for the upper mantle, the 
deduced and abundant, dense SiO2 matter (e.g. coesite) is transformed into quartz 
during decompression. The result is an increase in volume of the crust and 
therefore, an increase in the compressional environment together with an increase 
in temperature, because such phase transformations are exothermal. Together with 
gravitational decompression, an increase in temperature can favour additional and 
rapid phase transformations at the upper mantle-crust boundary. The lower uplift of 
Fennoscandia during glacial times could have been because the dense, upper 
mantle was little affected by phase transformation, since the high lithostatic 
pressure, created by thick ice levels, impeded such phase transformation. On the 
contrary, during deglaciation the rapid release of pressure favoured and activated 
the phase transformation in the upper mantle and, therefore, sialic thickening and 
uplifting of the crust in Fennoscandia. This sialic thickening and uplifting took and 
is still taking place according to the structures that demand less energy by their 
“solid emplacement”, that is, domes and oval structures. In many cases these 
structures are partially present as arcs, which correspond to partial, external 
manifestations, with high geological activity (e.g. volcanic), of growing granitic 
domes in depth.  

2.3.3 Low Velocity Zones 

We know that in many regions of the Earth, in continents and in anomalous 
oceanic zones, the upper mantle exhibits, at about 60-150 km depth, low seismic 
wave velocities. This low velocity zone (LVZ) pertains to both P and S waves, 
although the effect is greater in S waves than P. These LVZ in the upper mantle, 
widely documented in many geophysical works, were suggested by Gutemberg in 
1926 (op. cit. in Gutemberg, 1948). Many of these LVZs are characterized by high 
seismic attenuation and high electric conductivities. Together with this, and in 
many anomalous oceanic zones (ridges to plateaus), there are also high surface heat 
flows. In these “oceanic” zones the LVZs are shallower and more pronounced than 
in continental crusts (e.g. orogens). 

All theories about the origin of LVZ in the upper mantle start from an upper 
mantle of a peridotitic composition. Practically all experimental and theoretical 
studies were applied to various ultramafic rocks in order to determine the variation 

53



of seismic attenuation with depth (e.g. Sailor & Dziewonski, 1978; Jackson, 1993). 
In basis to a peridotitic upper mantle, the most common theory of the origin of 
LVZ is partial melting. Liu (1989) cites three variants of the partial melting: 

− Partial melting of “dry” mantle. 
− Partial melting of peridotite caused by the dehydratation of amphibole 

and/or phlogopite without excess H2O, and 
− Partial melting of peridotite in the presence of excess H2O. 

Bott (1982) considers that the variations in seismic velocities can be caused by 
one or more of the following effects: 

− Influence of temperature and pressure on a rock of uniform, chemical and 
mineralogical composition. 

− Partial fusion. 
− Mineralogical phase transitions. 
− Anisotropy in mantle rocks. 
− Chemical inhomogeneity, and 
− Presence of open cracks. 

Condie (1989) says that any theory for the origin of the LVZ must also explain: 
low seismic wave velocity, low Q (high seismic wave attenuation) and high electric 
conductivity. Among the causes considered by this author for LVZ are: phase 
changes, compositional changes, alignment of olivine crystals, and incipient 
melting. This author says that no important phase changes are known to occur at 
LVZ depths, and compositional changes do not seem probable or do not explain the 
low Q and high electric conductivity. Like many others, Condie (1989) considers 
incipient melting as an important cause in the LVZ, which is attested by the high, 
surface heat flow observed when the LVZ reaches shallow depth. Melting 
conditions for ultramafic compositions take place under slightly hydrous conditions 
(0.1% water). The source of water in the upper mantle may be from breakdown of 
minor mantle phases that contain water, such as hornblende, phlogopite and other 
hydrated silicates.  

The origin of LVZs can be better understood if one considers the existence of 
other geological phenomena where they could all be related to a global geological 
cause, for example: 

− These discontinous upper mantle seismic attenuations correspond to 
active geological zones (tectonic-igneous) associated with various physical-
geophysical phenomena. 

− These upper mantle LVZs are related to crustal zones that, in time, are 
increasing in thickness, from oceanic swell-ridges to thick, active continental 
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areas. On the contrary they are absent or poorly developed beneath Precambian 
shields. 

− These LVZs are generally associated with anomalous surface heat flows 
and the presence of high electric conductivities from the upper mantle to middle 
crusts. 

Together with these observations if we take into account that the upper mantle is 
more “sialic” in composition but arranged in denser structures than the granitic 
crust and the supposed upper mantle rocks, “various peridotitic types”, and their 
partial melting products (basalts), can be explained as being formed in the upper 
crust (ch. 2), all of them favour more a relationship to physical changes than any 
other theory (e.g. incipient melting). So, incipient phase changes in the dense upper 
matter can explain: the simultaneous formation of these poorly defined LVZ zones, 
planar to arcuate reflectors, heat flow anomalies and, high electric conductivities in 
many upper mantle-crust levels. 

If reflectivity and LVZ are produced by the same cause, then the question is: 
how can phase changes produce geophysical phenomena which are so different in 
their structural features in depth? Both geophysical phenomena can be produced by 
phase changes that affect different upper mantle components. LVZ could be 
produced during the transformation of less refractory material or the most unstable 
dense mineral into another lighter one. Two possible mineralogical candidates 
could be proposed as an explanation of LVZ and other geophysical phenomena: 
stishovite and coesite. From physical and geophysical data, the transformation of 
stishovite into coesite could fit in with Vp, Vs and density data of the LVZ. The 
transformation of coesite into quartz, that does not appear to fit in with geophysical 
data on LVZs, fits in well with the origin of reflectivity in the crust. These and 
other important questions exceed the aims of this book. Experimental Petrology on 
various, “silicic” polymorphic minerals could be of great help to prove these 
geological-physical deductions.  

2.3.4 High Electric Conductivities 

Many lower crustal zones, associated with other physical-geophysical 
phenomena (reflectivity, high heat flows, etc.), exibit high electrical values (e.g.10-

2 Sm-1). As occurs with other associated physical-geophysical phenomena, high 
electric conductivities are present in many of the Earth’s crustal zones in a 
discontinuous manner, but all correspond to geologically active zones. In general, 
the crust can present two or more levels with high conductivities. At shallow levels 
(e.g. up to 6 km) high electric conductivity is easily attributed to the nature of 
sediments and mainly the amount of saline fluids and in some cases, to the 
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presence of stratiform basic igneous rocks. On the contrary the origin of electric 
conductivities in the lower crust (20 to 40 km depth) is attributed to diverse causes 
(Condie, 1989; Jones, 1992): partial melting, changes in composition, presence of 
water (hydrated minerals), presence of grafite, existence of brines, layered igneous 
rocks and preferential orientation of minerals. 

Klemperer & Peddy (1992) propose that the large, electrical conductivity 
anomalies often observed in the lower crust, could be the cause of reflectivity. 
According these authors, this high conductivity can only be produced by the 
presence of free water, and also by the presence of some unusual minerals, such as 
graphite. Glover & Vine (1992), from experimental studies, deduced a strong 
influence of carbon in the origin of high lower crust conductivity. These authors 
later (Glover & Vine, 1994) state that a middle-lower crust composed of 
amphibolite, saturated with 0.5 M NaCl, shows electrical conductivities sufficient 
to explain conductive depth profiles for the continental crust inferred from 
geophysical measurements. Duba et al. (1994) consider that accesory minerals, 
such as Fe-Ti oxides and sulphides, can enhance or even surpass the high 
conductivity of saline fluids suggested by several authors (e.g. Glover & Vine, 
1994). Some geologists consider the presence (together with water) of saline brines 
in the lower crust that could explain the high conductivity of such a crustal level 
(Jones, 1992). The main grounds for the presence of saline brines in the lower crust 
comes from studies on fluid inclusions in igneous and metamorphic rocks, mainly 
granulites (Markl et al., 1998 and references therein). Other authors relate 
reflectivity to dynamic causes, for example, shear zones which produce a preferred 
orientation in mantle minerals (e.g. olivine) (Ji et al., 1995).  

The diverse theories on the origin of the high electrical conductivity in the 
lower crust could be limited if we take into account that the electrical anomalies, 
such as occurs with other phenomena, are associated with: 

− Active continental zones and also oceanic crusts, those defined as 
anomalous (15-25 km thick). 

− Presence of a reflective lower crust. 
− Existence, in many cases, of LVZs in the upper mantle. 
− Presence of anomalous heat flows, mainly associated with swelling-

domatic oceanic structures. 
As already stated, these physical-geophysical phenomena all appear to be related to 
a common cause: the origin and growth of the sialic-granitic crust from the upper 
mantle. This sialic growth from Archean takes place mainly in a vertical sense (in 
depth) and accretionally, where the primitive Archean crust remained fixed to the 
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upper mantle (e.g. Mareschal et al., 1995). From physical-geophysical data it is not 
difficult to deduce that this “more sialic” upper mantle is denser than the sialic 
crust. A mineral that could be present in the upper mantle is coesite. This highly 
dense silica polymorph is 13.5% denser than quartz, the coordination number being 
the same as quartz; therefore, the increase in density can be reached by reducing 
the volume of the electronic configuration and possibly also the Si-O distances. I 
believe that some electronic changes can occur during the transformation of the 
dense, sialic upper mantle matter into granitic crustal one, together with various 
polymorphic physical changes. 

Many scientists are very critical about the existence of electronic changes, 
arguing that under upper mantle pressures, an increase in density of the electronic 
shell can occur and though less likely, that electronic transitions from one level to 
another can also occur. I think that the high-dynamic pressure conditions in the last 
stages of the Earth’s accretional growth were very similar to pressure-static 
conditions of about 500 to 800 km depth. These very high pressure conditions 
(similar to those created in many meteoritic impacts) cannot only produce 
polymorphic phase changes but also affect the structure of atoms and, even the 
electronic configuration of some elements. So, from Olijnyk et al.’s (1984) data, it 
is known that under high pressures Si can undergo four stages of polymorphic 
phase transitions, where the first takes place about 12 GPa with an increment in 
density of about 20%. This increase can be produced either by the transposition of 
the outer electrons or a reduction in volume of the electronic orbitals. During 
decompression and transformation, there is a greater mobility in the electronic 
configuration, mainly in the outermost levels, from a forced high compressional 
state (Si and O in coesite) to a decompressional one, as occurs in quartz. An idea of 
the mobility of the outermost electrons in Si and O during the transformation of 
coesite into quartz could be deduced from the electronic configuration of these 
elements. I believe that it is possible that the enhancement in electrical 
conductivities could be related to the transformation of dense-amorphous matter in 
the upper mantle into crystalline-lower crust sialic matter during the origin and 
growth of the crust. During the conversion of dense-amorphous matter into a 
crystalline one, a high electronic mobility takes place. Together with the 
enhancement in electrical conductivity, this could be related to other geophysical-
physical phenomena, such as the origin of reflectivity, thermal anomalies, LVZs, 
and even lower crust earthquakes. 
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2.4 DENSIALITE: A NEW SIALIC-DENSE UPPER MANTLE 

From some previous works (e.g. Sánchez Cela, 1999a, b, 2000, 2004) and from 
the Main Arguments for a More Granitic Upper Mantle the composition of the 
upper mantle must be close to a “granitic” rock, whose main components, in 
oxides, are: SiO2 ~ 70-74%; Al2O3 ~ 10-12%; K2O ~ 5-6%; Na2O ~ 4-5%; FeOt ~ 
2-3%; CaO ~ 1-2%; MgO ~ 1-2%; TiO2 ~ 0.5%; Mn ~ 0.3%; P2O5 ~ 0.05%; H2O 
(“structural”) ~ 1-2%. With such a chemical composition the following task is to 
find materials whose global chemical compositions fit in with geophysical and 
physical data (ch. 3.2). Theoretically, in relation to the physical state of the upper 
mantle matter, three possibilitites can be proposed: 

− Formed by dense, crystalline compounds. 
− Formed by dense, amorphous matter, or 
− Formed by dense, crystalline and amorphous matter. 

2.4.1 Possible Crystalline-Dense minerals 

˗ SiO2 

During the dynamic accretion of Earth the high-very high pressures produced a 
compression of planetesimals resulting in the shortening of the interatomic 
distances. This results in a smaller volume (higher density), which can be achieved 
either by a more efficient packing of the coordination polyhedra or by an increase 
in the coordination number of the polyhedra, or both (Liu & Basset, 1986). An 
example of both effects, packing and coordination number, is the transformation at 
high pressures of α - quartz to coesite and stishovite: 

        SiIVO2  →− %9 SiIVO2  →− %32 SiVIO2 

           α-quartz           coesite                stishovite 

where the change in volume is related to an increase in the coordination number 
(coesite → stishovite) 3.6 times greater than that due to efficient packing (α - 
quartz → coesite). From this it can be deduced that the ionic radii (cation-anion 
distances) are greater in the high-pressure phase than for the corresponding low-
pressure, if a change in coordination number takes place. So, the Si-O distance 
remains almost constant during the transformation of α - quartz to coesite, where 
both phases have tetrahedral coordination. The increase in density from α - quartz 
to coesite could be related to electronic transitions (“delocalization of electrons”). 
During the transformation of coesite to stishovite, there is a 9% increase in Si-O 
distance as the coordination goes from 4-fold to 6-fold. This phenomenon of 
increase in the interatomic distances with an increase in coordination number at 
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high pressure occurs not only in ionic substances but also in covalent and metallic 
ones. 

In recent times and from experimental studies, other post-dense-stishovite 
phases are known today: CaCl2-type,α -PbO2-type and Pa3-type (Hemley et al., 
1994; Kingma et al., 1995; Teter et al., 1998). The CaCl2-type is slightly denser 
than stishovite (d~4.3) (Tsuchida & Yagi, 1989). The Pa3 -type has a higher 
energy than stishovite, 27 kcal/mol (Tsuneyuki et al., 1990), and a density slightly 
higher than stishovite (d~4.46) (Park et al., 1988). At high pressures the association 
of SiO2-Pa3+MgO-(sodium chloride) is more stable than MgSiO3-perovskite and 
is considered to be an important mantle mineral (Tsuneyuki et al., 1990). These 
authors state that once local units of SiO4 or SiO6 are formed, the crystal structure 
and elastic property of the silica polymorphs are conditioned by the space-filling of 
the local units, or rather oxygen atoms. 

With geophysical-physical considerations, the presence of post-dense-stishovite 
structures in the upper mantle is unlikely. Even stishovite surpasses the upper 
mantle density; therefore, only very small amounts of this silica polymorph can be 
present in the upper mantle. From physical (geophysical) reasoning, coesite is the 
main silica polymorph that can be present in the upper mantle, together with other, 
denser, “feldspar” minerals. Coesite is a high-pressure, SiO2 polymorph composed 
of four-membered rings of silicate tetraedra, linked at the corners to chains parallel 
to c. It was synthetisized by Coes (1953) at about 53 Kb and 500-800 oC. It 
crystallizes in monoclinic system and is about 13.5 times denser than α -quartz at 1 
bar (d~3.0 at atmospheric conditions), although Tsuneyuki et al. (1990) state lower 
densities (2.71-2.92). From petrological studies, it appears that coesite is a more 
stable polymorph than stishovite (Ryabinin, 1964) at certain mantle conditions, ≈
40 Kb and 600 to 1600 oC (Mirwald & Massone, 1980). Its geological occurrence 
is associated with dynamic, geological structures attributed to impact, perhaps the 
first time in Meteor Crater, Arizona, and later in other controversial structures such 
as Vredefort, South Africa (Lilly, 1981). 

According to Liu & Basset (1986), the effect of pressure-induced phase 
transitions on the nature of various bond types is not well understood. Theories 
predict that all materials become metallic at extremelly high pressures. In general, 
the covalent nature of bonding decreases with pressure, whereas the ionic nature 
and metallic nature of bonding tend to increase with pressure. This is true if there is 
a change in coordination number, as occcurs in SiO2 which becomes more ionic 
when the coordination number increases from 4 to 6 in the coesite to stishovite 
transition. If in the coesite-stishovite transition, a change in the coordination 
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number is involved, in general the shortening in the interatomic distances is mainly 
responsible for phase transitions and not the change in the coordination number. 

˗ K-bearing minerals 

From the upper mantle-crust geochemical balance, the main upper mantle 
silicate is SiO2, but within the deduced “granitic” composition other silicates must 
be present. So, K and Na are two important alkaline elements that, either in 
crystalline and/or in amorphous manner, must be present in the upper mantle. 
Important K-bearing minerals are orthose (KAlSi3O8), leucite (KAlSi2O6) and 
kalsilite (KAlSiO4). From high-pressure phase experiments, it is known that 
orthose (or sanidine) can be transformed into a KAlSi3O8 hollandite-type 
(Ringwood et al., 1967; Liu, 1978a). This is shown as: 

2KAlSi3O8
− →20 5%.

K2Si4O9 + Al2SiO5 + SiO2
− →16 2%.

2KAlSi3O8 
orthose                  wadeite-type  kyanite   coesite            hollandite-type 

where the percentages are the decreases in the zero-pressure volume from one 
mineral to another (Liu, 1987). Between the K-feldspar (e.g. orthose) and the 
hollandite-type an intermediate high-pressure (wadeite-type) phase was synthetized 
by Kinomura et al. (1975). 

Leucite transforms into K-hollandite (Ringwood et al., 1967): 

3KAlSi2O6
? → 2KAlSi3O8 + KAlO2          

   leucite            hollandite-type  

And kalsilite in holandite (Liu, 1987): 

3KAlSiO4 →  KAlSi3O8 + 2KAlO2 
                  hollandite-type 

Liu (1978a), Yagi et al. (1994), and other authors consider that the hollandite 
structure is the only known K-bearing phase stable under “lower mantle 
conditions”, about 30 GPa and 1000 oC. As the abundance of K in the mantle 
appears to be much smaller than Na, the amount of K-hollandite in the lower 
mantle can depend on the solubility of K in calcium ferrite-type NaAlSiO4 (Yagi et 
al., 1994). According to Urakawa et al. (1994) wadeite-type (K2Si4O8) and 
hollandite-type (KAlSi3O8) candidates for potasic phases, are stable under upper 
mantle conditions. The presence of these dense K-phases in the upper mantle are 
suggested by some authors, because they reduce the dry solidus temperature of 
peridotite up to 4 GPa, as with H2O and CO2. The wadeite-type structure indicates 
the presence of 4 and 6-coordinated silicon: K4Si2

VISi6
IVO18 (Hazen et al., 1996). 
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˗ Na-bearing minerals 

Important Na-bearing minerals in the crust are: albite (NaAlSi3O8), nepheline 
(NaAlSiO4) and jadeite (NaAlSi2O6). At high pressures albite transforms into 
hollandite-type through the following steps (Liu, 1978a): 

NaAlSi3O8
− →16 5%.

NaAlSi2O6 + SiO2
− →2 5%.

NaAlSi2O6 + SiO2  →  
  albite                        jadeite        quartz                 jadeite      coesite 

− →8 1%.
NaAlSi2O6 + SiO2

− →5 3%.
NaAlSi3O8 

                  jadeite     stishovite            hollandite-type 

At higher pressures (lower mantle conditions?) this hollandite-type transforms into 
a solid solution of NaAlSiO4 (calcium ferrite-type) and stishovite (Liu, 1977). 
Nepheline transforms into NaAlSiO4 (calcium ferrite-type) (Liu, 1977): 

2NaAlSiO4 
− →16%

 NaAlSi2O6    +   NaAlO2  →  
nepheline                     jadeite             tetracrist.  

− →8%
NaAlSi2O6    +    NaAlO2    

− →12%
2NaAlSiO4 

                 jadeite       distorted rocksalt      calcium ferrite-type  

Fleet & Henderson (1995), from experimental studies, obtained a new, high-
pressure Na-silicate, sodium trisilicate (Na2Si3O7), at 9 GPa and 1200 oC. In this 
new, monoclinic Na-silicate with a density of 3.295, silicon occurs in both 
tetrahedral and octahedral coordination. Some of the most important framework 
structures with alternating SiVI and SiIV groups were described by Hazen et al. 
(1996). 

˗ Ca-Mg-bearing minerals 

According to Liu & Basset (1986), anorthite (CaAl2Si2O8) has been found to 
decompose into a mixture of grossularite + kyanite + quartz at pressures above 30 
Kb (Boyd & England, 1961, op. cit.). Higher pressures can firstly form coesite and 
then stishovite, together with grossularite and kyanite (Liu, 1978 b): 

3CaAl2Si2O8  →− %8.21 Ca3Al2Si3O12 + 2Al2SiO5 + SiO2  →  
   anorthite                   grossularite       kyanite    quartz 

→−%9    Ca3Al2Si3O12 + 2Al2SiO5 + SiO2 →− %37   Ca3Al2Si3O12 + 2Al2SiO5 + SiO2 
         grossularite     kyanite   coesite         grossularite      kyanite     stishovite 

A new, high pressure calcium silicate (α -CaSi2O5) with five-coordinated 
silicon and a density of 3.55 g/cm3 was synthetized at 10 GPa and 1500 oC by 
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Kudoh & Kanzaki (1998). At high pressures akermanite (Ca2MgSi2O7) transforms 
to perovskite and rocksalt by: 

2Ca2MgSi2O7
− →11 5%.

Ca3MgSi2O8 + CaMgSi2O6
− →20%

4CaSiO3 + 2MgO 
  akermanite                                                                           perovskite   rocksalt 

2.4.2 Presence of Dense-Amorphous-Sialic Matter? 

˗ Silica (SiO2) 

All upper mantle compositional models involve the presence of ultramafic-
crystalline rocks. The presence of some, glassy-amorphous, silicated matter in the 
upper mantle, though suggested by some geologists and geophysicists, appears to 
contradict the evidence of an upper mantle formed by crystalline “peridotites”. 
However, we must again remember that the Earth was built in a dynamic manner, 
rather than static, and that much of the very high P-T conditions were similar to 
those used in laboratory experiments starting from crystalline materials. From such 
high P-T experiments, it is known that most crystalline materials transform into 
one or more dense phases when subjected to high pressures. In many cases, under 
high pressures crystalline materials suffer amorphization (Hemley et al., 1988, 
1994; Hazen et al., 1989; Williams & Jeanloz, 1989). According to Williams & 
Jeanloz (1989) four mechanisms have been proposed for the creation of diaplectic 
glass: 

1.- Reversion from a crystalline high pressure phase or pressure release. 
2.- Localized melting in shear zones. 
3.- Defect-mediated amorphization, and 
4.- Formation of a high-density glass under pressure. 

According to these authors the 3rd and 4th mechanisms are both reasonable means 
of amorphization. The 4th mechanism appears to be the most plausible, that is, 
during the dynamic accretion of “silicated” (mainly SiO2) planetesimals, glasses 
are formed by impact-induced shock compression. 

Hemley et al. (1988, 1994) determine that when α - quartz is pressurized well 
outside its stability field at 300 K it gradually transforms into an amorphous state, 
bypassing the equilibrium phase transformation of the high-presssure polymorphs, 
coesite and stishovite. These authors suggested that this pressure-induced 
amorphization is very similar to that previously found in the H2O polymorph ice-
Ih. They state that at a microscopic level the amorphization transition seems to be 
associated with a mechanic (or elastic) instability in the crystal. The resulting 
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amorphous material achieves its high density relative to quartz by increasing Si 
coordination (Williams et al., 1993). 

On studies of quartz (and silica glass) under laser-shock Ng et al. (1991), found 
evidence of an anomalous increase in entropy (shock-induced disorder) at pressures 
prior to those expected for the formation of stishovite. Hemley et al. (1994) 
describe that, at sufficiently low T in static P studies and in transient-shock-wave 
experiments, the transformation from lower-P silica phases to the 
thermodynamically stable higher-P phases (e.g. stishovite and possibly post-
stishovite phases) are not direct, despite the high temperatures involved in the latter 
experiments. Similar transformations occur in other compounds crystallizing in the 
quartz-structure. These authors reveal that silica glass exhibits a number of 
unusual, if not anomalous, properties under pressure, where the glass can be 
permanently densified by the application of pressure, as well as by other means, 
that is, the material can be recovered in a densified state on quenching. According 
to Hemley et al. (op. cit.) densification can exceed 20% and depends strongly on 
maximum P-T conditions, nonhydrostatic stress, and time. 

Binggeli & Chelikowsky (1991) indicate that, at ambient temperatures, gradual 
pressure-induced amorphization is observed at about 25-35 GPa, followed at higher 
pressures (above 60 Gpa) by a transformation to a crystalline, octahedrally 
coordinate “rutile-like” structure. Goodman (1992) considers that under very high 
P three different types of amorphous components can be produced: 

1.- Pressure-induced polymers. 
2.- Shock-quenched amorphous solids. 
3.- Glasses. 

An example of a polymer is carbon monoxide, CO. This gas, compressed above 5 
GPa at low T, converts into a yellow, amorphous solid. Shock-quenched, 
amorphous solids are a different form of amorphization but much more interesting 
for the implications resulting from the dynamic accretion of Earth. For example, 
under high pressures (~15 GPa) quartz undergoes progressive and eventually total 
and permanent amorphization (Hazen et al., 1989). According to Goodman (1992) 
glasses are often a confused term, since they are very difficult to differentiate from 
the amorphous term. This author indicates that the key feature, which can 
distinguish a glass from other amorphous material, is that it shows a transformation 
region as temperature is increased, in which its volume-dependent properties such 
as density, thermal expansion and refractive index, graduallly change in 
temperature dependence from behavior typical of a solid to that typical of a liquid 
and in principle, do so reversibly and indefinitely. 
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According to Brazhking et al. (1991) (and Brazhking`s 1994, pers. comm.), 
SiO2 can be obtained in an amorphous form, using both solid state amorphization 
and cooling from melt. Cooling from melt leads to the formation of dense glass 
with z ≥  6 coordination (stishovite glass) if P > 5-7 GPa and Tm ~ 2500-3000 oC. 
According to Brazhking (pers. comm.) and Hemley et al. (1988), solid state 
amorphization can be reached both at the decompression of stishovite or the 
compression of quartz. In the first case, it obtains slightly compressed (~ 10%), 
usual silica glass (z = 4). In the compression of quartz (or coesite) it obtains 
“stishovite glass” with z = 6 or some intermediate, 4 < z < 6, with high density 
(slightly below that of stishovite). A P-T phase diagram of SiO2, based on Hemley 
et al. (1988) and Brazhking (pers. comm.) data, is sketched in Fig. 10. According 
to Brazhking (pers. comm.) in any case at high pressure (> 15 to 25 GPa, 
depending on shear deformations) and lower temperature (< 2000 oC, < 1500 oC, < 
1000 oC? nobody knows) usual, low density silica phases transit to a high density 
amorphous state. 

McNeil & Grimsditch (1992) express that α - quartz can be amorphized but 
retains its amorphous structure on release of pressure, that is, a memory of its 
original crystallographical orientation. Williams et al. (1993) state that under high 
compression, silica glass, like quartz and to a minor extent coesite, is affected by 
changes in the Si-O-Si angle. The amorphization of quartz and coesite, under high 
P, appears to be associated with an increase in silicon coordination, from fourfold 
to sixfold. According to these authors, metastably compressed, crystalline SO2 
polymorphs distort to more densely packed amorphous configurations under 
compression; this is because either insufficient thermal energy or insufficient time 
is available to access stable, equillibrium, crystalline configurations. Since it is the 
high density of the amorphous phases which produces their thermomechanical 
stabilities relative to the metastable crystalline phases, the similarity between the 
volumes of shocked quartz, shocked silica glass, and stishovite at pressures greater 
than about 30-40 GPa may be attributed to the production of highly coordinated, 
amorphous phases with volumes similar to stishovite. 

Kingma et al. (1993) deduced solid-state amorphization of α - quartz in basis to 
microscopic observations. Amorphization begins with the formation of 
crystallographically controlled, planar defects and is followed by the growth of 
amorphous silicon dioxide at these defect sites. These authors indicate that there is 
a common mechanism for solid-state amorphization of silicates at high pressure, 
static and shock experiments, meteorite impact, and deformation by tectonic 
processes. These results are consistent with recently proposed, shear instability 
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models of amorphization. Tse & Klug (1993) studied the evolution of changes in 
density of amorphous SiO2 under different pressures. At 25 GPa about a 20% 
increase in density of amorphous SiO2 occurs (density 4.2 g/cm3). If pressure is 
lowered, the density decreases from 4.2 to 3.56 g/cm3. An abrupt increase in 
volume (decrease in density) of about 16% occurs between 2.5 and 0 GPa, with a 
sudden change in density from 3.56 to 3.07 g/cm3. 

According to Jeanloz (1994) some materials can amorphize reversibly (e.g. 
Ca(OH)2, portlandite), whereas others are irreversible (e.g. SiO2, quartz). The 
reversibility suggests a close similarity in short to intermediate-range structures 
between the crystalline and amorphous states. The irreversible transitions are very 
important in the studies on amorphization, because the glassy state formed at high 
pressures persists to ambient conditions. From electron microscopy and other 
techniques, it has been proven that the pressure-amorphized state is not a 
microcrystalline state but is truly a glass possessing no long-range structural order. 

Kingma et al. (1996) from static, room-T, diamond-cell shock compression 
experiments, demonstrated that quartz transforms to (1) an amorphous phase, (2) a 
quartz-like phase (quartz II), and (3) a new, high-coordinate crystalline phase. 
Amorphization of quartz is first observed in situ by synchroton diffraction at 21 
GPa, simultaneous with quartz I→ II transformation. These authors state that the 
experiments show the coexistence of at least one amorphous and two crystalline 
phases above 21 GPa and below 43 GPa. Richet & Gillet (1997) quote that 
pressure-induced amorphization is observed for a wide range of silicate structures, 
from framework silicates such as quartz, coesite, feldspars and zeolites to silicates 
with isolated tetrahedra like olivines, through chain (Fe, Mg pyroxenes) and sheet 
(muscovite, serpentine) silicates. According to these authors, amorphization is 
driven by an important volume reduction that eventually results from the greater 
compressibilities of amorphous subtances, which are highest when the oxygen 
coordination number of network-forming cations can increase progressively. 
Amorphization is strongly favoured by shear stresses which disorganize the 
weakest planes of the crystal structure and allow amorphization to develop, with 
compression at lower pressures and with smaller volume change than 
quasihydrostatic conditions. Teter et al. (1998) quote that the high-density SiO2-
amorphous form can be described as essentially ordered eutectic arrays of oxygen 
with silicons which are disordered over the octahedral sites. 

˗  Other possible amorphous components 

Plagioclase (anorthite) becomes amorphous at static pressures from 22 to 28 
GPa at 300 K (Williams & Jeanloz, 1989). This amorphization is associated with a 
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pressure-induced increase in the coordination of silicon and aluminium by oxygen, 
from fourfold to five- and sixfold. The increase in the coordination appears as the 
sample vitrifies from pressure. On decompression, the coordination reverts to 
fourfold. High-density diaplectic glasses with Ca-plagioclase composition, termed 
masklynites, are generally associated to impact sites (Melosh, 1989). They are 
formed at about 30 GPa, although above 22 GPa they remain amorphous on 
recovery to ambient conditions (Daniel et al., 1997). Amorphous-hydrous 
substances can be produced from various hydrous minerals under high P-shock 
experiments, in similar physical conditions to impacts. So, among others, Richet & 
Gillet (1997) cite: portlandite [Ca(OH)2]; serpentine [Mg3Si2O5(OH)4]; talc 
[Mg6Si8O20(OH)4];pyrophyllite[Al4Si8O20(OH)4],and muscovite[KAl3Si3O10(OH)2]. 

˗  Can dense-amorphous sialic matter be present in the upper mantle? 

I believe it is possible that the very high P conditions during the last episodes of 
Earth`s accretion, the “sialic planetesimals” were added to the proto Earth in a 
dense-glassy (diaplectic) state. This matter could have been partially converted into 
crystalline with the rest remaining in a metastable form in the Earth`s interior, in 
various silica and silicate components. The dense-amorphous “sialic” matter could 
more easily contain more water in their structures than their analogous crystalline 
forms, in similar amounts to the granitic rocks. The high pressures during the 
Earth`s accretion could be analogous to that created experimentally in the quartz-
amorphous transition (15-25 GPa). At higher pressures the crystalline state is the 
most stable. Of the crystalline or amorphous state it is important to note a statement 
by Tsuchiyama (1990) in reference to condensation in the primitive, Solar Nebula, 
“equillibrium condensation model”, he wonders: what the presolar grains were: 
were all silicates amorphous?; whether or not the presolar grains were once totally 
vaporized, and what materials formed the planets, comets and meteorites? This 
author deduced that the condensed matter from stellar dusts must be amorphous 
and with a composition of about 50% SiO2, which is consistent with the cosmic 
abundance. An amorphous-dense silica phase (of intermediate density between 
coesite and stishovite), stable at intermediate physical conditions among such 
polymorphs, was proposed by several authors (Hazen et al., 1989; Hemley et al., 
1994). This is important since such dense-amorphous, sialic matter could explain 
many, geochemical and geophysical phenomena in the upper mantle-crust system. 

2.4.3 On the Presence of Fluids in the Upper Mantle 

It has been known for many years that most volcanic eruptions are rich in a 
fluid phase where, together with “water”, there are CO2, SO2, SO3, SO, H2S, NH3, 
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CH4, N2, O2, HCl, HF and noble gases. On the other hand petrological-geochemical 
studies reveal the presence of these fluids as fluid inclusions in various minerals of 
many igneous rocks, from various minerals in basalts to diamonds in kimberlites 
(Pasteris, 1987; Navon et al., 1988). Since these fluids are associated with igneous 
rocks of an indubitable mantle provenance, current interpretations suggest the 
presence of such fluids in the mantle. The presence of sediments rich in water and 
evaporites beneath many volcanoes is well known to geologists. Among recent 
volcanoes with significant fluid eruption are: Katmai (Alaska), El Chinchón 
(Mexico), St. Helens (USA), Tambora and Krakatau (Indonesia). In the El 
Chinchón volcano, such fluids are easily attributed to the presence of evaporites 
beneath the volcano. A similar deduction can be applied to other volcanoes (e.g. 
Etna), where stratigraphic data indicate the presence of thick Mesozoic marly-
evaporites and carbonates beneath this active volcano. 

˗ Water: An ocean in the Mantle? 

Most igneous eruptions release different amounts of water into the atmosphere. 
The greater part of it can come from the hydrological cycle, but some appears to 
come from deep, mantle sources. The presence, the manner and the quantity of 
water, stored in mantle components at high to very high pressures, is still an open 
question (Miller et al., 1991; Prewitt & Downs, 1998). The estimated contents of 
water in the mantle varies from 100-500 ppm (Thompson, 1992) to 3% (Gasparik, 
1993). Current ideas indicate that “water” in the mantle is mainly associated to 
OH-minerals, such as talc, brucite, phlogopite, serpentine and minerals of the 
humite group. According to Smyth (1994) a great part of the water is associated to 
hydrous wadsleyite (Mg7Si4O14(OH)2). This mineral, which could be defined as a 
hydrated intermediate between olivine and orthopyroxene, is considered to be an 
abundant, upper mantle mineral. Smyth (1994) considers that if the Earth`s mantle, 
between 400 and 525 km, were 60% fully hydrated wadsleyite with a density of 3.5 
gr/cm3, the amount of H2O incorporate in this phase would be equal to a worldwide 
ocean more than 8 km deep or more than four times the amount of H2O in the 
hydrosphere: An ocean in the Earth`s interior? 

Hydrous wadsleyite (β -Mg2SiO4) is considered to be the most abundant 
mineral in the mantle transition zone (400-500 km depth) and confirmed in some 
analysis (3.1-3.3%) (Inoue et al., 1995). The amount of water in β -phase of 
Mg2SiO4 is estimated to range from 7% (Gasparik, 1993) to 0.32% (Young et al., 
1993). Another hydrous mineral considered to be present between 520 and 670 km 
depth is ringwoordite (Inoue et al., 1998). This mineral, according these authors, 
can include several wt % of H2O. Burnley & Navrotsky (1996) consider that at 
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least nine known hydrous magnesium silicates have significant high-pressure 
stability fields and can participate in mantle mineralogies. Although most scientists 
consider the existence of water in the upper mantle by the presence of hydrous 
minerals, others, in basis to experiments at high P-T conditions on ultramafic 
minerals, deduce that much water or hydrogen can be stored in the upper mantle in 
nominally anhydrous minerals such as olivine (Bai & Kohstedt, 1992; Bell & 
Rossman, 1992). Many geologists, mainly those that defend Plate tectonics, 
consider that water can be introduced into the mantle through subduction 
processes. Some (e.g. Ahrens, 1989) consider that it is unlikely that substantial 
amounts of water can be introduced into the mantle via subduction. The stability of 
high-pressure-hydrous phases within Earth is documented by the Ringwood & 
Major (1967b) work. These authors defined these phases as A, B and C, which are 
stable at pressures corresponding to depths of 400-500 km, whose chemical 
composition is Mg12Si4O19(OH)2, where silicon is in both fourfold and sixfold 
coordination (Finger et al., 1989). 

Starting from a dynamic-planetesimal accretion of the Earth, the “water” 
contents in planetesimals depend mainly on the accretion temperatures. From 
various sources gathered in Wanke et al. (1984), high temperatures were present 
during the first accretional episodes, which produced an almost total outgassing of 
the accreting matter. Only very small-to-trace amounts of water and other fluids 
could have remained inside the growing Earth. During the first phase of accretion, 
component A is dominant. In this phase, water is not stable and will react with 
metallic iron: Fe + H2O → FeO +H2. According to Wanke et al. (1984), 
planetesimals can only retain large amounts of water during the last stages of Earth 
accretion at lower temperatures, where the heat sources will mainly be used for the 
evaporation of water and the reaction: C + 2H2O→ CO2 + 2H2. If we deduce that 
the main matter released from the upper mantle during the origin and growth of the 
crust is of granitic nature, we must deduce that the upper mantle contents of 
“water” are similar in quantity to the granitic rocks. In relation to the water content 
in silica polymorphs, Pawley et al. (1993) indicate that the concentration of 
“water” (OH) in stishovite depends on the aluminum content of the sample and 
reaches a maximum of 549± 23 hydrogen atoms per 106 silicon atoms, for an 
Al 2O3 content of 1.51 percent by weight. Coesite appears to contain very little or no 
water (Rossman & Smyth, 1990). If stishovite surpasses the upper mantle density 
and coesite does not contain noticeable water, there must be another upper mantle 
material that can contain water in similar amounts to the “granitic” ones. One 
possible way for the upper mantle to contain “water” is in an unknown dense-
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amorphous-diaplectic manner, defined here as densialite. It is possible that in the 
last, highly oxided stages of Earth`s accretion, planetesimals containing water 
would accrete in glassy-dense structures because of the high-energy impact 
conditions, which could remain metastable in the upper mantle for a long time, 
provided that the upper mantle is not affected by external-activation energetical 
sources. 

˗  CO2 

Carbon has two stable isotopes, 12 and 13. The δ 13C values are quite variable: 
organic sediments, -20 to -40; marine carbonates, +5 to -20; igneous rocks, -4.7 to -
8; carbonatites (and diamonds), -5 to -10 (Marty & Tolstikhin, 1998). From various 
literature, CO2 is attributed to three possible provenances: 

1.- Organic matter. 
2.- Transformation of carbonate rocks. 
3.- Mantle origin. 

According to Marty & Tolstikhin (1998) the rate of CO2 degassing from the 
Earth is generally considered to be the main factor controlling the partial pressure 
of atmospheric CO2 over geological time. According to these authors the amount of 
CO2 transferred from a given reservoir to the atmosphere depends on: 

− The rate of melt production in the reservoir. 
− The abundance of volatile species in reservoir rocks and related melts, 

and 
− The degree of melt degassing. 

These authors state that MOR volcanism represents over 60% of the total volume 
of lavas erupted to the Earth’s surface and is potentially a major source of CO2. 
According to these authors the maximum CO2 flux resulting from magmatic 
processes is found to be 6 to 1012 mol/a, where arcs, spreading centers and plumes 
may provide a comparable flux of CO2. In the particular Etna volcano case the 
greater part of CO2 of this volcano is mainly attributed by D`Alessandro et al. 
(1997) to an upper mantle source; the rest could have two provenances: from the 
atmosphere, and/or from a crustal source enriched in organic matter. 

From our petrogenetic models (ch. 4), it is easy to deduce that the greater part of 
CO2 could be attributed to a crustal-recycled origin, mainly sedimentary. The use 
of δ 13C data is invaluable due to the diversity of values from sedimentary to 
igneous rocks and because of the isotope fractionation mechanisms that take place 
during the Baking Place-Magmatic Chamber episodes. From considerations of the 
Earth`s accretion (Wanke et al., 1984), if the last stages took place in an oxided 
environment, it is difficult to understand that CO2 could have been trapped, either 
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as fluid, as rock (e.g. erupted as a carbonatite), or even as diamond in the deep 
mantle. The presence of some C in the lower mantle cannot be ruled out due to the 
high T-reduced conditions during the first stages of the Earth`s accretion; but it is 
difficult to understand that “carbonate matter” could be trapped in the Earth`s 
interior (e.g. Berg, 1986) since at high temperatures CaCO3→ CaO + CO2. 

˗  SO2 

Sulphur has four stable isotopes, 32, 33, 34 and 36. The δ 34S values (34S/32S) 
relative to DD troilite are quite variable in sedimentary to igneous rocks. So, 
sedimentary rocks embrace from +50 to -30, with the higher positive value in the 
evaporite sulphates (+25 to +10). The oceans have around +20. The igneous rocks 
exibit variable δ 34S values, generally light negative values, although many igneous 
rocks present positive δ 34S values. The δ 34S variations in igneous rocks are 
generally attributed to three principal causes: 

− δ 34S contents of mantle origin. 
− Sedimentary recycling, and 
− Isotope fractionation mechanisms. 

Ionov et al. (1992), from the S isotope contents in ultramafic xenoliths, deduce 
the existence of mantle reservoirs with negative δ 34S. The high, positive values in 
igneous rocks are explained by sedimentary recycling. 

Vesuvius and Etna volcanoes are good examples where SO2, or H2SO4 aerosols, 
are manifested, together with other fluids (water, CO2, F, Cl). According to 
Signorelli et al. (1999) the estimated amount of sulphur, released during the 
35,550-year old Avellino eruption from Vesuvius, was about 2× 106 tons of 
H2SO4. This amount is similar to the August 1883 Krakatau eruption. Teggi et al. 
(1999) estimate an amount of SO2 of 20.9 kg/s to 82.2 kg/s for the Etna volcano. 
From environmental consequences, it is known that SO2 from volcanic eruptions is 
converted into sulphur acid, because it reacts with OH- produced by the break-
down of water by solar ultraviolet radiation. As occurs with CO2, the SO2 or H2SO4 
aerosols released from Vesuvius, Etna and generally all volcanoes on Earth can be 
easily attributed to the recycling of sulphate-sedimentary materials that are 
generally present in all Baking Place systems (Sánchez Cela, 1999 b). The presence 
of such evaporite sediments (and carbonate) beneath Etna and Vesuvius was 
already indicated by Rittmann in 1933. Similar to CO2, it remains unknown how 
dense upper mantle silicates can contain S2, SO2 or H2SO4 in their structures. 
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2.4.4 Physical-Energetic Considerations on the Upper Mantle 

All models on planetesimal accretion have been developed according to their 
thermal aspects without taking into account other physical implications. So, part of 
the kinetic energy, that was significantly transformed into heat during the 
planetesimal accretion, could have been used to produce physical and electronic 
changes and therefore stored within Earth.  

The inhomogeneous accretion model of Wanke et al. (1984) consider an energy 
of about 1.8×1031 J to be retained in the Earth. The energy released during the core 
formation was 1.5×1031 J, while the energy produced by radioactive decay (K, Th, 
U) was 0.6×1031 J. Hence, about 85% of the total energy of the Earth was released 
during accretion. Even considering only 15% of the total energy to be stored within 
the Earth, the energy is enormous (0.3×1031 J), and could have been stored in two 
forms: 

− As thermal energy manifested by the rising of temperatures of the Earth’s 
interior, and 

− As chemical-gravitational energy. 
This second type of energy is of greater importance in reference to the origin of 
most geological processes. This energy is understood here as that inherent to 
changes of density and related to polymorphic phase changes (and also electronic 
changes) and is produced by the high-stress conditions during the dynamic 
accretional growth of the Earth, mainly in the last episodes (Sánchez Cela, 2000). 

It is easy to understand that high to very high P conditions can be created by 
large bodies when they enter into collision on the accretional proto-Earth at high to 
very high velocities (6 to 10 km/s) (Kaula, 1979; Wetherill, 1991). These very high 
dynamic conditions of accretion can produce various changes in the materials: 

− Polymorphic changes, with and without coordination changes (e.g. 
coesite and stishovite). 

− Ionic contraction, that involves from electronic compression to electronic 
transition. 

− Formation of diaplectic glass caused by very high P-T conditions (e.g. 
maskelynite). 

I believe that these physical processes could have developed in materials of a sialic 
composition at least during the last stages of the Earth’s dynamic accretion, 
resulting in a more sialic and dense proto-Upper Mantle. Together with these 
accretional considerations the main grounds in defining a more sialic, dense, upper 
mantle come from the following information: 
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− Geological, petrological and geochemical studies indicate that the upper 
mantle is more “granitic” in composition than current models demonstrate. 
Mafic-ultramafic rocks can be easily explained as being formed in the upper 
crust in suitable, dynamic (energetic) and chemical conditions (Sánchez Cela, 
1999a, b, 2000, and chapter 2.1). 

− To fit in with physical-geophysical data, this more “granitic” upper 
mantle must be arranged in denser structures than the granitic-crustal ones. 

− Experimental data (shock-wave experiments) together with impacts and 
even high P-frictional environments indicate that elements, oxides and silicates 
are affected by various phase transformations which, in many cases, involve 
electronic transitions. 

− High to very high pressure conditions that exist within the Earth were 
more a consequence of dynamic-planetesimal accretion than due to the increase 
in pressure with depth. 

− Many physical and geophysical phenomena in the lower crust-upper 
mantle can be better explained as being produced during the transformation of 
the “granitic” denser, upper mantle, matter into a crustal lighter one, for 
instance reflectivity, LVZ, thermal and gravimetric anomalies. 

We know that the behavior of chemical elements at low pressures on the Earth’s 
surface is mainly controlled by their electronic configurations and their affinities 
for different types of crystalline bonds. They can be classified as: lithophile 
elements, which mainly form oxides and silicates (e.g. Rb, K, Na, Ba, Sr, Ca and 
Mg), calcophile elements, which are mostly concentrated as sulphides of Cu, Zn, 
Pu, Sn and Ag, and siderophile elements, which tend to be metallic (e.g. Fe, Ni, Pt, 
Ir). The bond-forming ability of elements depends principally on their position in 
the Periodic Table, which, in turn, is largely controlled by its electronegativity. Can 
these geochemical rules be applied to materials within the Earth where pressures 
can reach high values? Evidently not, since pressure and temperature affect a great 
part of the crystalline matter, especially if we consider the very high P-T conditions 
during the Earth’s accretion. The increase in temperature of crystalline substances 
is two-fold: it increases thermal motion, resulting in a rise in amplitude of atomic 
vibration in the crystalline positions; and thermal expansion that causes small 
increases in the interatomic distances. It is well known that the effects of pressure 
and temperature are largely compensatory. However, under high to very high 
pressures and moderate to high temperatures, pressure is the dominant factor. From 
theoretical and experimental data, it is well known that many elements, oxides and 
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silicates undergo important changes at high to very high pressures that affect their 
structures and chemical behavior. 

According to Bukowinski (1994) the high pressures of the interior of the Earth 
can cause significant changes in valence electron orbitals, which may in turn affect 
the nature of bonding, structure and physical-chemical properties of minerals. 
Starting from 1Mbar as a suitable unit pressure in the mantle, if one considers an 
O2- ion, the radius of this ion at the Earth’s surface is about 2.5 ao, where ao is the 
Bohr radius. On the other hand, seismology data indicate that the density of 
silicates increases by about 50% over this pressure, which produces a change in the 
O ion volume of about 20 ao

3. Raising this by 1 Mbar yields an energy of just under 
2eV, which is comparable to typical bond strengths and valence electron energies. 
From this, we can deduce that the high to very high pressure, created under 
dynamic accretion conditions and “stored” during the protoplanetary stage within 
the Earth, goes on to affect the bonding nature and mainly the physical and 
chemical properties of minerals. 

According to Parker et al. (1996), at high pressures the alkali metals K, Rb and 
Cs transform into metals that have a d1 electron configuration, becoming transition 
metal-like. As a result, compounds are shown to form between potassium and the 
transition metal, nickel. These results demonstrate that the chemical behavior of the 
alkali metals under pressure is very different from that under ambient conditions, 
where alkali metals do not react because of large differences in size and electronic 
structure. This also has significant implications for the hypothesis that potassium is 
incorporated into the Earth’s core. From geophysical data, it is deduced that the 
Earth’s core is less dense than pure Fe at core P-T conditions, implying that there 
must be substantial amounts of certain light elements incorporated into the core. 
Among others, K, H, C, S, O and Mg have been proposed. Together with these, 
radiogenic elements (238U, 235U, 232Th and 40K) can also be present, which could 
have influence on the radiogenic heat within the Earth and even in the geodynamo. 

We know that an increase in pressure produces a compression of crystalline 
solids, resulting in a shortening of the interatomic distances. This results in a 
smaller volume (higher density), which can be achieved either by a more efficient 
packing of the coordination or by an increase in the coordination number of the 
polyhedra, or both (Liu & Basset, 1986). According to these authors an example of 
both effects, packing and coordination number, is the transformation at high 
pressures of α - quartz to coesite and stishovite. 

SiIVO2 
− →9 0%. SiIVO2 

− →32 1%. SiVIO2 
          α - quartz                coesite                    stishovite 
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where the change in volume is related to an increase in the coordination number 
(coesite → stishovite) 3.6 times greater than that due to efficient packing (α - 
quartz → coesite). From this it can be deduced that the ionic radii (cation-anion 
distances) are greater in the high-pressure phase than for the corresponding low-
pressure, if a change in coordination number takes place. So, the Si-O distance 
remains almost constant during the transformation of α - quartz to coesite, where 
both phases have tetrahedral coordination. The increase in density from α - quartz 
to coesite could be related to electronic transitions (“delocalization of electrons”). 
During the transformation of coesite to stishovite, there is a 9% increase in Si-O 
distance as the coordination goes from 4-fold to 6-fold. This phenomenon of 
increase in the interatomic distances with an increase in coordination number at 
high pressure occurs not only in ionic substances but also in covalent and metallic 
ones. 

3. NEW ORIGIN OF THE GRANITIC ROCKS 

3.1 WHEN AND HOW THE UPPER MANTLE IS CONVERTED INTO A 

GRANITIC CRUST 

As cited (Sánchez Cela, 1999 a, b, 2000, 2004) the Origin of Granitic Rocks is 
closely related to the Origin and Evolution of Geological Processes. The oldest 
rocks in the Earth’s crust correspond to granite-gneisses of the Godthab Amitsoq, 
∼3.85 Ga (Nutman et al., 1993). Older ages in granitic rocks appear to be deducible 
from the study of zircons, 4.4 to 4.3 Ga (Wilde et al., 2001; Zhang, 2002). My 
attention is drawn to the fact that these older ages were deduced from the study of 
detrital zircons. The outcropping of granites to gneisses that could be suitable 
protoliths for the zircons, of about 4.4 Ga, have not been found so far. If on the 
other hand the “dynamic accretional growth” of the Earth ceased around 4.6-4.5 
Ga, we fail to understand the ages of detrital zircons. I conclude that between the 
age of the Earth’s accretion and the oldest granitic rocks 600 to 700 Ma could have 
passed. If this is true I must discover why and how the Earth was activated in such 
an epoch. 

After accretion, the primitive Earth could have been formed by a different 
protoatmosphere, and a hydrosphere very similar to that of today, and without any 
geological activity. Although this is somewhat beside the point of this book, I 
believe that the first geological processes about 3.9 Ga ago were related mainly to 
the origin of the first granitic rocks. But this raises certain questions: 

− Why, some 600-700 Ma later. 
− How could the dense-sialic matter have been activated. 
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Several mechanisms have been suggested as causes of the “delay” between the 
Earth’s age and the oldest geological processes: 

− Great Impacts of Solar bodies (fragments of planets to meteorites). 
− Capture of the Moon. 
− Coincidence of Great Episodic Gravitational Pulls and other Catastrophic 

phenomena. 
Although the theory of great impacts is currently dominant I fail to understand 

why the Moon, then closer to the Earth, was not affected by this great impact e.g. 
3.9 Ma, since we know that the moon contains rocks 4.4 Ga old. If we require 
impacts as “geological activators” it is evident that most geological processes 
(tectonic, magmatic, etc) throughout geological time are not related to impacts. We 
must therefore investigate other possible causes regarding the Beginning of the 
Geological Processes and their Relationship with the Origin of the First Granitic 
Rocks. 

Starting from the Dynamic Accretion of the Earth and from a Densialite Upper 
Mantle it is easier and comprehensible: Why, What and Where the Geological 
Processes Took Place; in this case the Birth, Growth and Emplacement of the 
Granitic rocks. Before describing this New Granitic Model I think it would be 
interesting to comment briefly on some current ideas about the Earth’s internal 
energetic mechanisms in order to produce for example, basalts in large igneous 
provinces (LIPs). The current energetic mechanism in the origin of volcanic rocks 
is the existence of deep “mantle plumes” (e.g. Wilson, 1963; Morgan, 1971) 
associated to convection currents and superficial hot spots. From a new 
interpretation of supposed igneous mantle rocks (Sánchez Cela, 1999a, b, 2000, 
2004) there is no need to involve deep energetic mechanisms for the origin of these 
supposed mantle rocks since such igneous rocks can be easily explained by my 
petrogenetic models. I think that the “mantle plumes” theory is the result of 
attempting to interrelate several geological phenomena, among which, I must cite: 
their relationship to active, dynamic, thermal crusts, and anomalous “oceanic” 
crusts with abundant volcanism. They all appear to be related to crustal zones 
where the granitic crust is growing.  

As I have stated (Sánchez Cela, 2000), in the formation of new granitic crusts 
by the gradual-physical transformation of dense upper mantle materials into lighter 
crustal granitic ones, it is very difficult to call on a deep thermal source of 
unknown origin. I find this supposed deep thermal source very difficult to 
understand, for mainly two reasons: 

− What is the origin and depth of this thermal source? 
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− Why are the main thermal processes, (e.g. volcanism), of an episodic 
character? 
Commencing from a New, Dense Upper Mantle, is more comprehensible the 

Origin of the Energy necessary, not only in the Beginning of the Geological 
Processes, but also of that existing throughout geological time. This new upper 
mantle interpretation means that the Earth has stored a formidable energy in the 
form of phase changes. This is the fundamental key to understanding most 
geological phenomena. We also need to explain, how this dense-sialic upper 
mantle is activated in an episodic manner. By energetic requirements the physical 
transformations of the dense mantle matter into a lighter granitic one always occurs 
from the outer to the inner levels, and in a gradual-stratiform manner.  

Another question is to find an energy which from an episodic (cyclic?) manner 
can activate the upper mantle. In this sense I have, to date, been unable to find 
within the Earth a rational thermal energetic mechanism capable of activating the 
upper mantle. Furthermore, I know of no other external sources except those that 
result from the transformation of mechanical into thermal energy, that is, impacts. 
Although these appear to have been important in some geological episodes they are 
used by some geologists as the main cause of the partial melting of the upper 
mantle (e.g. Jones et al., 2002). As cited, impacts are generally used both to explain 
some circular structures, and also as a cause of extinctions (e.g. Álvarez et al., 
1980). 

We know that most geological processes, for example the origin and growth of 
the granitic crust, are of an episodic to cyclic character. This was already 
recognized many years ago by Hutton, and later by, among others, Suess, Harker, 
Fersman, Stille, Bucher, Grabau. So, “Episodic-Cyclic Tectonics” was defined by 
Grabau; Umbgrove (1947) defined “Pulse of the Earth”; Sheridan, (1987) “General 
Pulsation”. Later many geologists defined the existence of several episode-cycles, 
generally of tectonic nature, although some geologists also defined the existence of 
episodes and cycles on various igneous rocks in basis to geochemical studies (e.g. 
Moorbath, 1976). 

3.1.1 Impacts: Possible Thermal Activators of the Upper Mantle 

Many geologists consider impacts to be a suitable activation mechanism to 
produce many geological processes; for example, the partial melting of the upper 
mantle (e.g. Negi et al., 1993; Jones et al., 2002) and also to be the main cause of 
the episodic mass-extinctions on Earth, that took place mainly at the Permian-
Triassic and Cretaceous-Tertiary boundaries (e.g. Alvarez et al., 1980). 
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The study of structures which are considered to have been produced by the 
impact of massive, solid impactors has much importance as, possible mechanisms 
of activation of the upper mantle. The partial melting of a thinner Archean crust 
and of the uppermost mantle would be a normal consequence during impacts, 
mainly with impactors of great size. The study of these structures considered by 
most geologists to be produced by impact indicates that instead of the presence of 
abundant mafic-ultramafic rocks, polyphase granitic rocks are the dominant rocks 
in all these structures. Typical examples of impact structures appear to correspond 
to Sudbury (Canada) of about 1850 Ma, Strangways (northern Australia) 1686 to 
145 Ma (Spray et al., 1999), although one of the most typically considered impact 
structures is Vredefort (South Africa). This structure is nearly circular, about 150 
km in diameter and mainly formed by Archean granitic rocks, of about 2800 Ma, 
that occupy the largest part of the center of the structure. The collar zone is formed 
by diverse, sedimentary to metamorphic rocks affected by high to very high P-T 
conditions (e.g. presence of coesite, stishovite, shocked minerals, pseudotachylites, 
etc.). In the collar zone, basic volcanic and scarce mafic-ultramafic rocks, mainly 
serpentinezed peridotites are also present. These igneous rocks are curiously 
associated to the presence of sedimentary carbonate rocks, whose ages range from 
2500 to 2300 Ma. Although many geologists defend an impact origin for Vredefort 
(e.g. Martini, 1991), others interpret such a structure as of an endogenetic origin 
(e.g. Colliston, 1990). I think that apart from of an exogenetic or endogenetic 
origin it is very difficult to explain: 

− Why the Vredefort and other Precambrian circular to domal structures are 
mainly built on granitic rocks. 

− Why the supposed scarce igneous mantle rocks are located mainly at the 
border of these structures (collar zone) associated to the presence of 
sedimentary carbonate rocks. 
As cited (Sánchez Cela, 2004), the origin of the Vredefort structure could well 

be related to an initial dynamic phenomenon associated with a large-scale 
meteoritic impact, about 2000 Ma ago, but it is hard to justify the evident 
polyphasic character of Vredefort and other similar structures, with the formation 
from the dominant granitic rocks (~2800 Ma) to other younger igneous rocks of the 
collar zone (~390 Ma). All these questions can be answered if we consider that this 
and many others circular structures were produced by the polyphasic 
“emplacement” of a great, domatic granitic mass under very high compression. 
This “emplacement” was produced by the episodic growth of the granitic crust and 
isostatic uplifting, according to the morphology that demands less energy by its 
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“movement”, that is, dome-oval forms. I consider that the very high compressional 
conditions in the collar zone were produced by the increase in volume of this 
granitic domatic mass in relation to its denser, parental, upper mantle material and 
its forced emplacement under high compressional conditions. This endogenous 
high compressional environment was well stated by some geologists (e.g. 
Colliston, 1990). 

I believe that episodic gravitational pulls, possibly associated to sporadic 
meteoritic-asteroid impacts mostly during the Archean, were the main mechanism 
to drive and transform the upper mantle into a granitic crust in a gradual-stratiform 
manner. 

Regarding the concept of mantel plumes and hot spots, I must make it clear that 
it is not my objective in this present book to discuss its existence, but to present an 
alternative energetic mechanism, where these thermal and other geological 
phenomena can be better explained. 

Plumes, superplumes and hot spots were defined as an explanation of thermal 
phenomena, but principally applied to explain magmatism, mainly basalts. So, 
several superplume events are claimed to exist, already from Precambrian with a 
certain cyclicity. In many cases these basaltic episodes are related by many 
geologists to episodes of crustal growth. I think that the origin and growth of the 
granitic crust and the origin of the various igneous mantle rocks is related to the 
main mechanism that governs most geological processes (tectonic, igneous, etc.), 
“the episodic transformation of the densialite upper mantle into an expansive crust 
of granitic nature”; from here on described as the concept of Expansional Granitic 
Energy. 

3.1.2 Gravitational Pulling: The main activation mechanism 

Firstly, I must say that tidal forces cannot be considered isolately as the cause of 
tectonic and igneous processes, but they can be enough to initiate the 
transformation of the uppermost mantle crustal levels within a new-densialite upper 
mantle. These tidal forces or gravitational pulls do however appear to be related to 
the origin of geological cycles. The starting point for this relationship stems from 
an astonishingly curious coincidence between the galacto-cosmic and geological 
cycles. The cosmic origin with short, medium and long period cycles has been 
defined by various astronomers. Of these, the long cycles are better known, since 
they appear to have a closer relationship with the geological cycles. Russian 
astronomers were the first to establish this relationship. Parenago (1952) and others 
(op. cit. in Benkö, 1985), defined cycles of about 220±20 Ma or “galactic years” as 
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the longest cycles, where one cycle is the time required by our Solar System to 
travel once around the centre of the Milky Way. 

According to Wezel (1992) most geological processes are characterized by a 
cyclicity (regular and irregular) with short, medium, long and very long time-scale 
periods. One of several examples of a geological terrain that contains the oldest 
preserved record of tides is the 3.2 Ga Modies Group, Barberton Greenstone Belt 
of South Africa, registered in sandy deposits (Eriksson & Simpson, 2000). 
According to these authors, tidal cyclicity is compatible with a lunar orbital shape 
similar to that existing today. 

Steiner (1967) related the geological-cycle phenomena with changes in the 
galactic gravity field. During their “trip” through the galactic orbit, the Earth and 
our Solar System came into contact with matter and energy of a different density. 
This could have caused cyclic gravitational changes that would have great 
importance on the explanation of two interrelated phenomena: the origin of the 
energy of activation necessary to trigger the internal geological processes, and the 
meaning of the geological cycles. Steiner (1967) states that the gravitation constant 
of the galaxy is a function of the distance to the centre, where its maximum value is 
7.10-8 cm2/g2 at a distance of 32-33 light-years from the centre. This author 
determined the gravitational values of the Solar System to be one and a quarter 
cosmic years, and deduced the periodical recurrence of the most important 
geological phenomena from these values. According to Steiner & Grillmair (1973) 
the galactic gravitational force is small when the solar system is near the centre of 
our galaxy and large when it is far away. 

Shaw (1970) deduced that tidal forces can be enough to trigger magmatism, for 
example in ocean floor spreading. According to this author the total tidal power is 
about 3×1019 erg/sec, where one third of the tidal energy is dissipated in the solid 
Earth. Such tidal energy may act as a “catalytic agent”, although it may have 
influential tendencies toward dynamic equilibrium in the Earth. Shaw et al. (1971) 
consider that the tidal effect could activate orogenic and igneous, mainly volcanic 
processes. These authors defined orogenic-epirogenic periodicities of about 30 Ma 
(long cycles) in Sierra Nevada-USA (plutonic-orogenic processes). Hamilton 
(1973) deduced fourteen-day to 19 year periods of tidal cycles related to volcanic 
eruptions. This author proposes that the fortnightly, synodic tidal wave is 
developed by the Moon moving from conjunction with the Sun, to quadrature, to 
opposition, to quadrature, and returning to conjunction in about 29.5 days. The 
spring tides occur at conjunction and opposition and neap tides are observed near 
the times of quadratures.  
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According to Benkö (1985) the galactic motion is not regular because it takes 
place in elliptic orbits along spirals. This produces two interpretations of the 
“galactic years”: the “sideral galactic” year, with a duration of 200-240 Ma, and the 
anomalous galactic year of about 175 Ma. Such differences are the result of “spiral 
complex trajectories”. This could explain the variation of cyclicity of the 
geological phenomena. So, during the galactic revolution, our Solar System (Sun 
and Earth planets) makes oscilatory movements running perpendicular to the 
equatorial plane of the Galaxy (Steiner, 1967). From Benkö’s data two types can be 
considered: long normal galactic cycles, from 200 to 250 Ma, with intermediate 
cycles of half and quarter periods, and abnormally long galactic cycles of about 
176 Ma, with four intermediate periods of about 44 Ma (35 to 55 Ma, depending on 
the distance from the centre of the Galaxy). The long normal cycle (average 
214±20 Ma) appears to correspond to the time-revolution of our Solar System 
around the Galaxy’s centre (212 Ma), while the abnormal cycle, of about 176 Ma, 
appears to correspond to igneous activity. 

Our Solar System (and therefore our Earth) is affected by gravitational 
influences during its motion through the Galaxy. So, depending on the position in 
the Galaxy in a rotational period of about 280 Ma, the Earth will be affected from 
high to low gravitational waves from highly dense matter throughout the Galaxy. 
Bahcall (1986) considers that the motion of our Solar System in the Galaxy 
presents azimuthal and vertical components. According to Torbett (1989), during 
its movement around the centre of the Galaxy the Sun oscillates up and down with 
approximate, simple harmonic motion. The half-period for this oscillation is 26 to 
37 Ma. This oscillation frequency translates to 3-4 oscillations for every 200-250 
Ma galactic orbit. These times correspond to important geological cycles. 

From the previous data, and many others not cited here, one might deduce that 
most geological phenomena could have a galacto-gravitacional meaning. But, is it 
possible that the cosmic-gravitational forces can be the cause of the periodic 
geological phenomena? Undoubtedly not, seeing that these gravitational energies 
are very minute in relation to the energy involved in most geological phenomena. 
But if one considers the upper mantle to be formed by materials very similar to the 
granitic ones, but arranged in denser-polymorphic phase changes (Sánchez Cela, 
2000), then “low-activation-energies” can be enough to trigger phase 
transformations in the upper mantle. 

This activation energy could be related to the presence of massive, dark 
interstellar matter which, according to Rampino & Stothers (1984), could explain 
the existence of the 33±3 Ma, cyclic, geological processes. This great, massive, 

80



dark galactic matter could correspond to the “Great Attractor” (Dressler, 1991) that 
appears to control the dynamic evolution of the Universe. This “Great Attractor” is 
a large concentration of mass (∼5.1016 solar masses) that lies in the direction of the 
southern Milky Way (Kraan-Korteweg et al., 1996). 

It is possible that together with gravitational pull forces, other forces exist in 
nature acting in a direction opposite to gravity (Fischbach et al., 1986; Fischbach & 
Talmadge, 1992). These authors consider that the trend and magnitude of gravity in 
the Earth’s interior depend on the results of normal and reverse gravity. So, in the 
upper mantle, owing to the convergence of “pressures” of opposite directions on 
highly compressed materials, gravitational pulls induced by the Moon could be 
enough to active the upper mantle. 

3.1.3 Initial Granitic Manifestations: The Birth 

˗ Diffusivity of the Moho 

My opinion is that the oldest igneous rocks “born” from the upper mantle about 
3.9 Ga should be termed “protogranites” since, from geophysical data, they have 
higher densities (2.7-2.8 gr/cm3) than typical granitic rocks, around 2.65 gr/cm3. 
The birth of these oldest protogranites and also of those that have been born 
throughout geological time took place in oceanic crusts when they were activated 
by some form of external energy. As cited, this is a consequence of episodic-cyclic 
gravitational pulls, which produce gravitational anomalies to activate the so called 
“densialite” upper mantle. The main physical-geophysical phenomenon associated 
with the birth of these “protogranitic” rocks is the “Moho Diffusivity”, which I 
relate to the origin of reflectivity. So, from a clear Moho discontinuity (e.g. Vp ~ 
6.5-8 km/s) the crust-mantle transition passed through several reflective levels (e.g. 
Vp ~ 6.5-6.8-7.1, etc). As cited, in several works and books on the origin of this 
physical-geophysical phenomena lies one of the most important questions of 
Geological Sciences. 

On the other hand, the study of different geophysical sections from thin to thick 
crusts appears to indicate that these initial reflective levels of thin crusts are 
transformed into thick granitic crusts with abundant planar and arcuate reflectors 
which towards upper crustal levels, converge with other older reflective levels. 
This appears to indicate that the outcropping crustal granitic domes and arcuate 
reflectors could have a genetic relationship since they appear to be related from 
upper to lower crustal levels. 

The initial “physical-geophysical” manifestations in the lower crust could be 
simulated from a simple upper mantle SiO2 chemical composition. This SiO2 upper 
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mantle (a) could be formed by about 90% of coesite and ∼10% of stishovite (Vp ∼ 
8.2-8 km/s). The first reflective-lower crust level (b) could be defined as formed by 
90-75% of coesite and 10-25% of quartz (Vp ∼7.6-6.8 km/s). Above this reflective 
level another (c) exists, formed by 60-40% of coesite and 40-60% of quartz (Vp 
∼7.6-6.8 km/s). On this other reflective level lies another (d), formed by 30-40% of 
coesite and 70-60% of quartz (Vp ∼ 6.8-6.3 km/s). The uppermost crustal levels (in 
granitic rocks) can be seen as formed almost entirely by quartz (Vp ∼ 6.3-5.8 km/s). 
To this very simple upper mantle-crustal section other also important minerals 
must be added (e.g. from dense to lighter feldspars). 

I believe that the Moho diffusivity well defined by geophysical data is produced 
by gradual “reflective” transformations of the upper mantle dense-sialic matter into 
“granitic” (Sánchez Cela, 2000, 2004). For the last ten years I have had no doubts 
that the upper mantle is by necessity richer in “granitic” components, and therefore 
poorer in “peridotitic”, but one of my queries is whether the matter in the upper 
mantle is crystalline or amorphous, or contains both states. One of the keys is to 
discover where the scarce amount of water, which is present in granitic rocks, can 
be strored in this dense-granitic upper mantle. It appears that the dense-amorphous 
silica matter is better for holding “water” than crystalline. This question has not 
been answered by the numerous specialists on the subject (e.g. Hemley et al., 
1994), and as on the other hand this question does not change my chemical 
interpretation of the upper mantle, I can use the dense-crystalline forms to explain 
the possible transformations that take place during the “birth” of the granitic rocks 
in a gradual-reflective manner.  

The most important minerals that I deduce to be present in the upper mantle are 
coesite and K-Na hollandites. Others could be: stishovite, perovskite, jadeite, spinel 
and ilmenite. 

Commencing from a very simple SiO2 composition for the upper mantle and 
during its transformation into a “quartz-granitic rock” I may differentiate levels 
with: 

− 100% of quartz. 
− 70% of quartz and 30% of coesite. 
− 50% of quartz and 50% of coesite. 
− 70% of quartz and 30% of coesite. 
− 100% of coesite. 

These different levels, and perhaps many other intermediate ones, would 
respond in a different manner to the seismic waves, these being the cause of the 
reflectivity and of the diffusivity of the Moho discontinuity. 
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The above suggested phase transformations must fit in with geophysical data. 
From this correlation the first deduced conclusion is that the SiO2 upper mantle 
component cannot be formed by only 50% of stishovite and 50% of Na-K 
hollandites since this association exceeds by over 25% the average density of the 
upper mantle deduced from geophysical data (δ = 3.3-3.0). An upper mantle 
formed by about 50% of coesite and 50% of Na-K hollandite fits in better with 
physical-geophysical data. So, starting from this simple upper mantle composition, 
and taking into account that the phase transformations are gradual in a vertical 
sense, the origin (birth) of the first granitic manifestations may be better 
understood.  

˗ First Granitic Manifestations in Oceans: Ridges, swells, plateaus, 
arcs, etc. 

Ridges: Current theories on ridges claim that they are zones of creation of the 
oceanic crust (e.g. Nicolas, 1989), which in many cases represent the longest plate 
boundaries on the Earth’s surface (Chen, 2001). The origin of ridges has been of 
interest to numerous geologists for many years and the explanations are very 
diverse. Holmes (1931) interpreted ridges as fragments of continents left behind 
when convection currents split the continents and carried them away in parts in 
opposite directions. Although most geologists consider the creation of oceanic 
crust under extensional environments, others interpret them as produced in 
compressional environments (e.g. Jefreys, 1970; Meyerhoff et al., 1972). The 
existence of seismicity in ridges (Rundquist & Sobolev, 2002) appears to indicate a 
compressional rather than extensional environment. 

The theory on ridges as zones of creation of the oceanic crust and lateral 
extension is, in my opinion, mainly a consequence of mistaken interpretation of 
“the oceanic mantle products”, the ophiolites complexes, basalts, and peridotites or 
serpentinites (Mével, 2003). As I have been insisting for over twenty years, and 
still do in the present book, all of these so considered mantle rocks can be easily 
explained as formed in the upper crust. On the contrary it is not difficult to 
demonstrate that beneath the mantle rocks an active granitic basement is always 
present, even in those oceanic zones which are difficult to investigate, as occurs 
with some thin, deep ridges. In spite of this difficulty abundant granitic rocks of 
different ages are found beneath ridges and other oceanic crusts (Aumento, 1969; 
Aldiss, 1981). Some of these granites are of Precambrian ages (Keith, 1993). 

In basis to the lineal convergence of thick-ridge zones where the presence of 
granitic rocks appears to be evident with other thinner zones but where their 
presence cannot be proven, I could conclude that granitic rocks are also present 
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here too, albeit in their initial thinner manifestations. In the Mid-Atlantic Ridge I 
deduce the presence of greater or lesser continuity of granitic rocks from the North 
to Mid-Atlantic Ridge. Beneath Iceland and near Atlantic terranes the presence of a 
continuous granitic basement seems deducible from the abundant, more extensively 
cited geological-geophysical data. As also mentioned, granitic and other plutonic 
rocks are also present around the Mid-Atlantic Ridge. I deduce that beneath all 
volcanic islands of the South-Atlantic Ridge (e.g. Ascension, St. Helen, Gough) 
there simply must be a granitic basement, since in the origin of basalts an active 
granitic basement must be present. Together with this, thick suitable sediments are 
also necessary. 

The crustal thickness of the longest ridge, the Mid-Atlantic Ridge, is variable. 
The thinnest about 8-10 km thick can be defined as zones where the “granitic” 
rocks are in their initial-birth stage. On the contrary, the thickest zones, 30-15 km 
thick, as occurs in Iceland, cannot be truly defined as oceanic. The crust here, 
which is similar to many continental areas, was built through several episodes of 
crustal-granitic growth in several geological episodes. Summarising, the Mid-
Atlantic Ridge could be defined as an initial protoorogenic chain which, in time, 
became converted into perhaps the largest outcropping orogenic chain, to extend 
from NW Canada to Tierra de Fuego. For this to take place, e.g. 500 Ma later, two 
conditions are necessary: 

− A continuity in the crustal-granitic growth of the Mid-Atlantic Ridge over 
a long period of time (e.g. 100-500 Ma). 

− A no-growth-regression of the continental masses around the Atlantic 
Ocean: Greenland-North-South America in the West, and Europe-Africa-
Antarctic in the East. 
Swells, Superswells and Plateaus: All of these can be defined as anomalous 

oceanic crusts, where the crust can vary from about 8 km to others such as the 
Kerguelen Plateau where it reaches 40 km, and where granitic rocks have been 
dredged. 

Swells-Superswells were defined many years ago by Menard (1960, 1964) as 
“highs” within the normal oceanic seafloor. In the Pacific Ocean two large 
superswells were defined, the North (Darwin) and South (McNutt, 1998). 
According to this latter author the igneous productivity on superswells can reach 
four times that of normal oceanic areas. I believe that most swells-superswells are 
converted in time into “superplumes” due to the large production in basaltic 
volcanism. These superplumes, which are considered by most geologists to be from 
a deep mantle origin, perhaps from the mantle-core boundary, are associated with: 
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− The origin and growth of big domed granitic masses. 
− A great marine sedimentation on the superswells. 
− The formation of abundant compressional-rift structures, in many cases 

as triple-juntions. 
− The formation of Baking Places remaining stable for a long time. 

One of many other good examples of differential oceanic growth of granitic 
rocks is the Fidji islands. These numerous islands, about 300, outline two-three arc 
structures where granitic rocks are present in the largest NW islands (Hathway, 
1993). My view is that these arc structures are outlining an “initial domal granitic 
mass” in different stages of growth. Although today this geological interpretation 
can be classified as revolutionary, it can be applied to all “anomalous oceanic 
crusts, with or without outcropping or no granitic rocks. So, in any anomalous 
oceanic crust its main builder is the granitic rocks produced by the physical 
transformation of a densialite upper mantle (Sánchez Cela, 2000). The granitic 
rocks will outcrop when the thickness-uplifting of these granitic rocks is enough to 
erode the sedimentary-volcanic cover. 

3.2 GROWTH-EMPLACEMENT-ACCOMMODATION OF THE CRANITIC 

ROCKS 

3.2.1 Global emplacement: Growth in Depth and Isostatic Uplifting 

As cited, reflectivities can be interpreted as produced by gradual-stratiform 
physical changes during the gradual (layering) transformation of the denser upper 
mantle matter into a lighter sialic one within a new physical-chemical model for 
the upper mantle (Sánchez Cela, 2000, 2004). The main grounds for a physical 
interpretation of reflectivity come from studies carried out on the origin and 
evolution of the crust throughout geological time. Other interesting data that appear 
to strengthen a physical interpretation include: 

− Reflectivities are clearly “structural” features related to crustal-granitic 
thickening. They are well developed on thick-active continental crusts, although 
they are also abundant on anomalous oceanic crusts, where mantle-igneous 
processes are also abundant. They therefore appear to be secondary features 
related to the origin and growth of the granitic crust. 

− Reflectivities are considered by many geophysicists to be younger 
structural features in the crust [Brown, 1987; Klemperer et al., 1986, 1990; 
Wever & Sadowiak, 1989; Bois, 1992; Robertson (1986)]. These authors from 
petrological, geochemical and isotopic data, deduced that beneath the West 
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Greenland Archean gneisses, a younger lower crust exists formed on the base of 
an old, preexisting sialic crust. 
Klemperer et al. (1986) interpreted the reflective Moho to be a young feature in 

the Basin and Range province. According to these authors this can be explained by 
various causes: phase change, intrusives and shear zones. They believe Cenozoic 
intrusive magmatism to be the main cause of reflectivity in such a zone. Bois et al. 
(1987) also consider that the layering lower crust is younger than the upper crust, 
suggesting intrusion and metamorphism to be the main causes of reflectivity. 
Brown (1987) believes that the arcuate and flat reflectors in Northern Nevada and 
Central Utah are related to sialic growth in depth, and therefore, a young feature. 
Klemperer (1989) deduces a Phanerozoic crustal growth by lateral and vertical 
accretion. He considers the crust to be younger in depth. Wever & Sadowiak 
(1989) interpret the reflective lower crust as thick, old terranes (shields) that have 
grown, either slowly or rapidly from below. In northern Scotland many deep 
seismic reflection profiles show a structural continuity between the Triassic 
materials with deeper reflectors of the crystalline basement (Snyder et al., 1997). 
This indicates that lower crust reflectors are young structural features within the 
crust. From the analysis of the lower crust, around the Moho discontinuity, beneath 
the United Kingdom Chadwick & Pharaoh (1998) deduced that the reflective Moho 
is a young feature and that much of its topography has been progressively 
dissipated in time in response to the changing requirements of regional isostasy. 
These data and considerations strengthen my interpretation of a new physical upper 
mantle, and that the granitic crust grows mainly from below. 

This growth of the granitic crust in depth is also deduced from deep seismic 
reflection profiles in SW Iberia (Simancas et al., 2003). Here, the deepest arcuate-
dipping reflectors cut through others which were previously developed, indicating 
that they are younger. From an upper mantle-crust physical interpretation this 
means that the “granitic” crust has grown in depth, and that previous lower crusts 
are, in time, being converted into middle crusts and these into upper crusts. 

At the same time as the crust grows in depth, more or less episodically 
throughout geological time, most of it also grows in an accretional manner. So, the 
North American continent is a good example where the crust grew as a 
consequence of younger, granitic accretional masses, mainly from the upper mantle 
during late Paleozoic (eastern) and Mesozoic (western), through accreted island-
arcs of andesitic and granitic rocks (Rogers et al., 1974). The North American 
continent is made up of six Archean provinces surrounded by several 
Paleoproterozoic orogenic chains (Hoffman, 1989). Many of the western Canadian 
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chains are formed by thick, accreted, granitic terranes whose geochemical data 
indicate a juvenile mantle origin. On the North American Eastern coast, the 
outcropping accretional masses are almost entirely Paleozoic.  

Abundant Mesozoic materials lie below the Atlantic Ocean in accretional 
Triassic-Jurassic rifts (Grow & Sheridan, 1981). A similar lateral growth of 
continents throughout time has also been present in many other continents, as 
occurs in the Baltic Shield (Park, 1991). Accretional lateral growth, evident at 
many continental borders, is also present in many island arcs from “oceanic” to 
continental nature (e.g. Lesser Antilles). 

Several examples of crustal-granitic accretions on older crusts (cores) are 
described by Snyder (2002), although they are in general interpreted as formed by 
continental convergence-“collision”, produced by diverse mechanisms within 
continental convergence tectonics. 

The growth of the crust in depth and its isostatic adjustment is stated by an 
epeirogenic uplift. This phenomenon is considered to be produced by convection 
and underplating (Cox, 1993), although magmatic underplating is the main 
mechanism suggested (White & McKenzie, 1989; McQuarrie & Chase, 2000; Tiley 
et al., 2004). 

3.2.2 Examples of Growth in Depth and Isostatic Uplifting 

˗ Fennoscandia case study 

Fennoscandia is one of the best examples where geophysics apply the concept 
of Glacial Isostasy which takes place according to a great oval-dome structure. The 
origin of the uplift is claimed to be either unknown or attributed to various causes 
(Fig. 1). 

At present Fennoscandia is affected by uplifting processes that seem to have 
commenced around 8000 years ago (Mörner, 1990). The most important isostatic 
uplifting, which took place earlier between 13,000 and about 8000 years ago, is 
mainly attributed to deglaciation (Mörner, 1990; Fjeldskaar, 1994; Ekman, 1996). 
Although the Fennoscandia uplift is related to deglaciation, the true physical cause 
is still not clear and interpreted in different ways. Any theory pertaining to the 
origin of the Fennoscandia uplift must explain two apparently distinct periods of 
uplifting during deglaciation and post-deglaciation periods, because both can be 
related to the same cause. Mörner (1990) determines that a new, unknown 
mechanism is necessary to explain the Fennoscandia uplifting from about 8000 
years ago. This author suggests that the postglacial uplift could be a function of 
density changes, at the base of the crust or at the base of the lithosphere, in 
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response to changes in pressure due to unloading and uplifting processes. 
Fjeldskaar & Cathlest (1991) and Ekman (1996) relate the pr
postglacial uplift of Fennoscandia to the existence of a low
in combination with the deglaciation history. Fjeldskaar (1994) deduces that the 
Earth’s mantle below Fennoscandia has a thicker and a lower
astenosphere than current published models. Some authors have related the glacial
isostatic rebound to strain energy stored in the lithosphere by the loading of thick 
ice levels which are then released after deglaciation (e.g. Johnston 

Fig. 1: Glacial isostasy in Fennoscandia after Mörner (1991). Vertical uplift about 800 m. 
NW-SE compression. 

Fjeldiskaar (2000) considers that the present rate of uplift in Fennoscandia 
cannot only be attributed either to glacial isostasy (e.g. Ekman, 1996) or 
uplifting (e.g. Mörner, 1990), but to another unknown mechanism. This 
“mechanism” could be related to growth in depth of the crust due to physical 

response to changes in pressure due to unloading and uplifting processes. 
Fjeldskaar & Cathlest (1991) and Ekman (1996) relate the present, dome-like, 
postglacial uplift of Fennoscandia to the existence of a low-viscosity astenosphere 
in combination with the deglaciation history. Fjeldskaar (1994) deduces that the 
Earth’s mantle below Fennoscandia has a thicker and a lower-viscosity 

enosphere than current published models. Some authors have related the glacial-
isostatic rebound to strain energy stored in the lithosphere by the loading of thick 
ice levels which are then released after deglaciation (e.g. Johnston et al., 1998). 

 

: Glacial isostasy in Fennoscandia after Mörner (1991). Vertical uplift about 800 m. 

Fjeldiskaar (2000) considers that the present rate of uplift in Fennoscandia 
cannot only be attributed either to glacial isostasy (e.g. Ekman, 1996) or tectonic 
uplifting (e.g. Mörner, 1990), but to another unknown mechanism. This 
“mechanism” could be related to growth in depth of the crust due to physical 
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changes during the conversion of the dense upper mantle matter into a lighter sialic 
one, according to the structures that demand lower energy consumption (e.g. dome-
ovals). Deglaciation could be a great enough source of energy to activate the phase 
changes at the upper mantle levels (Sánchez Cela, 2000). I interpret this domatic 
uplifting, to transformation phase changes in the upper mantle, induced by rapid 
decompression created during deglaciation episodes. The uplifting “emplacement” 
of this great granitic structure, due to the increase in volume in relation to its 
parental upper mantle matter, takes place under high compression, mainly at the 
border of this oval structure. This was recognized by several geologists (e.g. 
Gudmundsson, 1999). This author related about 850 m of postglacial-uplift-doming 
to the formation of compressive stress at the border of this great dome together 
with the fracturation or reactivation of old fractures, and the formation of large 
earthquakes (Arvidsson, 1996). 

Redfield et al. (2005) summarized the theories on the causes of the 
Fennoscandia uplift, as follows: mantle plume processes, magmatic underplating, 
metamorphic phase changes, intraplate stress, isostatic rebound and flexural 
effects. In basis to AFT data the cited authors deduced that uplift commenced in 
the Triassic-Early Cretaceous in relation to rifting processes on the Norwegian 
margin and associated with negative Bouguer gravimetric anomalies. 

Some authors consider deglaciation as the “activation energy” required to 
produce the partial melting of the “peridotitic” upper mantle because of pressure-
release. This mechanism was mainly applied by Jull & McKenzie (1996) and Slater 
et al. (2001) for the origin of Icelandic basalts. If this is the case I cannot 
understand how a great partial melting of this upper mantle failed to take place in 
the large oval Fennoscandia structure affected by a rapid post-glacial uplifting with 
a consequent release in pressure. This could be an additional datum that contradicts 
a peridotitic upper mantle composition. 

˗ Colorado Plateau 

This relatively small area within the Earth’s crust is interesting for the 
abundance of granitic rocks and other igneous rocks, considered to be from an 
upper mantle provenance. These latter rocks, manifest themselves as phyllinion to 
extrusive forms, and exhibit abundant “mantle” xenoliths. From geophysical data it 
is known that the crust in the Colorado Plateau is 40-45 km thick (Thompson & 
Zoback, 1979); it is 38 km thick in the SW (Parsons et al., 1996), and is 47 km 
thick in the centre (Wolf & Cipar, 1993). From two refraction profiles Parsons et 
al. (1996) state that Vp values of 2.5 km/s to 5.9 km/s of the uppermost crustal 
materials correspond to Paleozoic sedimentary rocks. Below these sediments Vp of 
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5.9 km/s to 6.2 km/s, down to 20 km depth, are compatible with quartz-feldespatic 
rocks: granites s.l., graniodiorites, diorites, felsic schists, and gneisses. According 
to these authors, the lower crust, with Vp ~ 6.65±0.1 km/s, is not compatible with 
the presence of underplated mafic material to the base of the crust. On the contrary, 
Hauser et al. (1987) and Goodwin et al. (1989) suggest layering mafic rocks as the 
origin of crustal reflectors at the Colorado Plateau (USA). These and other authors 
(e.g. McCarthy & Parsons, 1994) suggest the presence of horizontal mafic sills of 
about 15 to 35 km depth, intruding into granitic rocks. The storage of a mafic-
layering could be possible at the upper mantle-crust boundary, that is, around the 
Moho discontinuity, but not in upper crustal levels where geophysical data (Vp ~ 6 
km/s) indicate that they correspond more to granitic levels than to “upper mantle” 
rocks. From a rheological point of view, it is unlikely that thick granitic masses can 
be underplated by mafic-ultramafic magmas, as proposed by several authors for the 
Basin a Range-Colorado Plateau region. This underplated magmatism, unusually 
intercaled within a granitic crust, is generally defined as horizontal when many of 
the reflective structures in such a region show abundant arcuate-dipping features 
(see COCORP data, Hauser et al., 1987). Even if the reflective structures in the 
Colorado Plateau correspond to mafic rocks, their volume is tiny in comparison to 
the abundant granitic rocks. Furthermore, the geophysical studies of ancient eroded 
terranes (e.g. Archean metamorphic core complexes) do not support the presence 
of underplated mafic rocks in the middle to lower crust levels, as is suggested to 
occur in the Basin and Range Plateau. I believe that the presence of planar and 
mainly arcuate reflectors in the lower-middle crust in the Colorado Plateau, instead 
of corresponding to underplated, mafic rocks, could be proof of several episodes of 
sialic-granitic growth. I also believe that the arcuate reflectors could correspond to 
the “fronts” of domed-granitic masses during their growth, produced by the 
episodic transformation of the upper mantle matter into the crustal-sialic one. Only 
the lower crust with Vp ~ 6.7 to 7.5 km/s could be attributed to igneous rocks of 
grabbroid nature, but this crustal level is generally thin in comparison with the 
thickness of the crust. The question then is, where are peridotites (Vp ~ 8-8.3 km/s) 
stored within the crust? 

I believe that the lower crust in the Colorado Plateau, as in many continental 
crusts, is formed by dense-granitic rocks physically intermediate between the upper 
mantle and the typical granitic rocks of the upper crust (granites to gneisses). From 
an average thickness of 40 km I can say about, 32 km thick could be attributed to 
granitic rocks, the rest being formed by sedimentary, metamorphic, and various 
igneous rocks (alkali basalts, lamprophyres and others). Most of the mafic igneous 
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rocks with “mantle” xenoliths, are associated to high frictional-compressional 
zones (Roden, 1981). 

In a 43 km thick crustal section, Condie & Selverstone (1999) associate Vp ~ 4.0 
km/s with the sedimentary cover (about 2 km thick), 6.2 km/s with the crystalline 
upper crust (about 10 km thick), 6.4 km/s with the middle crust (about 15 km 
thick), and 6.7 km/s with the lower crust (about 16 km thick). My view is that Vp 
values of 6 to 6.4 km/s can be identified with the presence of various granitic rocks 
from extensional to compressional environments. From these data we can deduce 
that the thickness of the granitic rocks in the Colorado Plateau must be about 25 
km. Vp values of about 6.7 km/s, present in the lower crust, are very often 
associated with the presence of “anphibolite-granulitic” rocks which are considered 
to be transported to the surface as xenoliths in igneous mantle rocks. Condie & 
Selverstone (1999), from petrological and geophysical data, deduced some 
interesting conclusions that do not support the presence of a mafic lower crust. 
These authors also consider that the granitic upper crust, Vp ~ 6.2 km/s, is not the 
magmatic complement of a restitic lower crust. The kimberlitic rocks, 
lamprophyres and ultramafic breccias which are relatively abundant in the Navajo 
Volcanic Field are always associated with high compressional-rift environments 
(Laughlin et al., 1985), where their origins can be explained according to my 
petrogenetic models (Sánchez Cela, 2004). Because of the lack of geochemical 
balance between an ultramafic upper mantle and the origin of voluminous granitic 
rocks in the Colorado Plateau, Condie & Selverstone (1999) consider that “large 
volumes of the lower crust must have been recycled into the mantle during 
Proterozoic”. This interpretation could be solved within a new physical-chemical 
understanding for the upper mantle. The approximate 16 km thickness of the lower 
crust with Vp ~ 6.7 km/s could be explained as transitional dense-granitic rocks 
between the “dense granitic” upper mantle rocks and the typical granitic rocks of 
the upper crust (Sánchez Cela, 2000, 2004). 

In the Colorado Plateau together with the dominant granitic rocks three zones of 
volcanic rocks must be distinguished: the Navajo volcanic field; the Hurricane 
volcanic field and the Springerville volcanic field. These three volcanic fields are 
always associated to the presence of an active granitic basement in high 
compressional-faulting zones and to the existence of a sedimentary carbonate-
marly cover (e.g. basalts of the Springerville zone), or of calcsilicate rocks trapped 
in compressional grabens (e.g. lamprophyres and kimberlite diatremes of the 
Navajo zone). 
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According to Selverstone et al. (1999), the Navajo volcanic field covers an area 
of>30000 km2 in which more than 50 Oligocene to Miocene minette and 
serpentinized ultramafic microbreccia diatremes perforate the sediments of the 
Colorado Plateau (Laughlin et al., 1985). We must say that although the area of the 
Navajo volcanic field is extensive, the volume of these very heterogeneous rocks is 
small. Other data that must be taken into consideration is the “lack of roots” and 
their omnipresence association with diverse sedimentary rocks, mainly of 
carbonate nature and metamorphic calcsilicate rocks, and all of them associated to 
high dynamic-compressional zones manifested in the granitic basement by 
faulting-mylonitic bands. 

On the contrary, the Springerville volcanic field covers a smaller surface, about 
3000 km2 and although the volcanics are mainly subalkaline they include a great 
variety of chemical types (Cooper & Hart, 1990). The geological data of these 
volcanic rocks located to the south indicate that they are associated with the 
presence of abundant sedimentary rocks (Paleozoic-Mesozoic-Tertiary) very 
similar to those in the Rio Grande rift (Thompson & Gibson, 1994). 

It is known that Colorado Plateau was tectonically very active during late 
Cretaceous to early Tertiary (Parsons & McCarthy, 1995; McQuarrie & Chase, 
2000). At such a time the total uplifting was about 2 km. Parsons & McCarthy, 
(1995) attribute this uplifting, mainly in the southwest margin, to a mantle origin 
and related to the formation of a low-density upper mantle zone which is associated 
with thermal anomalies, magmatism (e.g. basaltic), deep crustal earthquakes, and 
compressional faulting (Wong & Humphrey, 1989). But the greatest uplifting took 
place in the last 5 Ma (~1100 m) (Sahagian et al., 2002). Minor uplifting in 
Quaternary today. 

Parsons et al. (1996) summarize the different theories on the Cenozoic uplifting 
of the Colorado Plateau in three groups: uplift as a result of crustal thickening; 
Thermal expansion; delamination of mantle lithosphere. Crustal thickening appears 
to be the theory which best agrees with geological and geophysical data. Within 
this theory, Parsons et al. (1996) consider two alternatives for crustal thickening: 
magmatic thickening and structural thickening. According to these authors a crustal 
thickness of 37-42 km with lower crustal velocities of 6.6 ± 0.1 km/s is not 
compatible with the existence of underplated-mafic material to the base of the 
crust, “structural thickening” therefore being the alternative theory. Spencer (1996) 
considers that the main cause of Cenozoic uplift of the Colorado Plateau was due to 
mantle lithosphere attenuation produced by the tectonic removal of about 120 km 
from an initial 200 km thick. 
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According to McQuarrie & Chase (2000) the 2 km uplift of the Colorado 
Plateau during late Cretaceous to early Tertiary was produced by the intracrustal 
flow from an overthickened Sevier orogenic hinterland. According to Sahagian et 
al. (2002) the greatest uplifting took place in the last 5 Ma. The results were 
obtained by these authors in basis to the vesicularity of basaltic lava flows. These 
basaltic rocks, that range in age from 0 to 23 Ma, are mainly located around the 
margins of the Colorado Plateau, principally in the southern (Springerville zone). I 
find it very difficult to understand the causes of how such intracrustal flows can be 
produced on a solid granitic crust. The supposed “mobile crust” (“channel”, fig. 3 
of such authors) could be explained as progressive-reflective lower crustal levels 
produced during the growth of the crust in depth within my model (Sánchez Cela, 
2000, 2004). According to McQuarrie & Chase (2000) the addition of 14.5 km of 
mobile crust (2800 km/m3) reproduces the present structure of the Colorado Plateau 
(Fig.13a, b) and increases its elevation. I fail to see the presence of intracontinental 
flows within “solid”, thick granitic rocks when the main tectonic processes are of 
vertical nature. Roy et al. (2004) related the Colorado uplifting to Tertiary 
magmatism, mostly ignimbritic, associated with mantle dedensification and 
isostatic effects, mainly in the eastern margin of the Colorado Plateau. 

In an interesting work Gilbert et al. (2007) comment the possible factors for the 
elevation of the Colorado Plateau. Although they could be associated with 
serpentinization and diffusivity of the upper mantle. The origin of the Colorado 
uplifting appears to be an outstanding problem. In basis to seismic data Levander et 
al. (2011), related the uplift of the Colorado Plateau with an elevated Moho, to 
delamination-style convective lithospheric downwelling. 

Van Wijk et al. (2010) relate most geological phenomena in the Colorado 
Plateau, such as uplifting, magmatism, seismic wave velocities, to edge-driven 
convection following rehydratation of the Colorado Plateau lithosphere. I think that 
all these geological phenomena can be explained within a new physical-chemical 
upper mantle, where the uplifting-emplacement of the “granitic crust” in the 
Colorado Plateau is the gradual creation of younger, although denser, granitic rocks 
at the base of the previous ones. These juvenile, crustal-granitic levels become 
increasingly younger towards Moho-reflective levels.  

This growth in depth of the granitic crust results in crustal isostatic upliftings, 
which, due to the increase in volume the growth-emplacement takes place under 
compressional environments. Except in the rifts and in the border zones, the 
Colorado Plateau appears to tie up better with Airy’s isostatic-uplifting, since the 
thickness of the crust (40-45 km, Thompson & Zoback, 1979) fits in with Airy’s 
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isostatic heights of this plateau. Starting
an alternative to current theories is represented in (Fig. 2).

Fig. 2: Models on the uplifting of the Colorado Plateau from late Cretaceous to early 
Tertiary. A: Initial Stage. B: McQuarrie & Chase’s (2000) model 
proposed in this book for the growth in depth and isostatic uplifting

The supposed intracontinental flows here can be interpreted as young crusts of 
upper mantle origin, where at the same time as the crust grows in thickness, the 
presence of arcuate reflections become more abundant. I think that such reflections 
could have a genetic relationship with the origin and “emplacement” of domed 
granitic masses in time. 

3.2.3 Meaning of Arcuate Reflectors

As already cited, the abundant seismic pro
western Europe, indicate that the crust is highly reflective, mainly in the middle

isostatic heights of this plateau. Starting from a new upper mantle understanding, 
an alternative to current theories is represented in (Fig. 2). 

 

Models on the uplifting of the Colorado Plateau from late Cretaceous to early 
Tertiary. A: Initial Stage. B: McQuarrie & Chase’s (2000) model of uplifting. C: Model 
proposed in this book for the growth in depth and isostatic uplifting. 

The supposed intracontinental flows here can be interpreted as young crusts of 
upper mantle origin, where at the same time as the crust grows in thickness, the 

esence of arcuate reflections become more abundant. I think that such reflections 
could have a genetic relationship with the origin and “emplacement” of domed 

Meaning of Arcuate Reflectors 

As already cited, the abundant seismic profiles, particularly in the USA and in 
western Europe, indicate that the crust is highly reflective, mainly in the middle-
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lower levels, the Moho discontinuity being one of such badly defined zones. Most 
reflection profiles show an abundant presence of arcuate reflectors that intercross 
each other. As some examples where reflection profiles show abundant and clear 
arcuate structures are: 

− Eastern Nevada, beneath the Diamond and Rubi Mountains, shows abundant arcuate 

reflections from the lower to the upper crust (Hauser et al., 1987; fig. 8). Here, as occurs in most 

crusts, although the Moho discontinuity is badly defined, a good correlation exists between 

arcuate reflections with the outcropping of some domal granitic terranes. 

− Brown (1987) Northwest Washington, states in his fig. 2, abundant layered-arcuate 

reflectors. 

− Matthews (1987) in his figs. 2, 3 and 4, shows the abundant presence of arcuate reflectors 

in the middle-lower crust. This author suggests the existence of a relationship between 

outcropping granitic bodies and their arcuate seismic profiles in depth. 

− The middle-lower crust beneath the southern Rhine Graben rift dome shows abundant 

arcuate reflectors that intercross each other (Fuchs et al., 1987). 

− The crust in northwest Scotland, beneath the Archean Lewisian province, is highly 

reflective, with an abundance in arcuate reflections (Klemperer, 1989). This author was one of the 

first to consider the reflective lower crust to be related to crustal growth in depth, it being 

therefore a young feature. 

− The crust in Sweden, about 100 km West of Bothnian Bay, shows wide-arcuate 

reflections (50-100 km) beneath a volcanic arc complex, 1.89 Ga-old (BABEL Working Group, 

1990).  

− The middle-lower crust levels beneath the British Isles show arcuate reflections. 

According to Klemperer et al. (1990) these reflectivities appear to be controlled by Caledonian-

granitic structures that outcrop in many areas. 

− Apart from western Europe it is interesting to note that oceanic or anomalous oceanic 

crusts also show arcuate reflections. This occurs beneath the East Pacific Rise, about 12-15 km 

depth (Barth et al., 1991, fig. 1A). 

− In the Atlantic Ocean, northeast of the Gulf of Guinea, the crust also exhibits abundant 

arcuate reflections that intercross each other (Rosendanhl et al., 1992, fig. 3). 

− Bois (1992, fig. 8) shows the presence of abundant arcuate reflectors, 12 to 30 km depth, 

in the Gulf of Lyon. 

− Hollinger & Levander (1994, figs. 1 & 4) show planar and arcuate reflectors, from 20 to 

30 km depth, in a profile of southwestern Britain. 

− Baird et al. (1995, fig. 2) show arcuate and dipping reflectors beneath Wyoming Craton 

and Williston basin. 

− Ross et al. (1995, fig. 2) show abundant arcuate reflectors mainly in the lower-middle 

crust beneath crystalline Precambrian rocks in western Canada. Many of these arcuate structures, 

as occurs in most continental areas, intercross each other.  

− Chadwick & Pharaoh (1998, fig. 9), beneath the United Kingdom and adjacent areas, 

show several arcuate reflectors, 50-200 km wide, from the lower to the middle crust with a badly 

defined Moho. 
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− The Rhenish Massif shows abundant arcuate reflections in the Lower-Middle Crust, and 

with a Moho badly defined about 30 km depth where the geological anticlines appear to 

correspond to such arcuate reflections (Dekorp Research Group, 1990; Flueh et al., 1990; Franke 

et al., 1990). As in other seismic profiles the lower arcuate reflection affect others inmediately 

above, and the Moho is badly defined. 

− Flack & Warner (1990) define in the northwest of Scotland a reflective lower crust and 

dipping and sub-horizontal, high-amplitude reflections in the upper mantle (Flannan). From 

figures 2 and 3 of such authors the presence of arcuate reflections in both levels can be stated. 

− Beneath the Paris Basin, Marthelot & Bano (1999) defined a reflective middle-lower crust 

with abundant arcuate reflections. As occurs in most seismic profiles, the lower arcuate 

reflections affect the upper ones (see Fig. 3 of such authors). 

− In the Yangtze region, eastern China, Shijie et al. (1990) define a highly reflective 

middle-lower crust with abundant arcuate reflections and with a badly defined Moho, at 31-34 km 

depth. According to these authors the structure of the Moho suggests it reformed recently and was 

influenced by the Cenozoic movements. This can be explained as a young feature produced by the 

growth of the curst in depth. 

− Dentith et al. (2000), in their fig. 4, show a seismic profile with abundant arcuate 

reflectors from the lower to the upper crust in the Yilgarn Craton (Australia). 

− Goleby et al. (1990), in a seismic reflection profiling in the northern Arunta Block, central 

Australia, define the existence of marked arucuate reflections from the upper to lower crust (see 

Fig. 2 of such authors), where the lower reflections affect those immediately above. 

− Eaton et al. (2000) in their fig. 4 show a seismic profile from North Loverna Block to 

Medicine Hat Block, southwestern Alberta (Canada), with abundant arcuate structures from the 

lower to the upper crust. 

− Brown & Tryggvason (2001, fig. 2) show how dome granitic masses converge in depth 

(5-15 km) with arcuate reflectors which, in turn, converge with other deeper ones in the middle 

crust, in the Dzhabyk batholith in Mt Urals. 

− Winchester et al. (2002, fig. 1) show large, arcuate reflectors (~100 km or more wide) in 

the DEKORP BASIN 9601 profile in Central Europe from the lower to the upper crust, but 

mainly in the lower-middle crust. Some arcuate reflectors of the upper crust show a certain 

correspondence with large granitic structures. 

− Cook (2002, figs. 3 & 10) shows the presence of abundant arcuate structures in the Trans-

Hudson Orogen (Line 9), and through an E-W long cross-section from the Archean Slave 

province to the Mesoproterozoic Wopmay Orogen. In the Muskwa Anticlinorium profil (northern 

Canada) this geodynamic structure appears to conform with the arcuate reflectors (Cook et al., 

2004, Fig. 4). 

− In southwestern Alberta (Canada) the Precambrian crust shows the presence of abundant 

arcuate reflections in the middle-lower crust, where the upper are cut in depth by lower arcuate 

reflectors (Welford & Clowes, 2004, Fig. 2). 

− Many metamorphic core complexes show arcuate reflections in the middle-lower crust 

that appear to conform with the metamorphic structuration. A good example is the Pinaleño 

Mountains, SE Arizona (Kruger & Johnson, 1994, Fig. 2). 
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− Simancas et al. (2003, Figs, 4 & 6) show the presence of arcuate and dipping reflectors in 

the SW Iberia peninsula where the lowest reflectors intersect others closer to the surface. 

An interesting arcuate reflector is the Flannan reflector described by Klemperer 
and Hobbs (1992) and also studied by Klemperer & Peddy (1992) and Warner et 
al. (1996). This reflector, northwest of Scotland, exhibits some different arcuate 
morphologies across North-South and West-East sections. In the North-South the 
Flannan reflector shows a wide arcuate structure, greater than 100 km wide, located 
35 to 40 km depth. Above this great reflector, other smaller ones also exist, some 
of which reach at the uppermost geological levels about 3 to 5 km depth beneath 
horizontal structures that could be attributed to the presence of sediments. At such 
upper crustal levels a discordance is evident between arcuate and horizontal 
structures. The Flannan reflector in a West-East section, and from fig. 13.13 by 
Klemperer & Peddy (1992), shows a different structure since it runs from about 20 
km to 80 km in the upper mantle. This dipping structure has been interpreted by 
some geologist-geophysics as proof of subduction (e.g. Warner et al., 1996). 

I believe that in the comprehension of the arcuate reflectors, which are abundant 
in the middle-lower crust, lies one of the most important keys to the knowledge on 
the origin, growth and “emplacement” of the granitic rocks throughout geological 
time. From the study and analysis of many seismic profiles I have drawn the 
following conclusions: 

− The arcuate reflectors are younger in depth, because most lower arcuate 
reflectors affect those inmediately above. 

− Many arcuate reflectors appear to converge with domed granitic 
structures of the upper crust. 

These features have been stated by many geoligists in many seismic profiles. As an 
example I can cite the Slave craton, where Cook & Erdmer (2005) and other 
authors (cited in such work) describe the existence in the southwestern zone of 
reflective domal structures (10-15 km depth) similar to those interpreted at the 
surface (Fig. 3). 

The youth of the reflectivity in depth has already been deduced by many 
geophysics and previously cited. This youth can be deduced from the relationship 
between arcuate reflectors and from their recorded character in depth. So, the 
youngest arcuate reflectors are the lower, with more recorded character, and which 
clearly affect other reflectors above them. On the contrary, those located higher up 
in the upper crust are much less abundant and less recorded in their seismic 
profiles. 
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Fig. 3: Some reflection profiles with arcuate reflections. a
southern Wind River Range, Wyoming, redrawn from Smithson 
reflection of eastern Nevada, redrawn from Hauser 
Gulf of Guinea, redrawn from Rosendahl 
Precambrian of Western Canada, redrawn from Ross 
Loverna Block to the Medicine Hat Block, redrawn from Waton 
profile along the Trans-Hudson Orogen Line 9, redrawn from Cook (2002)

The gradual evolution that shows many seismic profiles from the l
upper crust was one of the fundamental pieces in the search for the origin of 
granitic rocks and their relationship with crustal evolution. If we analyse the crust 
from the upper to the lower-upper mantle boundary, it will surely be easier to 
understand the relationship between the seismic crustal profiles and the granitic 
rocks. So, the scarce arcuate reflectors of the upper crusts could well be related to 
the outcropping or presence beneath sediments 

iles with arcuate reflections. a: COCORP reflection across the 
southern Wind River Range, Wyoming, redrawn from Smithson et al. (1980). b: COCORP 
reflection of eastern Nevada, redrawn from Hauser et al. (1987). c: Reflection profile in the 
Gulf of Guinea, redrawn from Rosendahl et al. (1992). d: Reflection profile across the 
Precambrian of Western Canada, redrawn from Ross et al. (1995). e: Reflection profile from the 

Block to the Medicine Hat Block, redrawn from Waton et al. (2000). f: Reflection 
Hudson Orogen Line 9, redrawn from Cook (2002). 

The gradual evolution that shows many seismic profiles from the lower to the 
upper crust was one of the fundamental pieces in the search for the origin of 
granitic rocks and their relationship with crustal evolution. If we analyse the crust 

upper mantle boundary, it will surely be easier to 
nderstand the relationship between the seismic crustal profiles and the granitic 

rocks. So, the scarce arcuate reflectors of the upper crusts could well be related to 
the outcropping or presence beneath sediments of domal granitic masses. As an 
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example I could cite BIRPS profiles, North Scotland, where Snyder et al. (1997) 
state that many reflector geometries are consistent with observations at the surface. 
Geological data indicate that granitic rocks, in many cases with dome to arc 
structures, are present in such a zone. On the other hand, we know that this almost 
transparent upper crust, together with the abundance of granitic rocks, shows Vp 
seismic values typical of such rocks down to over 20 km depth (Vp = 6-6.5 km/s) 
where the presence of arcuate structures is greater. These arcuate reflectors are 
already marked in the middle crust where they begin to intercross each other. I 
interpret both the more marked arcuate reflectors and their intercrossing to a space-
accommodation problem created during the gradual-stratiform (arcuate ± planar) 
transformation of the dense upper mantle matter into a lighter crustal-granitic one. 
The rocks here could be defined as “β-dense protogranities”, with Vp values of 
about 6.6-7.0 km/s. The lower crust is generally badly defined from the middle and 
from the upper mantle and with Vp variable values (7-7.8 km/s). It exhibits 
abundant and well marked arcuate (and also planar) reflectors, which intercross 
each other. The increase of these features in depth, together with their vertical-
temporal relationship is very important in deducing that the crust continues to grow 
in depth. This is still taking place in crusts of greater or lesser thickness, together 
with accretional growth processes.  

3.2.4 The Space-Accommodation Problem 

The emplacement of the granitic rocks, generally referred to in geological 
literature as magmas in the brittle upper crust, present big problems. Vigneresse 
(2004) adds that the intrusion of the granitic magmas needs an aditional force, that 
most geologists relate to deformation, mainly in those granitic bodies define as 
syntectornic. The space for the emplacement of granitic magmas in the upper crust 
has always been an age-old question (e.g. Bowen, 1948; Buddington, 1959), and 
continues to remain unsolved (e.g. Hutton, 1988; Tikoff et al., 1999, etc). 

Many geologists consider granitic rocks to be a minor part of the continental 
crust, where they form batholiths, plutons and smaller outcrops (e.g. dikes) whose 
roots do not exceed 10 km depth. Therefore the space problem appears to affect 
only the upper crust. It is reasonable here to consider the existence of extensional-
tectonic environments for the emplacement of granitic magmas (e.g. Hutton et al., 
1990). 

The question of space would not be such a problem for many geologists who 
minimize the importance-volume of the granitic rocks in the crust. Vigneresse 
(1988) and McCaffrey & Petford (1997), among others, define most granitic rocks 
with tabular-sheet geometries. Others, such as, Haederle & Atherton (2002) 
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consider most granitic batholiths to have thin roots, as appears to occur in the 
Coastal Andes Batholith where these authors consider granites with thin roots, 2-
3.2 km thick. Geological and mainly geophysical data appear indicate that most of 
the thickness of the crust, about 50 km, is formed by granitic rocks. I cannot 
understand how Haederle & Atherton (2002) can “fill” the crust in the Andean 
Chain with rocks according to most geological, petrological and geophysical data. 

In general, most mechanisms for the emplacement of the granitic magmas in the 
upper crust are associated with high stress, deformation and abundant shear zones-
diking (e.g. Tikoff &Teyssier, 1992; Hutton, 1999; Clemens, 1998). The main 
crustal-morphological expression of granitic manifestations appears to correspond 
either as diapiric emplacement or ballooning expansion. Diapiric granitic 
emplacement was defined many years ago by Eskola (1949) as the explanation of 
Archean gneiss domes, and later as the explanation of many batholiths and plutons 
in the crust (e.g. Ramberg, 1981; Weinberg, 1995; Clemens, 1998, etc) I believe 
that these diapiric manifestations, surely produced by viscosity constrasts between 
granites and country rocks, could correspond to the “fronts” of large-batholith 
manifestations in depth, as appears to be deduced from many geological-
geophysical studies. 

I also believe that “ballooning” is a more suitable mechanism for the 
emplacement of granitic rocks in the upper crust. This term which was initially 
defined by Ramsay (1989), was later defined by Tikoff et al. (1999) as the forceful 
emplacement of plutons and batholiths. This very interesting mechanism of 
emplacement means a main forceful vertical emplacement added to a major or 
minor horizontal motion (Paterson & Vernon, 1995; Rosenberg et al., 1995; Tikoff 
et al., 1999; Molyneux & Hutton, 2000).  

One interesting work on the emplacement of granites and space problem is that 
of Wang et al. (2000). They suggest a forceful emplacement according to three 
main mechanisms: 1st host-rock ductile shortening, which produced 20% of the 
present-day pluton space; 2nd regional host-rock displacement, which produced 19-
32% of the space, and 3rd magmatic absurption, which accounts for about 37% of 
the space. According to these authors these three mechanisms become active 
almost simultaneously. 

I propose a New Mechanism for the Emplacement to solve the space problem, 
based on two basic principles: 

1st A New Model for the Origin, Growth and Emplacement of the Granitic 
Rocks starting from a More Sialic, Dense Upper Mantle, and 
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2nd The Growth-Emplacement of Granitic Rocks throughout geological time, 
that took and takes place mainly in a solid state, and is created by the growth in 
depth and isostatic emplacement in the upper crust. 

Starting from a simple upper mantle formed by about 30% coesite, 60% Na-K-
hollandites, and 10% other dense materials I can approximately deduce that their 
conversion into granitic minerals means an increase in volume of about 20%. I 
need then to accommodate this increase in volume in the upper crust by means of 
mechanisms which are in agreement with geological, petrological and geophysical 
data. Together with the space-accommodation mechanisms proposed here I must 
propose a mechanism that explains the mobilization of the granitic matter from 
below, until now differently explained and generally conditioned by 
“deformation”. 

From the two main principles previously cited I deduce that the emplacement 
and space problem of granitic rocks in the upper crust is controlled by a main 
global mechanism of emplacement and several secondary mechanisms of space-
accommodation. The global mechanism, that could be defined as “Forceful 
Emplacement” or also as “Isostatic Pushing”, is produced by the growth in depth of 
the “granitic” crust and its isostatic uplifting. “Isostatic pushing” is the main force 
for the emplacement of granitic rocks in the uppermost crustal levels. This global 
emplacement of the granitic rocks takes place under a general compression in the 
lower-middle crust due to the increase in volume of these crustal levels in relation 
to its parental, “densialite” upper mantle material. On the contrary, in the upper 
crust, mainly in the upper part, the mechanisms of accommodation of the granitic 
rocks can be both compressional and extensional, which, depending on the 
geological environment can be associated to short scales. An example of this 
association is the Archean granitic dome-ovals generally surrounded by 
greenstones and other rocks of the Pilbara, Zimbabwe and other Archean terranes. 

In the upper crust, the granitic rocks defined as “more typical” (e.g. 
monzogranites) have densities of about 2.65 gr/cm2, and Vp values 5.8 to 6.2 km/s. 
This means that considering my model on the upper mantle to be valid, the granitic 
rocks suppose an increase in volume of about a 20% in relation to their upper 
mantle parental material. The problem of space for the accommodation of this 
increase in volume created by the “intrusion” of new granitic material can be 
solved in several ways: 

− Vertical extensional-“expansional” growth of the granitic crust, mainly in 
the continental areas though also in many oceanic zones defined as anomalous 
and manifested with the formation of domal-oval structures. 
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− Accretional granitic growth on previous crusts, generally under more 
compressional environments. 

− Forced intrusion of granitic rocks on previous crusts with the creation of 
compressional environments in many continental zones (e.g. rifts), and also in 
many “oceanic” (e.g. anomalous ridges). 

− Formation of abundant thrusting structures mainly in those crustal zones 
with great vertical granitic growth (e.g. Tibetan Plateau, Andean Chain). Many 
of these thrusting structures are, in my opinion, mistakenly interpreted as 
subduction zones. 

From these considerations I deduce that about 10% of the granitic growth is 
absorbed by expansion of the Earth’s crust, the rest being accommodated on the 
previous crust with the formation of abundant compressional-thrusting structures. 

3.2.5 Solid Versus Melting Growth-Emplacement 

Within the granitic rocks in an ample sense, the gneisses or the gneissic granites 
are generally interpreted as formed in a metamorphic environment at differente P-T 
conditions by the transformation of sedimentary (and aslo previous igneous and 
metamorphic rocks) of suitable compositions. It is the granites s.l. or granitoids 
(e.g. adamellites, granodiorites, etc.) which most geologists interpret as formed by 
the crystallization of a magma generally produced by the anatexis of suitable 
protoliths. By their geochemical characters other granites are interpreted as of a 
mantle origin (e.g. fractional crystallization). 

I cannot understand how a huge volume of granitic rocks, for example in 
Archean times, can be formed by the anatexis of suitable protoliths, since in such 
an epoch it would be difficult to find enough suitable protoliths. Independently of 
its solid or melting character for the origin of granitoids, in my opinion, the crustal-
anatexis model fails, on the following points: 

− Insufficient suitable protoliths for the formation of great masses of 
granites in the crust. 

− The non existence of a rational thermal energetic mechanism in the crust. 
− Geophysical data do not indicate the presence of big masses of melted 

“mantle” rocks in the lower crust. 
− Non existence of suitable “containers” in the crust where nature can 

reproduce similar processes to those of the laboratory. 
I believe that sufficient arguments exist which favour more an emplacement of the 
granites in the upper crust in a solid rather than a melting state. Among these 
arguments are the following: 

− Geophysical data on recent granite-crustal sections. 
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− Energetic manifestations: dynamic to igneous. 
− Earthquakes and granite relationship. 
− Contact metamorphic manifestations. 
− Broad period of emplacement of a pluton. 

From geophysical data complemented with experimental data, some authors 
suggest the presence of certain partial molten granitic rocks in the crust (Nelson et 
al., 1996; Rosenberg, 2001) where they are associated with deformation. I can 
accept that very slow fractions of molten granites can exist in some places of the 
crust, mainly in those zones that have suffered a rapid extensional emplacement. In 
such very scarce zones the granitic matter would be denominated more as a solid-
doughy mass rather than a granitic magma. 

All the geophysical studies indicate the absence of Vs-blank zones both in the 
lower-middle crust and in the upper crust. Many geologists might adduce that the 
non-existence of granitic magmas in the crust is due to the fact that today they are 
totally crystallized. In an active crust it is very strange that some granitic magmas 
were neither conserved in small amounts nor, as has occurred in the geological 
past, are they being formed by partial anatexis of crustal materials or, by 
complicated fractional crystallization mechanisms, these magmas have an upper 
mantle origin. This could be applied to recent granites in Japan and Italy where Vs-
blank zones do not appear to be present. I believe that it is from complete 
geophysical analysis in active crusts with abundant outcrops of granitic rocks 
where we can deduce the state of the granitic matter during its formation. As cited, 
these active crusts are related to the growth in depth of the crust and isostatic 
uplifting. These crusts are characterized by the abundant presence of planar and 
mainly arcuate reflectors, they are more abundant in the lower-middle crustal 
levels, although they are also present in less amounts in the upper crust. It is clear 
to me that reflections are recorded on solid materials. Only in some crustal sections 
the discontinous, spangle-LVZs could approximate to a nearly-doughy state but not 
melted. As cited, in many of the Earth’s zones arcuate reflectors converge 
vertically with outcropping domal granitic masses. This could indicate the 
existence of a relationship between the vertical evolution of arcuate reflectors and 
the growth-emplacement in solid state of granitic rocks in the crust, in different 
density stages of transformation from the upper mantle. 

For many years I have wondered why, in the formation of huge volumes of 
magmatic batholiths, remains of their magmas have not been deduced from 
geophysical data anywhere the crust. To this important observation I must add that 
basaltic magmas were not detected in the upper mantle-lower crust either. 
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The origin of the thermal energy and of chemical matter in most petrogenetic 
processes is perhaps my main contribution in relation to the state of granitic matter 
during its origin and growth-emplacement. As I will comment in chapter 4 this 
contribution results from a new interpretation of igneous rocks considered to be 
from a mantle provenance. In the origin of such mantle rocks (e.g. basalts) the 
presence is necessary of an active granitic basement, together with the presence of 
sedimentary materials and the formation of suitable structures. In the origin of 
basalts and other supposed mantle rocks the release of thermal energy and mobile 
sialic matter from the granitic basement takes place mainly under frictional-
compressional environments. These were and are still being created during the 
differential growth-uplifting of granitic masses in solid state under high 
compression and are produced by an increase in volume of the granitic rocks in 
relation to their upper mantle materials. 

The origin-growth of the granitic rocks in solid state can be applied to any part 
of the crust, even in those zones defined as oceanic. So, in a new interpretation, 
ridges can be defined as broad lineal zones of crustal growth with a lateral 
expansion and under high compression at the same time as they are growing in 
depth. I attribute the origin of these high compressional environments in ridges to 
the forced intrusion of young granitic rocks in solid state on previous crustal 
materials. I do not find this very difficult to deduce in some cases as occurs in 
north and south Iceland where the ridges appear to converge within the island, 
whose geophysical data and the existence of some igneous rocks (rhyolites) could 
indicate the presence of an active granitic basement below.  

We know that most earthquakes are frequent phenomena associated with active 
continental and anomalous oceanic zones. Depending on the depth, earthquakes 
can be classified as shallow, intermediate and deep focus. Most earthquakes occur 
in the upper crust and are very scarce or absent in the lower crust-upper mantle 
(Chen, 1988). Most of those which nucleate from 6 to 15 km, are generally defined 
as shallow earthquakes. Many geophysicists consider shallow earthquakes to be 
produced by the sudden displacement of crustal blocks, generally in a vertical 
sense and related to the presence of faulting in high compressional zones. I think 
that they are produced by the sudden release of strain energy accumulated during 
the growth in solid state of the granitic rocks through faulting when the fracture is 
exceeded and are therefore controlled by friction on faults (Morgan et al., 1997). 

Earthquakes associated with volcanism are very frequent in oceanic areas 
defined as anomalous, where geophysical, and often petrological data appear to 
indicate the presence of an active granitic basement. The apparent non relationship 
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of earthquakes with granitic rocks in “oceanic” areas comes from the old idea that 
granitic rocks do not exist (“cannot exist”) in oceans. As already cited, granitic 
rocks are present in many oceanic areas, in those zones defined as anomalous, e.g. 
10 to 20 km thick generally associated with great volcanic activity. Both crustal 
thicknesses, volcanism and shallow earthquakes are related to the presence of 
active granitic basements. 

From very abundant petrological studies I see that the granites, mainly those 
defined as “intrusive-circumscribed granites”, are the only igneous rocks capable 
of producing metamorphic-contact manifestations. Although many petrologists 
consider hornfel rocks to have been produced by granitic magmas, these 
metamorphic rocks have never been found in contact between basaltic magmas 
with carbonate or pelitic sedimentary rocks. In the origin of metamorphic contact 
processes the contribution is necessary of both, thermal and chemical activity of 
intrusive granitic rocks. It is evident that in all contact manifestations a flow is 
present of mobile chemical elements from the granite to the wall rocks, mainly 
silica. Calcsilicate rocks can therefore be produced from pure limestones. Mafic-
Ultramafic magmas, on the contrary, cannot transfer the necessary mobile chemical 
elements, mainly silica, which are necessary for transforming the wall rocks into 
hornfels. Such igneous rocks can only transfer high temperatures to the wall rocks. 
The term “thermal metamorphism”, for the origin of hornfel rocks, might well be 
erased from geological literature. 

The mobile quartz-feldspathic matter released from granitoids takes place in the 
presence of a fluid phase which at moderate temperature is the main cause for the 
transport of sialic matter. At very high temperatures and mainly in a melting state, 
the transport of the mobile elements (silica-alkalis) does not take place due to the 
absence of a fluid phase. So, rhyolites, for example, do not produce contact 
metamorphism due to the lack of a suitable transport mechanism of the matter, 
since most fluids are quickly lost owing to the high temperatures of those volcanic 
rocks that are able to exceed 1000ºC. 

The growth-emplacement of the granitoids is a very slow process from lower to 
upper crustal levels. This facilitates the country rocks to can act as barriers to the 
chemical matter and to the thermal diffusion. In the presence of a refractory cover 
over a long period of time, together with important metamorphic contact 
transformations, this can produce the accumulation of moderate to high 
temperatures at the fronts of many plutons-batholiths. Therefore, temperatures 
from 600 to 700ºC could be reached by some fronts of granitoids. Such 
temperatures appear be deduced from thermometric data. I believe that these data 
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should be considered a relative value rather than an absolute one. So, in the biotite-
garnet thermometry the exchange of Fe and Mg, though depending on temperature, 
can be evaluated, in three ways according to Eliasson et al. (2003). On the other 
hand the application of temperatures from experimental works to rocks whose ages 
indicate an ample period of formation, such as the granitic ones, could be rather 
bold. 

I believe that three important questions have led most geologists to consider the 
origin and emplacement of granitic rocks (granitoids mainly) in a melting stage, 
these are: 

− The necessity for most granitoids to be formed from the anatexis of 
suitable protoliths. 

− The inheritance of old petrogenetic theories, as fractional mechanisms of 
crystallization. 

− The necessity of a mechanism of mobility of granitic matter through 
matter in the crust. 

As cited, I fail to understand how huge amounts of Archean granitoids can be 
formed from the anatexis of suitable protoliths since such a long time ago, there 
has been a lack of the necessary amount of such materials, which, with an energetic 
mechanism would be able to produce huge volumes of granitoids. To try to 
produce granites of anatexis from previous granites or gneisses is, in my opinion, 
to slip away from the primordial problem: the origin and growth of the granitic 
crust. 

I remember many years ago when I learnt that granites could be formed from 
the endogenous crystallization of rhyolitic magmas which in turn came from the 
fractional crystallization of basaltic magmas, and the basalts from the partial 
melting of a peridotitic upper mantle. But although at this point the change was 
more evident, there is still a long way to go before we shall understand the meaning 
of granitic rocks in the crust. A second question in my opinion, is whether they are 
formed from magmas or from the gradual physical transformation of a “densialite” 
upper mantle. 

An important argument that appears to favour the existence of granitic magmas 
is the necessity of their mobilization for their emplacement-intrusion in the upper 
crust. This is generally produced by the post-kinematic intrusion in extensive 
geological environments. But, as occurs with most geological phenomena it is very 
difficult to find a comprehensible motor for this mobilization. 

The solid growth-emplacement of granites appears to be deduced from the 
broad periods of formation, not only in large batholiths (e.g. Andean Chain) but 
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also in relatively small plutons (e.g. White Mountains, USA). So, in the Andean 
Chain we find granites with a time span of many millions of years of formation 
between them, for example from 102 to 34 Ma Atherton (1984). Many of these 
ages correspond to batholiths-plutons clearly emplaced in different geological 
episodes, but in others this difference is unclear. 

According to Glazner et al. (2004), geochronologic data indicate that large and 
broadly homogeneous plutons can accumulate incrementally over millions of years. 
According to these authors plutons may commonly form incrementally without 
ever existing as a large magma body, therefore many considerations on magma 
ascent and emplacement need to be reconsidered. I think that these very important 
data and considerations by Glazner et al. (2004) and other authors cited in this 
work, appear to favour the formation of the granitic rocks, and its increase in 
volume throughout geological time, by the transformation of the upper mantle 
(densialite) through an ample period of time. Though it takes place mainly in 
vertical sense, the growth in volume of the granitic masses also takes place 
laterally. This is corroborated by the formation of zoned plutons where the oldest 
granitic rocks are located at the margins and the youngest at the center. Coleman et 
al. (2004) cite a magmatic lifetime closer to 10 m.y. for the Half Dome 
Granodiorite in the Tuolumme intrusive suite. 

It is on a smaller scale where we can appreciate this ample period of formation 
of many granites. In the Seychelles islands, the granites are 809 to 703 Ma, with no 
apparent differentiation of outcrops (Ashwal et al., 2002). But it is in the White 
Mountains (USA) where granites exhibit broad periods of formation to a small 
scale. From K-Ar and 40Ar/39Ar data McKee & Conrad, 1996; defined three broad 
periods of formation of the plutons: 175-165 Ma, 150-140 Ma and 85-75 Ma, 
although the differentation between the plutons is not clear, a fact already stated by 
Krauskopf (1968). This author made very interesting geological observations that 
indicate broad periods of formation of these small and badly defined plutons. From 
a global geological point of view, the White Mountains, together with the Sylvania 
Mountains, the Inyo Mountains and other smaller mountains form part of the great 
Sierra Nevada batholith where there are abundant badly defined plutons emplaced 
in broad periods of time within Mesozoic (Evernden & Kistler, 1970). Another 
cited example is the Takidani (Japan) granodiorite (Harayama, 1992). This very 
small outcrop of 13×4 km shows a relatively ample period of crystallization 1.9 to 
0.8 Ma which could indicate an ample period of formation-emplacement in a solid 
state. 
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The origin and growth of granitic rocks in solid state could also be deduced on a 
punctual scale from the textural analysis of accessory minerals such as zircons. 
These minerals present frequent overgrowths generally attributed to 
polymetamorphic processes in gneissic-granulitic rocks (Vavra et al., 1996). These 
overgrowths are generally frequent in granitic rocks. As quoted by Nenchin et al. 
(2001) it is difficult to explain the amount of Zr needed to generate these 
overgrowths only from the anatexis of pelitic-wall rocks, since an additional source 
is necessary. I believe that the polymorphic transformations of granitic rocks 
produced by new contributions of sialic matter from below can explain these 
zoned-temporal growths in zircons and also other minerals such as plagioclases, 
garnets and ferromagnesians. 

It is possible that these arguments that appear to favour more an origin, growth 
and emplacement of the granitic rocks in a solid more than in a melting state can be 
considered by many geologist-petrologists as little founded. I believe however that 
if they are analyzed together with many other geological, petrological and 
geophysical data, cited in this book, they can be better understood only from the 
new petrogenetic models proposed here. For basalts for example, the origin, 
growth-emplacement of granitic rocks in solid state, can simply be deduced from 
“an energetic-chemical necessity”. During the differential uplifting of solid granitic 
blocks the release of sialic matter and frictional heating can be very important for 
the formation of basalts and of other igneous rocks. 

3.2.6 Stages of Granitic Growth 

The granitic growth of the crust in depth throughout geological time could be 
applied to an old continetal crust, for example the Slave, Pilbara, Daharwar and 
other cratons. Any of them, their origin and growth could be visualised in the 
following way: 

A. Initial stage, that I define as pregeological, about 4600 Ma, where emergent 
terranes would not exist on the primitive oceans, which I calculate to be 
about 6-7 km depth. 

B. About 4000 Ma the geological processes would start where the upper 
mantle that I could define as densialite-α (Vp ~ 8.3 km/s; δ ~3.1-3.3 g/cm3) 
was transformed into a lower crust (Vp ~ 7.8 km/s; δ ~2.8-3.0 g/cm3), partly 
reflective and which I could define as densialite-β. In many works, this 
lower crust is referred to as an anomalous upper mantle. As this stage that 
can embrace from old Archean to Paleozoic times the crust could have 
reached 10 to 20 km thickness. In this very ample geological period the 
crust could form from swells or superwells to sumerged precontinental 
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terranes. With the increase in thickness of the crust the reflectivity (planar-
arcuate) around the Moho is more manifest. 

C. In subsequent processes of transformation of the densialite-α into 
densialite-β (lower crust) three important processes would take place. The 
first is the growth in thickness of the crust; the second, as a consequence of 
the formation of gravimetric anomalies in these zones, isostatic uplifting. 
In the third, and as a consequence of these cited processes, the uppermost 
crustal levels would reach a more stable physical equillibrium in time; the 
result is that the sialic matter defined as densialite-β is converted into 
another that I would call densialite-γ, which is less dense. This rock-type is 
rather a “dense granite” (Vp ~ 6.6 km/s; δ ~2.7 gr/cm3). These processes of 
crustal granitic growth, that could have taken place during the Mesozoic, 
could have formed a crust 20-30 km thick. 

D. In subsequent processes of transformation of the upper mantle (densialite-
α), a young lower crust (densialite-β) is formed. At the same time the three 
previously defined related processes take place. The result can be the 
formation of a thick crust (>30 km) with abundant arcuate reflectivities, 
mainly in the lower-middle crust, where the lowermost, the best defined, 
affect the close-upper ones. At the same time the Moho is not so well 
defined. This clearly indicates that the crust above, which in time is 
converted into granitic rocks, is younger in depth. 

During the crustal growth and isostatic adjustment, a decrease in the physical 
conditions of the crust takes place. So, the well defined reflectivities (e.g. 
densialite-β, of stage B) are converted into more diffuse ones (stage C) and are 
“missing” in the following stage of growth (D). 

3.2.7 Are Granitic Rocks Still Growing Today? 

As cited, geological-geochronological data appears to indicate that the oldest 
rocks on the Earth’s crust are of granitic nature (e.g. 3.9 Ga). But my question is, 
whether they are also the youngest. I believe that granitic rocks are growing today 
at the upper mantle-crust boundary. But this deduction cannot be proved due to the 
non-existence of “historic” emplacements of solid or melting granitic products in 
the crust. In spite of this I am sure that there are sufficient arguments to deduce that 
granitic rocks are not only the oldest but also the youngest rocks in the crust. They 
are, in my opinion, the main cause of most petrogenetic and tectonic processes in 
the crust. 

I think that certain geological data exist that indicate that the granitic rocks are 
still growing today. Some of these are: 
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− The existence of very recent granites in Japan and Italy. 
− The abundance of historic rhyolite-ignimbrite eruptions. 

Together with these data, others could be: 
− The relationship of neotectonics with the growth of granitic rocks in 

depth and isostatic uplifting. 
− The possible relationship of many crustal earthquakes to granitic origin, 

growth, and emplacement. 
The youngest granitic rocks appear to be the Kakkonda granites of Japan, dredged 
from 2100 m depth (Doi et al., 1998). The K-Ar data indicate ages from 0.24 to 
0.01 Ma, depending on the analyzed mineral. The high geothermal activity around 
the Kakkonda zone (Sasaki et al., 2003) appears to indicate that these granites are 
active today. This, in my opinion, could be attributed to two causes: rejuvenation of 
older granites or the formation of younger granites at the base of the previous ones. 
The youngest outcropping granitic rocks in Japan are the Takidani granodiorites, 
whose ages are 1.9-0.8 Ma (Harayama, 1992). This author deduced an 
emplacement-uplift of these granodiorites 0.10 to 0.65 Ma based on the age of the 
associated silicic piroclastic volcanics. These ages are similar to those of dredged 
granites at 2100 m (Doi et al., 1998). 

In Italy, in Larderello and Amiata (Tuscany) are some very young granitic 
rocks, 3.8-0 Ma (Acocella & Rosseti, 2002). My belief is that the small plutons of 
Amiata and others could correspond to the fronts (diapiric?) of more extensive-
large batholiths in depth. These granitic rocks are present in continental areas 
(Tuscany province), and in the Tyrrenean Sea (e.g. Elba island) (Marinelli, et al., 
1993). 

I believe that two main causes impede the presence and their outcropping of 
more granitic rocks in the crust: 

− The mobility “emplacement”, of the granitic rocks in the crust from lower 
levels is a very slow process because it takes place mainly in solid state, and is 
conditioned by “the vertical pushing” produced by isostatic adjustment when it 
is altered by the addition of younger, “granitic” matter at the base of the crust. 

− The existence of either a more or less thick granitic crust in the 
continents, or the presence of thick sediments that impeded its rapid 
outcropping. 

Another important datum that, in my opinion, could indicate that granitic rocks are 
forming today is the historic eruptions of rhyolite-ignimbrites. These volcanic 
rocks are well known among others in: Tambora (1815), Askja (1875), Krakatau 
(1883), El Chichón (1982), Sufriere Hills (1996-1997), and in other more modern 
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continental (e.g. Andean Chain) and oceanic zones, mainly in the Pacific. Many of 
the rhyolite-ignimbrite eruptions took place in crusts that could be defined as 
“oceanic” or anomalous, where current petrogenetic models cannot consider an 
origin of crustal anatexis. Fortunately the abundant geophysical data appear to 
indicate that the basements of these anomalous oceanic crusts cannot be interpreted 
as formed by mafic-ultramafic rocks. Together with the relative abundance of 
granitic rocks in oceanic zones, this led to me to the conclusion that rhyolite-
ignimbritic rocks were produced by some mechanism that produced the partial 
melting of the granitic rocks during their origin and growth from the upper mantle. 
As cited, regarding Icelandic rhyolites, these volcanics and generally associated 
ignimbrites could have been formed during the growth of granitic rocks under 
compressional-frictional environments. Their partial melting products were stored 
in superficial reservoirs (or magmatic chambers) where fluids were very abundant. 

The origin of rhyolite-ignimbrites in thick continental areas is also related to the 
origin and growth of the granitic rocks in depth. So, the abundance of silicic-
volcanics erupted by today’s active volcano, the Nevado Ojos Salado 6885 m high, 
in the Atacama desert, (North Chile-Bolivia) can be explained as formed by the 
partial anatexis of granitic blocks at frictional-compressional zones. These were 
created during the granitic growth of the Andean Chain under high compression 
created by the increase in volume of the granitic rocks in this orogenic chain. A 
similar geological-petrogenetic model could be applied to the rhyolite-ignimbrite 
rocks of Yellowstone Park (USA). I think that these rocks and also the westernmost 
basalts are associated to the presence of an arc-frictional granitic basement outlined 
by the Snake river. 

Another question treated with little or no interest by most geologists is: just how 
long the granitic crust will continue growing? Although some geologists once 
considered that the crust remained constant in volume throughout geological time 
(e.g. Armstrong, 1981) from various geological-geochemical studies most of them 
deduced that it has grown, mainly episodically (e.g. Patchett & Arndt, 1986; 
McCulloch & Bennet, 1994). This crustal growth is not only associated to the 
granitic contribution, as I personally believe, but also to a great diversity of igneous 
“mantle rocks” and their different igneous-metamorphic products. 

If we understand the activity of tectonic and igneous processes mainly related to 
the growth of the granitic crust it is evident that the granitic crust is growing today. 
As a final consideration I can say that after analyzing most dynamic and 
petrological processes, I deduce that the Earth will remain very geologically active 
for a long time yet, perhaps for another 4000 Ma. But before it reaches this 
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supposed time, these Expansional Granites will decrease gradually until the Earth 
reaches a similar geological environment to that of Mars, where today, there is no 
apparent geological granitic activity. 

3.2.8 Tectonic Settings and Diversity of Granitic Rocks 

Until a few years ago the true granitic rocks were the granitoids, that is, granular 
calc-alkaline rocks that form most of the batholiths-plutons of the crust. They are 
mainly associated to post-Precambrian orogenic zones, and are clearly discordant 
with the wall rocks, almost always affected by contact metamorphic processes. On 
the contrary, most Precambrian granitic rocks cannot be generally classified as 
granitoids due to their more “metamorphic” fabric. I believe this to be the reason 
why the origin of these granitic rocks has not been considered in a similar way to 
granitoids. Many geologists consider granitoids to be minor rocks within the crust 
and subject to deformation. There are also a large number of geologists who 
consider that plutons-batholiths have acquired their fabric patterns from a 
magmatic state, although the interpretation remains controversial (Paterson et al., 
1998). 

In relation to granitoids Pitcher (1983) and Barbarin (1990), differentiate 
several tectonic settings where they are present: 

− Mid-Ocean Ridges, where plagiogranites are associated with ophiolites 
and other igneous and thick sedimentary rocks. 

− Islands Arcs, such as the Aleutian Arc, where calc-alkaline granitoids are 
associated to volcanics and other igneous rocks. 

− Active Continental Margins, such as the Andean Chain, where thick calc-
alkaline granitoids are associated with an abundant andesite volcanism. 

− Collisional Orogens, such as the Himalayas, where alkaline and calc-
alkaline granitoids outcrop. 

− Intracontinental Rifts, such as the East African Rift, where alkaline and 
calc-alkaline granitoids are associated with a great diversity of igneous rocks. 
Regarding the diverse petrographic types of granitoids I recall Streckeisen’s 

(1976) and Le Maitre’s (1989) classifications. Also, if we take into account 
mineralogical and chemical data, granitoids can be classified differently and not 
related to a determined geological environment. So, Barbarin (1999), among 
others, defines the following types of granitoids: 

− Muscovite-bearing peraluminous granitoids. 
− Cordierite-bearing and biotite-rich peraluminous granitoids. 
− K-rich and K-feldspar porphyritic calc-alkaline granitoids. 
− Amphibole-rich calc-alkaline granitoids. 
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− Peralkaline and alkaline granitoids. 
My geological information indicates that the first two types of granitoids would 

be better classified as granitic rocks since they are generally associated, in a 
gradual manner, with country metamorphic rocks, gneisses and schists. 

From a “petrogenetic” point of view there have been several attempts at the 
classification of granitoids based mainly on their chemical characters, e.g. White & 
Chappell (1983), Tischendorf & Pälchen (1985). In some cases these classifications 
are based on immobile chemical and trace elements (e.g. Floyd & Winchester, 
1975; Pearce et al., 1984) 87Sr/86Sr and εNd data are very often used, together with 
geological and petrological data, in the differentiation of granitic rocks from a 
crustal, mantle or mixed origins. 

From a structural and integrated point of view we can differentiate the presence 
of granitic rocks in various geological environments. 

1. Granitic rocks in cratons, generally in the form of domed-ovals associated 
with various metamorphic rocks and greenstones, located in the margins of 
domal granites. The crust varies from 25 to 40 km thick, with a highly 
reflective lower crust. The Pilbara and Zimbabwe domes are good 
examples. 

2. Granitic rocks in intracontinental rifts, associated with abundant marine 
seminents. The mainly basaltic volcanism and seismic activity are both 
present here. As for example, the Eastern Kenya Rift. 

3. Granitic rocks in orogenic zones, which are generally considered to be 
passive rocks within plate tectonics. The “granitic” crust here can exceed 
60 km thickness, highly reflective (planar and arcuate), and a badly defined 
Moho. The Himalayan chain is an example. 

4. Granitic rocks in accretional thick crusts, generally with arc morphologies 
and associated with an andesitic volcanism and generally explained within 
collisonal plate tectonics. The Andean Chain is an example. 

5. Granitic rocks associated to volcanic arcs in oceanic areas where the crust 
can reach 30 km thickness. The Lesser Antilles Arc could be an example. 

6. Granitic rocks that form most of the anomalous oceanic plateaus, 20-40 km 
thick, with abundant volcanism and sediments. The Kerguelen and the 
Ontong Java Plateaus are good examples. 

7. Granitic rocks presumed to be present beneath anomalous oceanic ridges 
(thicker than 20 km). Iceland is a good example in the North Atlantic. The 
crust here can reach 30 km thickness, where volcanic, hydrothermal and 
seismic activity is considerable.  
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8. Granitic rocks in oceanic islands whose presence I have deduced beneath 
many oceanic volcanic islands where the crust can vary from 10 to 20 km 
thickness. An example could be the Hawaii islands. 

So, my question is: is such a structural classification correct? I think not 
because from a new physical-chemical upper mantle the different tectonic settings 
are mainly a consequence of crustal-granitic growth in time from expansional to 
compressional environments. 
So, starting from a new physical-chemical upper mantle and from the evident 
relationship between the growth of the crust and granitic rocks, the main factors in 
the diversification of geological environments and types of granitic rocks are (Fig. 
4): 

− The stage of growth of the granitic crust. 
− The level of emplacement reached by the granitic rocks. 
− The mechanisms of accommodation. 
− The formation of extensional or compressional environments. 
− The differential contribution of wall rocks. 

 
 
 
 
 

 

 

 

 

 

 

Fig. 4: Vertical and horizontal structural petrological differentiation of a granitic pluton in 
depth (A, B, and C). A: Epizonal granular granites. B: Mesozonal granites. C: Gneissic 
Catazonal granites. 

The contribution of these main factors can result in the formation of diverse 
geological environments and many types of granitic rocks, which at first appear to 
be unrelated. This occurs with plagiogranites in oceanic crusts and coesite-
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blastomylonitic granitic rocks of certain cratons which share no apparent 
relationship. These granitic rocks are, in fact, related in time, having been formed 
from the same initial upper mantle materials, affected by other factors, such as: 
temporal evolution, crustal participation, and the formation of extensional or 
compressional environments. Plagiogranites could be defined as “dirty granites”, of 
recent birth affected by a sedimentary oceanic cover which produced petrological 
and chemical changes on juvenile upper mantle granites that I might define as 
“clean granites”. These possibily calc-alkaline granites in their fronts of 
emplacement were affected by petrological transformations due to the existence of 
very suitable sedimentary protoliths, and the existence of moderate-high 
temperatures. So, at the same time as they are converted on their fronts into Na-
granites (plagiogranites) by the presence of rich Na-sediments, they are the cause 
of the formation of mafic-ultramafic rocks which exist in ridges and in general, in 
all anomalous oceanic zones. When these anomalous oceanic zones become 
converted in time into true continental crusts (due to their growth in depth by the 
addition of juvenile granitic rocks) the majority of plagiogranites and associated 
igneous rocks (ophiolites) disappear. This is due to the fact that ophiolites and in 
general, all mafic-ultramafic rocks have no deep roots. If this continental crust 
continues growing what could occur is that this granitic growth would take place 
under high compressional environments when previous, thick granitic blocks are 
present. In this case not only the “tectonic setting” of this granitic mass is very 
different from its epoch of birth (plagiogranites) but the structural-petrological-
chemical features are also very different. 

The level of emplacement, together with the formation of extensional to 
compressional environments, and the differential contribution of sedimentary 
materials, is very important in the structural and petrological diversification of 
granitic rocks. From the analysis of some orogenic chains where granitic plutons 
outcrop with differential structural features I deduce that they are mainly a 
consequence of their levels of emplacement, and also of the crustal sedimentary 
contribution. These different levels of emplacement could be branded with the 
same old classification of epi, meso and catazonal granites. Epizonal granites are of 
extensional character, generally denominated as intrusive, that produce contact 
metamorphic processes in the wall sedimentary rocks. Another character that 
marks dissimilarity of these epizonal granites is their generally zoned petrographic 
differentiation. In a domatic pluton we can therefore differenciate various 
granitoids from the border to the centre of a pluton such as quartzdiorites-
granodiorites-monzogranites-granites s.l. This zonation occurs when the wall 
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sedimentary rocks are of carbonate-marly nature, and when the contact-
metamorphic rocks are generally formed by wollastonite-grossularite hornfels. The 
major or minor contribution of marly materials is the main cause of the formation 
of quartzdiorites to granites s.l. These zoned domal plutons, as cited, show different 
ages from the border to the center, being older at the border and younger in the 
center (Glazner et al., 2004). 

Another very interesting geological-petrological feature of these epizonal 
granites is that they very often contain lamprophyric dikes. These “epizonal” 
granites gradually transit in depth to others of more compressional character, of 
more uniform composition, and where an incipient, concentric schistosity is 
present. These granite-gneissic rocks, in turn, transit to deeper granitic rocks where 
the zoned-concentric schistosity can conform more or less with wall-metamorphic 
rocks. The structural-petrological characters of these deeper granitic rocks could be 
similar to those of Archean gneiss domes. When these meso-catazonal crustal 
granitic rocks outcrop, they contain neither “mantle” rocks nor “routes” by which 
these rocks could have made intrusion-extrusion. In many cases apparent epizonal 
granitic rocks exhibit structural-petrological features of formation-emplacement 
under high-very high P-T conditions. This is the case of Vredefort and other 
circular to oval granitic structures where igneous mafic rocks associated with 
carbonate sedimentary materials in the collar zone are also present. Some 
petrological data: the presence of coesite, stishovite, shocked minerals, etc, indicate 
high-very high P-T conditions. As we will consider on later, these high physical 
conditions were created in several Precambrian episodes, which by their polyphasic 
character and petrogenetic deductions (origin of the associated mafic rocks) I 
interpreted as produced by the growth-emplacement in a solid state of a great dome 
granitic mass under high compression. The highest P-T conditions were created at 
the border of this dome, where the silica polymorphs, a greater deformation, and 
the formation of igneous rocks took place supposedly from an upper mantle origin. 

In many cases when the growth-emplacement of the granitic rocks in the crust 
occurs under intermediate P-T conditions, other types of granitic rocks can be 
formed. So, in the Pyrenean chain, dome-oval granitic plutons exist associated to 
wall-pelitic rocks where peraluminous granites (muscovite-rich granites), and 
cordierite (±sillimanite) granites are associated with calc-alkaline granitoids, some 
of which are affected by schistosity. These granitic rocks are defined here as 
mesozonal. 

In many other cases the structural-petrological diversity of granitic rocks 
depends on its association to arch structures where ultramafic igneous rocks are 
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present. Here, true granitoids are scarce, outcropping only in the back-arch zone. 
On the contrary, gneissic rocks, generally polyphasic, and associated with various 
schists, amphibolites and mafic-ultramafic rocks, are present beneath arch 
structures and differentiated in a vertical sense. In a horizontal sense it is possible 
to deduce a gradual evolution from the compressional granitic rocks (gneisses) 
beneath arches to those scarce plutons of granitoids of back arches. From 
geological-petrological information on certain outcrops (Ronda, Alps, Appalachian 
chain), the conclusion can be drawn that the various gneiss-schists and associated 
rocks were produced under compressional environments during the origin and 
growth of domed-oval granitic masses. This produced an anysotropy in the 
structuration of the domal granite masses from the border to the center of the 
outcrops. At the border of these domed ovals, where the physical-chemical 
manifestations are higher, various foliated rocks are produced (e.g. gneisses). On 
the contrary, in the back arches (interior of the domal structures), of a more 
extensional character, the granitic rocks are formed by diverse granitoids. The 
wall-cover sedimentary materials here are less affected by structural and 
petrogenetic processes. In these places, the main manifestations correspond to 
contact-metamorphic processes (e.g. formation of various hornfels). In a 
monophasic, global petrogenetic environment one can picture the almost 
simultaneous formation of gneisses with sillimanite (and schists) developed 
towards the border of the domes and andalusite-hornfels towards the centre in a 
zone where the pelitic sediments (e.g. lutites, greywackes) are dominant. 

The nature and different participation of sedimentary materials is the main 
cause of structural-petrological diversity of granitic rocks in depth. In upper levels 
where the sediments are rich in illitic and chloritic minerals, the release of silica-
alkaline matter from the dynamic, arch zones can produce cord-sill gneisses. These 
metamorphic rocks could be interpreted as a “paragneiss”. In lower levels without 
the presence of these sedimentary materials, the gneissic rocks, generally 
blastomylonitic, which can be classified as foliated granites, were produced 
simultaneously with the granular facies (granitoids) of the central zone. From 
petrological studies it can be deduced that these gneisses are somewhat poor in 
silica and alkalis compared with the associated granites. Therefore, these gneisses 
must be defined as orthogneisses. 

In the paragneisses and associated schists, the schistosity is mainly produced 
during the growth of micaceous minerals under compressional environments by the 
flow of sialic matter released from stressed granitic basements. This is known as 
“flow schistosity”. On the contrary, the schistosity of the basal stressed granites 
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(ortogneisses) is mainly produced by the differential movement of frictional 
granitic rocks. This is termed “fracture schistosity”. Both gneisses and related 
rocks indicate that a great mobility of granitic matter took place mainly in a vertical 
sense during the growth-uplifting of these arch structures, which are related to the 
origin of domed granitic masses. 

The granitic rocks with highest P-T conditions are those defined as mantled 
“gneiss domes” (Eskola, 1949) or “metamorphic core complexes” (Coney, 1980). 
These metamorphic rocks are not generally related to extensive domal granites. I 
think that both types of “granitic” rocks can be produced by their vertical evolution 
from extensional to compressional environments. This appears to be deduced from 
the regional study, for example, in some orogneic zones. So, in the Pyrenean chain 
from extensional domal granites (e.g. Maladeta Massif) to compressional granitic 
rocks formed by gneiss domes can be found (e.g. Aston-Hospitalet gneisses) with 
other intermediate granitic types. This differentiation to short scale (~50 km) can 
be produced by a differential uplifting and erosion of such massifs. This apperars to 
have occurred, (including other zones) in the Western America Cordillera and in 
Hymalaya, where intrusive domal granites are associated with metamorphic core 
complexes. As occurs with the Gangdese granites and the Karakorum gneiss 
domes, in the western Himalayas. 

As a final comment on the granites I wish to say that today it is difficult to 
understand petrogenetic theories on these very abundant rocks like those that 
propose that such rocks were formed by the in-situ melting of mid-upper crustal 
rocks in a convecting environment (e.g. Chen & Grapes, 2007). For many years I 
have been asking my students how we can such an amount of granite food can be 
obtained from scarce ingredients (mainly sediments) without enormeous cooking-
pots and with no-comprehensible heat sources. 

4. THE ORIGIN OF THE BASALTS 

4.1 CURRENT THEORIES AND CERTAIN QUERIES 

It is almost impossible to summarize the great number of theories on the origin 
of basalts in basis to their “geodynamic” environments and petrological-
geochemical features. From geodynamic and geochemical data numerous theories 
have been suggested, since, starting from a common upper mantle source, very 
diverse mechanisms of differentiation are involved which are so often extremely 
difficult to understand. 

As an example, the theories on the origin of flood basalts summarized by 
Cordery et al. (1997) are as follows: 
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− The partial melting of hydrated subcontinental lithosphere mantle 
(Gallagher & Hawkesworth, 1992). 

− The lithospheric rifting over abnormally hot asthenosphere accumulated 
when a plume tail impinges on a slowly moving plate (White & McKenzie, 
1989). 

− The partial melting produced by a large plume head that arrives below the 
lithosphere (Campbell & Griffiths, 1990). 

− The partial melting of eclogites and other oceanic igneous rocks with the 
participation of sedimentary materials subducted at the core-mantle boundary 
(Cordery et al., 1997). 

This great diversity of theories on the origin of basalts and in general, of many 
igneous rocks together with the idea of a “heterogeneous” upper mantle, the 
diversity of geological environments, and the presence, in some cases, of abundant 
rhyolites, etc, was fundamental in seeking more single petrogenetic models on the 
origin of basalts and associated igneous rocks (e.g. rhyolites). 

In the origin of basalts and even when accepting an ultramafic composition for 
the upper mantle, there are still many difficult questions to answer and which are 
often poorly explained, for example: 

− How can the solid upper mantle melt? 
− How can these partial melts move over long distances? 
− Why do geophysical data fail to detect the blank or hollow zones in the 

upper mantle from where the basalts are extracted?  
− How and why can huge basaltic magmas be stored in the upper crust in 

reservoirs or magmatic chambers? 
− Why are magmatic chambers placed in the upper crust between materials 

with very different petrological and structural characteristics (e.g. 3 to 7 km 
depth)? 

− Why are all magmatic chambers associated in depth with the presence of 
granitic basements in continental or anomalous crusts in oceans affected by 
dynamic zones? 

− Why do huge basaltic magmas not make eruption through a bare, 
outcropping granitic crust? 
Other important questions are: 

− The volume of basalts in relation to granites. 
− Why basalts are scarce in the Archean and increase in time in relation to 

marine sediments? 
− Why the oldest and largest impacts are not formed by basaltic rocks? 
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These are just a few queries that appear to support my geological-petrological 
studies (Spain, France, Germany) where the basalts can be related to the existence 
of an active-frictional granitic basement covered by suitable Mesozoic sediments. 

4.1.1 Types and Diversity of Basalts 

From a geochemical-normative point of view, basalts can be classified into 
several types: “tholeiites”, “olivine tholeiites”, “olivine basalts”, “alkali olivine 
basalts”, “high-alumina basalts”, “basanites”, and “olivine nephelinites”. Together 
with these differences, which are derived mainly from major chemical elements, 
those that are derived from trace and mainly isotopic data, must also be included, 
as they increase the diversity of basalts making even more difficult, the 
petrogenetic interpretation of such basaltic rocks within different “geodynamic 
environments”. Various and often complex processes have been suggested to 
explain this diversity:  

− An upper mantle with different chemical reservoirs (lateral and vertical 
heterogeinity). 

− Different physical-chemical conditions in the upper mantle. 
− Metasomatic processes in the upper mantle. 
− The contribution, in some cases, of crustal components, etc. 

The chemical diversity of basalts is cited by, among others, White (1985). This 
author separates five geochemical groups of basalts on the basis of their Sr, Nd and 
Pb isotope data. With regard to these differences, this author suggests multiple 
upper mantle reservoirs together with several processes during their evolution. 

Most petrologist-geochemists consider that the main factors in the great 
diversity of basalts, mainly in trace-isotopic data, seem to be due to chemical-upper 
mantle heterogeneities, with a minor participation of crustal recycling processes. 
According to some authors such an upper mantle heterogeneity appears to have 
existed in Archean “mantle rocks”, mainly in relation to Sr and Nd data (Sun, 
1984), as occurs in some greenstones. According to this author the chemical 
differences of Archean mafic rocks compared to recent rocks (e.g. tholeiites) could 
be due to different magma generation processes or to the chemical and 
mineralogical stratification of the Archean mantle. From Nd and trace elements in 
Archean granite-greenstone rocks in the Rainy Lake area (Ontario) that exhibit 
large chemical differences, Shirey & Hanson (1986) consider that these differences 
exist because the igneous rocks were derived from various sources. Tholeiites from 
chondritic mantle sources, trachyandesites and monzodiorites from large-ion, 
lithophile enriched mantle sources. The associated rhyodacites were derived by the 
partial melting of previous tonalitic rocks, but the later granodiorites from the 
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melting of trachyandesites and monzodiorites. Davies et al. (1989) consider that 
the variation in isotope and trace elements involves 4 or 5 distinct source regions in 
the petrogénesis of mafic lavas of the Azores and Cape Verde. These lavas 
represent combinations of the depleted upper mantle (mid-ocean-ridge basalt 
source), recycled oceanic lithosphere and two components of the subcontinental 
lithospheric mantle. The upper mantle heterogeneity and diversity of basalts are 
explained by Loubet et al. (1988) as produced by incipient melting, metasomatism, 
separate lower and upper mantle reservoirs which evolve differently within the 
mantle, and oceanic or continental crust recycling within the mantle. A similar 
explanation was given by Armstrong (1968) twenty years earlier.  

Lum et al. (1989), through a good recopilation on isotopic variations on basaltic 
rocks from the Western U.S. Cordillera, deduced that isotopic differences result 
from lateral and/or vertical heterogeneities in the upper mantle (different mantle 
reservoirs) with minimal crustal contribution. Regarding the variation in the 
isotopic data in oceanic basalts it is worth remembering a statement by 
Hawkesworth et al. (1990): “current interpretations of the isotopic ratios in oceanic 
basalts are still shrouded in uncertainty”. According to these authors the diversity 
of basalts is due to the upper mantle heterogeneity, which could have been 
produced by several mechanisms. 

Hart (1988) explains the isotopic heterogeneity in oceanic basalts as produced 
by four end-member isotopic components: depleted MORB, high U/Pb mantle and 
two enriched mantle components. Weaver (1991) proposes a similar model but 
with the participation of a small percentage of recycled sediments. Allègre et al. 
(1995) in basis to trace elements defined four geochemical types of basalts whose 
differences are mainly controlled by the variability of the source and the variability 
in the magma genesis processes. Together with an evident global diversity of 
basalts in oceanic and continental zones in the world, there is a special isotope 
anomaly centred in the Indian Ocean (Dupré & Allègre, 1983). This region shows 
anomalous, Sr and Pb isotopic features. Hart (1984) indicated that this anomaly is 
globe-encircling in extent and centred on latitude 30ºS. This anomaly, called the 
“Dupal anomaly”, according to Hart (1984) appears to have been produced by the 
contribution of sediments during subduction. 

From the analyses of various basalts in different geological environments, and 
mainly in basis to my proposed petrogenetic model, I believe that the origin of this 
great geochemical diversity of basalts is mainly controlled by the geochemical 
balance between endogenous and exogenous materials, together with P-T 
conditions; e.g. formation of a tholeiite or a basanite. The conjunction of these 
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diverse factors could explain the formation of quartz-tholeiites-high Mg picrites-
alkaline basalts-undersaturated basalts-and other basaltic rocks. According to the 
new petrogenetic models, in the tholeiitic basalts an active and frictional-dynamic 
granitic basement covered by a thick domed structure with abundant marly-
evaporites with a thick, impermeable carbonate rocks forms the geological 
environment. The SiO2 chemical contribution from the frictional-sialic basement 
can vary from 20 to 30% and the K2O+Na2O from 2 to 4%. The remaining 
chemical contribution from the granitic basement is of minor importance. 

In the origin of the most abundant basalts, the tholeiitic ones, the geological 
environment is referred to here as the “Baking Place”. In the formation of alkaline 
basalts and, in general, undersaturated basalts, the geological environment appears 
to correspond to that defined as a “Rift” type, where generally, very diverse basalts 
are associated to compressional grabens filled and covered by thick sediments. The 
contribution of marly-evaporitic sediments here is smaller, and the differential 
participation of the carbonate-calcsilicate rocks trapped in the grabens is more 
considerable. In these basalts, the contribution of the sialic endogenous matter 
appears to be lower than in tholeiitic basalts but higher in alkalis. This could be due 
to the fact that the involved sedimentary rocks are richer in carbonate and Na-K-
evaporitic components than in the tholeiitic environment, since these sediments are 
poorer in SiO2 than, for example, marls. Together with this, the formation of high P 
conditions (high compression in grabens) can produce the formation firstly of high 
P-T rocks (e.g. granulite-eclogitic rocks) and later, during partial melting, the 
formation of more alkaline and undersaturated basalts, which in some cases exhibit 
“high P-T upper mantle rocks” as xenoliths. These different geological P-T 
conditions, together with the different chemical environments, are also the cause of 
diversity in isotopic data, e.g. 87Sr/86Sr ratios. 

Within my petogenetic models on the origin of mafic-ultramafic rocks, the first 
important datum that must be taken into account is that the chemical matter 
released from basements is of granitic nature. The importance of 87Rb in 87Sr/86Sr 
ratio is much more significant than in the current models since Rb is preferentially 
associated to K-bearing minerals considered to be present in the upper mantle. 
Therefore 87Rb is also more abundant in the upper mantle. On the other hand, 
radiogenic strontium (87Sr), formed by the decay of 87Rb, can be mobilized more 
easily than 86Sr because the former is a “free” element, which under high P-T 
conditions and in the presence of fluids can rapidly migrate from the original 
placement. On the contrary, 86Sr is hardly mobile because it is strongly attached to 
calcium in diverse Ca-bearing minerals. Within my petrogenetic models it is not 
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difficult to understand, even in modelizing physical-chemical mechanisms, that 
basaltic rocks of about 150 Ma can exhibit “normal” 87Sr/86Sr values of 0.702 to 
high values of 0.712 (or more), as occurs in the Paraná Basalts (Belliene et al., 
1984). In a theoretical, “closed” petrogenetic process, one could obtain an 
approximation of 87Sr/86Sr values, for example of a tholeiitic basalt, knowing: 

− The K (87Rb) released from the sialic basement of a known age. 
− The 87Sr/86Sr and 87Rb values of the carbonate and marly-evaporite 

sediments. 
− The physical-chemical conditions reached in the frictional zones and in 

the Baking Place. 
− The time-duration of the petrogenetic process. 
− Isotope fractionation process (e.g. Rb-Sr system) during partial melting 

and ascent-eruption of basalts.       
Practically all the endogenous-igneous processes take place in open systems and 

many of them are polyphasic. All this, plus the differential mobility of some 
isotopes (e.g.87Sr) in relation to others are the main causes of the variability of 
isotopic data, even in the “same petrogenetic environments”, as occurs within 
tholeiitic basalts, and between these and other basaltic rocks. 

The correlation between 87Sr/86Sr and 143Nd/144Nd is widely used in petrogenetic 
studies. Although Nd isotopes are stable, 143Nd is increasing in time because of the 
alpha decay of 147Sm to stable 143Nd. Therefore the 143Nd/144Nd ratio of the Earth 
has increased with time. The 143Nd/144Nd ratio can be affected by similar 
fractionation mechanisms of the Rb/Sr if geologists consider my petrogenetic 
model proposed for the origin of basalts. From the relation between 143Nd/144Nd 
values (εNd) geochemists can deduce mantle reservoirs of magmas. So, a positive ε 
value means that magmas come from a depleted mantle, whereas a negative value 
indicates enriched mantle sources. 

In general, the Sm/Nd radiometric system was considered to be stable. The 
studies on granitic geological zones affected by fracturation and hydrothermal 
circulation show that such theoretically stable systems can be affected by a major 
or minor isotopic fractionation, mainly in the presence of sulphur-mineralizations 
(Maas et al., 1986). Within my petrogenetic model proposed for basalts, very 
favourable conditions for fractionation in the Sm/Nd system can take place from: 

− The presence of a frictional granitic basement. 
− The circulation of fluids (hydrothermal system). 
− The presence of mineralizations (e.g. sulphurs and others in the Baking 

Place episode). 
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In many geochemical studies it is common practice to use the generally negative 
correlation, between 87Sr/86Sr and 143Nd/144Nd ratios, the so-called “mantle array”, 
which is very differentially interpreted. From “enriched” or “depleted” mantle 
reservoirs together with the crustal participation any Sr/Nd ratios can be applied to 
diverse values of supposed upper mantle igneous rocks, such as the basalts. 

4.1.2 Volume of Basalts Compared with the Granitic Rocks 

Basalts are the most abundant and characterisitc volcanic-extrusive rocks within 
the Large Igenous Provinces (LIPs), which, according to Coffin & Eldholm (1994) 
include continental flood basalts, oceanic basalts in ridges and plateaus, passive 
margins and ocean basin flood basalts. All these types must surely depend on the 
crustal evolution in time, since many oceanic plateaus and ridges convert into 
continental crusts through the addition of a new sialic crust at the base of the 
previous one. 

Most geologists recognize that the volume of continental flood basalts is tiny in 
comparison with the granitic rocks through which basalts have extruded. As in all 
continental basalts it is easy to recognize that they are associated to thicker or 
thinner sedimentary rocks, generally of oceanic character where the carbonate-
marly evaporite sediments are dominant. My view is that a general tendency exists 
to exaggerate the volumes of the basaltic formations through their thicknesses. In 
continental zones where the volumes are easy to calculate the estimated volumes of 
some formations can vary. So, the volumes of Deccan basalts (in Mkm3) is 
appraised to be 8.2 (Coffin & Eldholm, 1994) or 8.6 (Courtillot & Renne, 2003). 
These trap basalts appear to occupy a surface of about 1.106 km (0.5-1.5 Mkm3) 
according to the mentioned authors. From the abundant studies on the Deccan traps 
average thicknesses seem to have been deduced that do not exceed 1 km. Therefore 
the most approximate volume for these basalts would be 1 Mkm3 or perhaps even 
less, 0.5 Mkm3. 

But where the volume of basaltic rocks is overstated is in my opinion, in 
oceanic zones defined as anomalous, or thicker than normal (15-30 km). A good 
example of such an anomalous oceanic zone is the Ontong Java Plateau, already 
cited in chapter 2.2.1 in relation to the granitic rocks. The volume of basalts here is 
estimated to be from 49-61 Mkm3 (Coffin & Eldholm, 1994) to 6 Mkm2 (Courtillot 
& Renne, 2003). Over a surface of 1·86 Mkm2 on this plateau the volume the 
basalts could not exceed 1 Mkm3. These differential-volume appraisals can also 
occur in other anomalous oceanic zones, such as Kerguelen, Hawaii, Iceland and 
many others cited by Coffin & Eldholm, 1994, Table 1. 
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The use of geophysical data is very important as in many cases we can deduce 
the presence of sediments and sialic rocks beneath mafic igneous rocks, as appears 
to occur in all the oceanic zones defined as anomalous. 

If we consider that basaltic and other mafic-ultramafic rocks which together 
with other sedimentary to metamorphic rocks are forming the ophiolite complexes 
in the world I must say that the total volume of basalts and associated mafic-
ultramafic has not altered greatly because the thicknesses of these supposed mantle 
rocks is very low. These complexes, that generally occur in arc structures are 
always associated to marine sediments and a gneissic basement, that is, like 
peridotites, basalts and other supposed mantle rocks, they have no mantle roots, 
although their mantle roots appear to be clear, as occurs in diamond kimberlites. 

Again, we must insist that the greater volume of basaltic rocks is always 
associated with continental zones (flood basalts), and in minor amounts with 
oceanic zones defined as anomalous (thicker than normal). Many of these 
anomalous oceanic crusts (e.g. plateaus) like Kerguelen, Ontong Java, Shatsky, 
Manihiki, Iceland, etc, are currently considered to have been created at or very 
close to the spreading axis (Saunders et al., 1996). A big problem for the creation 
of these “oceanic crusts” is the presence, stated or deduced by geophysical data, of 
sialic basements that can reach 20 to 30 km in thickness. Whether continental or 
oceanic, what is the meaning of thick or thin sialic crust beneath basaltic rocks in 
all parts of the crust? 

For many years now, the volume of basalts has definitely been overestimated in 
relation to granite-gneisses. In some geological and petrological books, the basalts 
and related volcanics are widely considered while granitic rocks are scarcely 
mentioned or considered to be “secondary” products. In this differential treatment, 
two main causes have had great influence: the importance of the Mantle in the 
petrogenetic igneous processes and the spectacular nature of many volcanic 
phenomena; e.g. Iceland, Hawaii, etc, where basalts are the main igneous 
manifestations. Thinking back, we can recall when granites were described as 
fractional crystallization of basaltic magmas… 

The need for a greater presence on the crust of “mantle rocks” was the cause for 
many geologists to accept “Russell’s broad terrane hypothesis” (BTH) (McHone, 
1996). This author emphasized the importance (volume) of basalts in North 
America in the misinterpretation of structural-sedimentary-rift environments where 
punctual-dike basalts were considered to be the sources of vast flood basalts in 
Early Jurassic time. 
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Similar BTH considerations were mistakenly applied to other continental zones 
in the world, where phyllonian basaltic rocks were interpreted as the sources of a 
vast extension of basalts, like flood basalts, not present today through tectonic and 
alteration processes. A similar consideration could, to a greater extent, be applied 
to the presence of granitic rocks throughout geological time since these latter rocks 
are less resistant to geological alteration processes. 

The volume-ratio between basalts and granitic rocks in the world can be 
deduced from a particular continent, or even from a small continental mass such as 
the Iberian Peninsula, where together with Spain and Portugal the continental 
margins of this peninsula must also be included. Such a surface can be estimated at 
about 6·105 km2. The volume of the crust, with an average thickness of 30 km 
results in 1.8·107 km3. On the other hand, the volume of the main mafic-ultramafic 
rocks in the Iberian Peninsula (basalts, gabbros, peridotites) can be estimated at 
less than 1000 km3, which is equivalent to a surface of 1000 km2 and an average 
thickness of 1 km.This volume of “mantle rocks” is very small in comparison with 
the volume of granitic rocks. From a 30 km thickness of the Iberian crust it can be 
deduced that at least 15 or 20 km can be attributed to granitic rocks, which 
supposes a total volume of 9 to 12·106 km3. This means that, to the Iberian scale, 
the ratio between acid/basic rocks is 0.9 to 1.2·103, that is, there are about 104 times 
more “granites” than mafic-ultramafic rocks. 

Similar ratios occur in many other continental zones of the world. Even 
choosing a particular zone with abundant flood basalts, e.g. Deccan, the ratio 
between the granitic-gneissic rocks of the basement and the basaltic cover can be 
estimated to be about 1/30, where the sialic crust is about 20-35 km thick, and the 
basalts pile an average of 1 km thick. 

Many geologists might then say that in these ratios we have not taken into 
account the immense oceanic crust. These geologists, unfortunately, stick to the 
very old fixed idea “all oceans are covered by thick immense mafic-ultramafic 
rocks, that were produced in the ridges …” We must return and again comment on 
the current data on the crust in oceanic zones, where geophysical and petrological 
data indicate the presence of similar rocks, mainly in the anomalous zones (islands, 
plateaus) in relation to the continents. 

With regard to the volume of basalts in the crust, I fail to understand why many 
geologists try to hide huge basaltic and parental mantle rocks in the lower crust. 
Many of these geologists explain the presence of high P-T granulites as vestiges of 
lower-crustal rocks, which by tectonic processes crop out on the surface of the 
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crust. My question is: Why did such tectonic processes not transport the mafic-
ultramafic rocks supposedly “stored” in the lower-crust? 

As a geochemical balance between crustal “granitic” rocks and “upper mantle” 
basalts I can say that the volume of granitic rocks in the western United States (~30 
km thick) is greater than all the basalts of all ocenic zones around the world. 
Within a new model of global geology for the formation of basalts the presence is 
always necessary of active granitic basements (in episodes of crustal growth from 
the upper mantle) covered by suitable oceanic sediments (continental to anomalous 
crusts). These environments are not present in those oceanic zones defined as 
juvenile and which are today represented by the abysal plains where the crust is 5-7 
km thick. Current physical-geophysical methods here fail to detect the presence of 
such “upper mantle rocks” that still remain one of the paradigms in Geological 
Sciences. 

4.1.3 Other important questions 

˗ Can Huge Amounts of Mantle Rocks be Hidden Within the Crust? 

If the upper mantle is mainly formed by “peridotitic rocks”, many more mafic-
ultramafic rocks should appear on the crust than the current exposures provide. On 
the other hand, these mantle rocks should have been very abundant in Archean 
times, when the thermal activity and, therefore, mobilization (partial melting) of 
the upper mantle would have been more significant. If mafic-ultramafic rocks are 
from upper mantle provenance, they must surely be stored somewhere. Apart from 
their continental “storages”, they can only be beneath oceanic beds and/or stored in 
the middle-lower crusts. 

The mafic-ultramafic rocks in anomalous oceanic zones correlate with very 
similar geological environments in the continental ones. The main difference is that 
the oceanic are thinner crusts (10-20 km), but in them all the presence of an active 
sialic basement is evident or can be deduced. Together with this sialic basement, 
thick marine sediments are also present. There is no data on “true oceanic crusts”, 
that is, oceanic crusts whose thicknesses are 6-8 km and which are generally 6 km 
below oceanic waters. Seismic, magnetic and gravimetric data on these oceanic 
depths could be of great help. All the known data on oceans correspond to 
“anomalous crusts” thicker than 10 km (e.g. “highs”, “plateaus”, “ridges”) and are 
interpreted in a different manner. On such anomalous oceanic crusts the supposed 
mantle rocks (basalts, peridotites) are more abundant than in normal, thinner 
oceanic zones. The idea that the oceans are zones with great accumulations of 
“igneous mantle rocks” is quite plausible. 
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On the oceanic bottoms, igneous mafic rocks are considered to be present 
between the lower and middle crust as stratified -layered masses (magmatic 
underplating), in basis to the interpretation of geophysical data. Magmatic 
underplating is considered by many geologists to be one of the main causes of 
reflectivity of the lower crust, although this phenomenon also pertains to the 
middle crust (Matthews, 1986; Bois et al., 1987; Wever & Meisner, 1987; Brodie 
& White, 1994; and others). It appears that as an explanation for reflectivity 
magmatic underplating could be due to: 

1.-The “need” for “mantle” rocks to be stored in some part of the crust, and 
2.-The presence of gabbroid layered-stratiform complexes in some crustal zones 

(e.g. Skaergaard, Stillwater, Bushveld). 
3.-The need for an energetic activator to produce partial melting processes in 

the crust (e.g. granites of anatexis). 
The belief is incorrect that layered-stratiform complexes are a consequence of 

the structural characteristics of dome-oval formations, where the mafic-ultramafic 
rocks outcrop at the border (collar zone). These, generally scarce, “mantle” rocks 
are even interpreted by many geologists as being present in a stratiform manner 
within the dominant, granite-gneissic, domed masses. It is impossible for mafic-
mantle sills to intrude in a long-stratified manner in granitic masses, which go to 
form the major part of the crust especially in the continents. Intrusive-layering 
mafic rocks are suggested, for example by Hauser et al. (1987) and Goodwin et al. 
(1989), as the origin of crustal reflectors at the Colorado Plateau (USA). Here, 
these and other authors (e.g. McCarthy & Parsons, 1994) suggest the presence of 
horizontal mafic sills, about 15 to 35 km depth, intruding granitic rocks. The 
storage of a mafic-layering is possible at the upper mantle-crust boundary, that is, 
around the Moho discontinuity, but not in upper levels where geophysical data (Vp 
6.1-6.3 km/s) indicate that they correspond more to granitic rocks than to upper 
mantle types. From a rheological point of view, it is unlikely that thick granitic 
masses can be underplated by mafic-ultramafic magmas, as proposed by several 
authors for the Basin and Range-Colorado Plateau region. This underplated 
magmatism, unusually intercalated within a granitic crust, is generally defined as 
horizontal when many of the reflective structures in such a region show abundant 
arcuate-dipping features (see COCORP data, Hauser et al., 1987). Even if the 
reflective structures in the Colorado Plateau correspond to mafic rocks, their 
volume is tiny in comparison to the abundant granitic rocks. On the other hand, the 
study of the ancient eroded terrains (e.g. Archean metamorphic core complexes) 
and geophysical data do not support the presence of underplated mafic rocks in the 
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middle to lower crust levels, as appears to occur in the Basin and Range Plateau. 
The presence of planar and mainly arcuate reflectors in the lower-middle crust in 
the Colorado Plateau, instead of corresponding to underplated, mafic rocks, could 
be proof of several episodes of sialic thickening. The arcuate reflectors could 
correspond to the “fronts” of domed-granitic masses during their growth by the 
transformation of the upper mantle matter into a sialic one. 

˗ Why Did the Oldest and Largest Impacts Not Produce Huge Volumes 
of Igneous Mantle Rocks? 

The oldest and largest circular structures considered to have been produced by 
the impact of massive, solid impactors have much importance because partial 
melting processes must have affected the solid upper mantle rocks (ultramafic?). 
The partial melting of thin crust and of the uppermost mantle levels can be deduced 
from the relationship between the size of the impactors (related to the diameter of 
the structure) and the thermal energy produced on the target crustal rocks and the 
uppermost mantle levels. Therefore, the partial melting of the upper mantle rocks 
would be a normal consequence. A study of the structures considered by most 
geologists to be produced by impact indicates that instead of the presence of 
abundant mafic-ultramafic rocks, polyphase granitic rocks are the dominant rocks 
in most structures. Typical examples of areas considered to be impact zones are 
Sudbury (Canada) of about 1850 Ma, Strangways (Northern Australia) from 1686 
to 145 Ma (Spray et al., 1999), and the most typically considered impacted 
structure, Vredefort (South Africa). 

According to Martini (1991), the Vredefort structure is nearly circular, about 
150 km in diameter, and mainly consists of Archean granitic rocks, of about 2800 
Ma, that occupy the largest part of the center of the structure. The collar zone is 
formed by diverse, sedimentary to metamorphic rocks affected by high to very high 
P-T conditions (e.g. presence of coesite, stishovite and other data of breccias, 
shocked minerals, pseudotachylite, etc.). In the collar zone there are also basic 
volcanics and scarce mafic-ultramafic rocks, mainly serpentinezed peridotites. 
These igneous rocks are strongly associated to the presence of sedimentary 
carbonate rocks covering active granitic basements.  
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4.2 ARE THE MANTLE PERIDOTITES THE FOOD OF BASALTS? 

4.2.1 Some Geological Data 

As cited, the peridotites are considere to be the principal components of the 
upper mantle. These supposed mantle rocks are relatively scarce on the Earth’s 
surface, being much less abundant than the basalts.  

Most peridotites, either isolated or associated to ophiolite complexes, exhibit 
similar structural-petrological environments, mainly in those outcrops defined as of 
Alpine type: 

− The arc dynamic structures. 
− The abundance of marine sediments. 
− The presence of a thick carbonate-marble cover. 
− The presence of an active gneissic basement. 

As very good examples of these peridotites I can cite those located in southern 
Spain (Ronda) which, in an arc structure, join with the Beni Bousera peridotites 
(Fig. 5). Although the surface of all these peridotites is relatively large (about 400 
km2) they are not very thick, less than 2 km. This can easily be deduced from 
geological-structural data. The lherzolites are the most important type of 
peridotites. Harzburgites, garnet-pyroxenites, and olivine-gabbros are other 
associated ultramafic-mafic rocks. Within the lherzolites, three types can be 
differentiated: garnet-lherzolites, spinel-lherzolites and plagioclase-lherzolites. A 
gradual transition exists between these lherzolites and other ultramafic to mafic 
rocks (e.g. gabbros, mafic gneisses, amphibolites, etc.). Many peridotites and 
associated rocks were affected by later tectonic-petrogenetic processes that in many 
cases, obliterated the original “emplacement” of these rocks and, therefore, their 
contact-relationships with the wall rocks. These wall rocks are mainly formed by 
Jurassic carbonate materials, which often form the cover of the ultramafics with 
intriguing contact relationships. 

The “basement” rocks consist of phyllites, quartzites slates, schists, and mainly 
various gneisses. These gneisses also display an interesting contact-relationship 
with the mafic-ultramafic rocks. These basement materials are considered by many 
geologists to be from Precambrian to lower Triassic ages. The idea that gneisses 
are “old materials” (e.g. Precambrian) must be ruled out, since these metamorphic 
rocks were, in great part, formed during Alpine times and are closely related to the 
origin of the ultramafic rocks (Andriessen et al., 1991). 
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Fig. 5: a) Geological sketch map of southern Spain and northern Morocco. 1: Cretaceous-
Tertiary flysch. 2: Marly-carbonate rocks (Mesozoic). 3: Carbonate rocks (Mesozoic). 4: 
Metamorphic basement (Paleozoic) with a carbonate Mesozoic cover. 5: Ultramafic rocks. b) 
Cross-section interpretation. 1: Extensional granites. 2: Compressional granites (gneisses). 3 & 
4: Schists and gneisses (acid to basic). 5: Ultramafic-mafic rocks. 6: Jurassic carbonate rocks. 7: 
Cretaceous-Tertiary flysch (Sánchez Cela, 1999a). 

All the current-petrogenetic models on the origin of the ultramafics rocks in 
southern Spain and northern Morocco started from an indubitable upper mantle 
provenance. But the mechanisms concerning the emplacement of these “mantle” 
rocks in the upper crust are very diverse: mantle diapirism; unrooted mantle slab; 
subsolids unrooting and polyphasic emplacement; allochthonous sheets detached 
from a diapir; unrooted peridotite slab under extension, and others. One of the main 
arguments in deducing a mantle origin for Ronda peridotites is the high-very high 
pressure conditions (up to 50 Kb) deduced from barometric data on garnet 

131



peridotites which in some cases contain graphited diamonds. So, according to 
Davies et al. (1993) they are “convincing evidence that mantle-derived material is 
brought to the surface from great depth by a process other than kimberlitic 
volcanism”. 

Contrary to a mantle provenance, van Bemmelen (1933) and Termier & Termier 
(1956) interpreted the Ronda peridotites as being formed by metasomatic 
transformation processes of sedimentary carbonate rocks. This theory was not 
taken into account, since it is not sufficiently founded, and also because geologists 
always identify the mafic to ultramafic rocks, with no doubt, as being rocks from 
the upper mantle. Almost all the “current” models consider the emplacement of the 
upper mantle ultramafics in solid state with very scarce or no contact 
manifestations. Loomis (1972, 1975), on the contrary, considers their emplacement 
in a melting state with a well defined metamorphic aureola. 

In general, the ultramafic rocks were affected by polyphasic tecto-petrogenetic 
processes. This could be the main cause of different ages obtained from these 
ultramafics (Loomis, 1975; Priem et al., 1979; Zindler et al., 1983). An age of 
about 22 Ma, recorded in many ultramafics, could correspond to the “final age” 
during their emplacement in the upper levels of the crust (Reisberg et al., 1989). 
This Miocene episode appears to be related to the origin of phyllonian granites and 
andesitic volcanism in southeastern Spain. The polyphasic character of the Ronda 
ultramafics could correspond to the polyphasic tectonic events in the Betics (Peper 
& Cloetingh, 1992). These geologists deduced various tectonic rift phases of about 
240, 200, 180 Ma, together with other transitionals of about 110, 50 and 20-23 Ma.  

4.2.2 New Petrogenetic Model 

It is quite common to study the mafic-ultramafic rocks, mainly peridotites, as 
isolated bodies with no relationship to other associated rocks, mainly of 
“metamorphic types” (amphibolites-gneisses), since they are interpreted as of 
upper mantle provenance and the amphibolites and gneisses as of a crustal one. The 
polyphasic character of many peridotites and associated rocks has greatly altered 
the original “stratigraphic disposition” of these rocks in relation to the wall rocks. 
Fortunately, some outcrops exist where peridotites appear to conserve the original 
disposition in relation to its origin-emplacement. So, in these outcrops (A type, 
Sánchez Cela, 1999a), beneath a carbonate-marble-calcsilicate cover, peridotites 
gradually transit to other igneous to metamorphic rocks, as occurs in Sierra Blanca 
and Ronda Massif (Spain). From top to bottom, the following sequence can be 
distinguished there: carbonate sedimentary rocks, marbles and calcsilicate rocks, 
ultramafic-mafic rocks, dioritoid-amphibolitic rocks, basic gneisses and acid 
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gneisses. The petrological study of this vertical sequence reveals, in many cases, 
the presence of a gradual transition of the gneissic basement to ultramafic rocks 
through intermediate ones. On the other hand, a close petrogenetic relationship 
between the carbonate rocks, marble-calcsilicate rocks and the igneous-
metamorphic basement is also deduced from field and petrological studies. This 
spatial, vertical petrological distribution, together with the formation of arch 
structures, is the main cause of the formation of high P-T conditions in the crust 
with inverted P-T gradients. 

In practically all outcrops, marbles are always found lying on a schistose-
gneissic basement and in the presence of a greater or lesser amount of ultramafic-
mafic rocks and with a thick cover of carbonate-sedimentary rocks, which in 
Mediterranean zones date from Lower to Upper Jurassic. Almost all of the marble 
quarries are associated with domed-oval to arch structures. Although the most 
important outcrops of marbles have corresponded to Alpine materials, they also 
existed in other geological times. In northern Quebec, marbles are associated with a 
gneissic basement and mafic-ultramafic rocks of Archean and Proterozoic ages 
(Scott et al., 1992; Lucas & St-Onge, 1995), in northeastern-eastern Africa of a 
Proterozoic age (Berhe, 1990) and in the eastern Arabian shield with ophiolites and 
a gneissic basement of a Proterozoic age (Al-Shanti & Gass, 1983). From marbles 
in southern Spain and certain works carried out on Mediterranean marbles, it is 
deduced that the most typical, top quality marbles, that generally correspond to the 
pure and more metamorphic ones, are associated with the cores of thick, arch-
carbonate structures found lying on ultramafic-mafic rocks and a gneissic 
basement. In many cases calcsilicate rocks are also associated with marbles. 

The highest P-T conditions are created in the cores of the arch structures 
beneath thick carbonate rocks. In such zones the highest P-T peridotites (e.g. 
lherzolites) and marbles are present. High P conditions are mainly produced by the 
increase in volume caused by forced injection of sialic matter and the formation of 
ultramafic-mafic rocks in a constricted, compressional enviroment. Together with 
this, the participation of the lithostatic pressure and fluid pressure will increase the 
total pressure of the system in the cores of the domed-oval-arch structures. The 
moderate temperatures (500 to 700ºC) of marble rocks are created by the thermal 
endogeneous contribution of the ultramafic bodies formed beneath the carbonate 
sequence. Some marbles, associated to mafic-ultramafic rocks with metamorphic 
basements, indicate pressure conditions of formation greater than 2.5 GPa. Becker 
& Altherr (1992) cite marbles from the Alps of about 750ºC and 3.5 GPa. 

133



So, the peridotites and associated igneous-metamorphic rocks of southern Spain 
and northern Morocco were formed through polyphasic processes by “granitic” 
matter which, at various P-T conditions, transformed sedimentary-epimetamorphic 
materials. This sialic matter is related to the origin of gneissic rocks that form the 
“basement” of the Gibraltar Arc, where high, dynamic (P-T) and chemical 
manifestations took place. This arc outlines a great, non-outcropping, domed, 
granite mass in the Alboran Sea. These gneissic rocks represent active, sialic 
chemical matter which, at moderate to high P-T conditions, transformed 
sedimentary epimetamorphic materials of argillaceous to carbonate nature during 
Alpine times. The transformation of argillaceous and marly-argillaceous materials 
by silica-alkaline matter under moderate Ps-T conditions produced gneissic rocks 
from acid to intermediate compositions (e.g. granitic gneisses, cordieritic gneisses, 
kinzigites, amphibolites). Gabbroid-dioritic rocks were produced by the 
transformation of marly materials, whereas peridotites were produced from the 
marly-dolomitic materials. Marbles and calc-silicate rocks correspond to the 
“impermeable fronts of transformation” of the upper dolomite-limestone, Jurassic 
sequence (Fig.5b). 

The geochemical balance between the granitic endogeneous matter and the 
nature of sedimentary wall rocks is the main cause of the origin and diversity of the 
ultramafic rocks (e.g. dunites, lherzolites, harzburgites, pyroxenites, etc.). The 
physical-chemical behavior of the Mesozoic wall rocks was very important in the 
differentiation of the igneous-metamorphic association. The granular-granoblastic 
peridotites therefore resulted from the transformation of the marly-dolomite rocks, 
whereas the gneissic rocks were produced by the transformation, under stressful 
conditions, of the lutitic-greywackic associated rocks. The lightly schistose, 
intermediate rocks (e.g. diorites-amphibolites) resulted from the transformation of 
the intermediate marly-greywackic sequence. Much of this initial, igneous-
metamorphic, ultrabasic-acid association was affected later by petrogenetic processes 
that produced various petrological and structural transformations in these rocks. The 
result was the creation of an igneous-metamorphic, polyphasic association, where the 
previous peridotites and related rocks were differentially transformed into others with 
blastomylonitic-porphyroclastic structures. The most recent igneous manifestations 
are formed by phyllonian-Miocene, granitic and volcanic rocks that affect the 
previous igneous-metamorphic rocks. 

 For the formation of peridotites and related rocks; several suitable conditions 
are necessary: 
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− The existence of an active granitic basement related to Alpine sialic 
thickening processes, which during the formation of the blastomylonitic 
gneisses, released sialic matter at moderate-high T conditions and under 
moderate stress. 

− The presence, on this active granitic basement, of a thick sedimentary 
cover formed by suitable materials to be transformed by the sialic matter and 
arranged in suitable stratigraphic sequences (e.g. lutites-marls-limestones). 

− Dolomitization and chloritization of this sedimentary cover. 
− The formation of arch impermeable covers (carbonate to marble rocks) 

that increased the physical-chemical conditions and the transformation 
processes in the lower stratigraphic levels (marly dolomites). 

− The permanence of all the cited suitable conditions over a prolonged 
period of time. 

The presence of a granitic basement beneath the Ronda peridotites can be deduced 
from geophysical data and also from the presence of such rocks in some small 
outcrops. So, data by Gurria & Mezcua (2000) show that in a crust about 36 km 
thick the average Vp is 6.0 ± 0.05 km/s. Such values correspond to rocks of a 
granitic nature. 
Endogenic chemical sources can be deduced through petrological studies on the 
basement granitic rocks and the petrological evolution of this basement to a 
“metamorphic-igneous” cover. Silica is the main endogenic chemical source 
involved in the origin of the ultramafics and associated rocks with minor amounts 
of alkalis and other mobile elements. Many gneissic rocks, mostly blastomylonitic 
types, were formed through several petrogenetic episodes by the transformation of 
argillaceous-sedimentary-epimetamorphic rocks. These rocks were affected by 
silicification and, to a minor degree, feldspathization processes at moderate to high 
P-T conditions induced by an active granitic-gneissic basement. During these 
dynamic-petrogenetic processes, the blastomylonitic gneisses can release fluids, 
which at moderate-high temperatures, are efficient mechanisms of transport for 
many chemical elements, mainly silica and also alkalis. This granitic matter was 
released in correspondence with the formation of a polyphase, gneissic orogenic 
arc that, from North Africa (Beni Bousera) through the Strait of Gibraltar, extends 
over southern Spain (Ronda-Ojen zone). 

I think that high pressure conditions can be achieved in the upper crust by: 
− The release of sialic matter under high stress conditions from an active 

granite-gneissic basement. 
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− The formation and permanence of a thick, oval-arch sedimentary cover 
(up to 1500 m) on this basement. 

− The storage of this mobile chemical matter and of its transformation-rock 
products below the carbonate arches. 

The granitic matter, mainly silica, released from the sialic (granite-gneissic) 
basement, is related to the “prime” cause that governs most geological phenomena: 
“sialic thickening”. This is understood here as the episodic, perhaps cyclic, addition 
of new sialic “granitic” matter to the base of the crust produced during the 
transformation of the denser, upper mantle matter into a lighter, crustal-sialic one. 
This requires a new, physical-chemical understanding for the upper mantle 
(Sánchez Cela, 2000). This episodic juvenile contribution to the crust from the 
upper mantle, mainly in solid state, takes place according to domed to oval 
morphologies. These structures are those that demand less energy for their formation 
and “emplacement”. At the border of these active granitic domes, mainly under 
high compressional stresses, the most important energetic and chemical processes 
take place. Such places are generally formed by dynamic granitic rocks (gneisses) 
that constitute very important, physical and chemical endogenic sources in the 
origin of ultramafic and associated rocks. At the top of these arc-orogenic 
structures, important petrogenetic processes can take place if such structures are 
covered by thick carbonate materials (limestones and dolomites). These carbonate 
covers, with suitable properties (ductibility, impermeability), act as impermeable 
barriers to the mobility of the endogenic granitic matter under moderate P-T 
conditions. This produces an increase in volume that results in an rise in pressure, 
mostly at the core of the domed and arch structures. 

An evident increase in volume of the sialic crust is followed by a great 
accumulation of fluids. These fluids, mainly CO2, were released during the 
formation of the ultramafic-mafic rocks by the transformation of CO2-bearing 
rocks (dolomitic-limestone rocks). If these fluids do not escape, local 
overpressures, that greatly overpass the lithostatic conditions, can be created 
mainly at the core of domes or arches. The stress and fluid-pressures are the 
primary factors in increasing the pressure in such places. These P stress and P fluid 
“dynamic pressures”, in the presence of new, igneous-metamorphic rock 
formations below the carbonate domes, can together raise the local pressure 
conditions at very shallow levels of the crust (e.g. 2 km depth). Under suitable 
structural-petrological conditions extremely high pressures can be created (e.g. 6 
GPa.), as with the garnet peridotites in western Norway (van Roermund & Drury, 
1998), which are interpreted as being from mantle depths greater than 185 km. 
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Dobrzhinetskaya et al. (1996) and Green et al. (2000) deduce even higher pressures 
for the Alps Arami (Switzerland) lherzolites (> 10 GPa). These authors, and in 
basis to the ilmenite contents of olivines, deduce very large depths of exhumation 
of these mantle rocks and/or subduction to and return from such depths (> 185-200 
km). Trommsdorff et al. (2000), for these same peridotites, deduce lower pressures, 
from 0.6 to 3.0 GPa, reached during subduction (80-100 km depth). 

I think that the formation of moderate and even high temperatures in such high 
levels of the crust can be explained by the contribution of various thermal sources: 

− The heat associated with the origin of the granitic-gneissic rocks that 
constitute the basement of the ultramafic rocks. 

− The heat released at shear friction zones during the origin, growth and 
dynamic emplacement of the granitic-gneissic rocks in arc structures that 
partially delimitate granitic domes. 

− The differential thermal behavior of the sedimentary cover in relation to 
the gneissic basement and even between the Jurassic sedimentary materials. 

− The storage of these thermal sources in suitable places, that is, in the 
marls covered by the “impermeable” dolomitic-limestone arches. 

The most important thermal source in the origin of peridotites takes place during 
the formation of blastomylonitic gneissic rocks and shear friction processes, where 
the conversion of mechanical energy into heat can be very substantial. This 
dynamic-thermal energy is considered by some geologists to cause the petrogenesis 
of the metamorphic rocks associated with peridotites (Woodcock & Robertson, 
1977). In order to be efficient, this thermal energy must be stored in suitable 
petrological-structural places, that is, in the nucleus of arch-domed sedimentary 
rocks formed by marls covered by thick, Jurassic carbonates. In such places, due to 
their low conductivity-diffusivity properties, the marls act as thermal accumulators. 
This can produce high temperatures if continuous thermal energy is released from 
the dynamic, granitic basement. So, in this manner, together with moderate to high 
pressures moderate to high temperatures can also be achieved in relatively shallow 
levels of the crust. 

Many of the carbonate rocks, associated to peridotites are rich in Mg. From a 
spatial study, a chemical variation in the Mg-contents of the carbonate rocks is 
evident. They are richer in Mg in the arch-domed structures associated with 
ultramafic rocks than in neighbouring zones. The first question is: can limestones 
suffer dolomitization under the influence of high-Mg igneous rocks? This could be 
a possibility, but within my petrogenetic model in the origin of peridotites, 
dolomites can be interpreted as limestones that suffered dolomitization prior to the 
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formation of peridotites, but previously in time. In the formation of these carbonate 
rocks and in dolomitization and chloritization processes, which are necessary for 
the formation of Mg-bearing igneous rocks (e.g. peridotites), endogenous thermal 
sources are fundamental. In general the suitable factors in the origin of dolomites 
are: 

− High temperatures, as they favour ionic mobility facilitating the 
dehydratation of Mg ions. 

− High pressure favours the formation of dolomite, since this mineral 
requires a greater density and pressure for crystallization than calcite. High 
pressure conditions can be produced by CO2 or other fluids. 

−  High Mg/Ca ratios, of course, favour the formation of dolomite. 
−  Salinity, though a rather controversial subject, there is general agreement 

that high salinity favours the formation of dolomite. 
− The presence of sulphate ions, though also controversial, they appear to 

favour the formation of dolomite because sulphates extract Ca from water. 
−  Bacterian activity, by the presence of humic acids, that favour the 

formation of dolomite. 
− Time, facilitates dolomitization. 

The most appropiate mechanism for the origin of dolomites associated with mafic-
ultramafic rocks is dolomitization produced by thermal convection (F type, Budd, 
1997). In this thermal convection, or “Kohout convection”, dolomitization is 
produced by the influx of cold oceanic waters (oversaturated in Mg) in the 
carbonate-stratigraphic sequence. Such aqueous movement is produced by thermal 
convection induced by the presence of an active igneous basement (Kohout, 1967). 
Due to the fact that sulphates are abundant in the stratigraphic, carbonate Triassic-
Jurasic sequences, another possible mechanism of dolomitization is the reduction 
of sulphates either by organic, microbial (Arvidson & McKenzie, 1999) or 
inorganic causes. The latter could be related to silica-alkaline fluids released from 
the basement at high temperatures. Dolomitization is a single reaction as: 

 2CaCO3 + Mg2+ →  CaMg(CO3)2 + Ca2+ 

If sulphates are present in the sedimentary sequence the sea water will increase in 
CO3

2-, then dolomitization can result from: 

 CaCO3 + Mg2+ + CO3
2- →  CaMg(CO3)2 

A possible source of Mg for dolomitization could be related to the release of Mg 
from previous Mg-minerals in the basement affected by dynamic (e.g. 
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mylonitization-friction) processes. Therefore, in an acid environment biotites can 
convert into chlorites by the following reaction: 

2KMg3AlSi3O10(OH)2 + 4H+ →  Mg5Al2Si3O10(OH)8 + 3SiO2 + 2K+ + Mg2+ 

Together with the dolomitization of limestones, the associated argillaceous 
materials can suffer chloritization processes. The chloritization of illitic-kaolinitic 
minerals, within one, general, metasomatic thermal convection process, appears to 
be favoured by the presence of an acid-silica environment (Eugster, 1985). 

Al2Si2O5(OH)4 + H4SiO4 + 5Mg2+ + 5H2O →  Mg5Al2Si3O10(OH)8 + 10H+ 

This acid environment is easily created by silica released from the granite-gneissic 
basement at shear friction zones, which is always present beneath ultramafic 
igneous rocks. This could explain the greater thickness of dolomites and marly-
dolomitic rocks in many stratigraphic sequences in earlier, geological periods 
associated with thermal anomalies related to the presence of granitic basements, as 
occurred during the Triassic-Jurassic. The scarcity of dolomite rocks in modern 
marine sedimentary environments compared its relative abundance in old times, in 
basis to this model, could be explained by dolomitization, which is mainly 
controlled by the thermal and chemical environment related to the presence of an 
active gneissic basement (Sánchez Cela, 1999a). These high Mg-sedimentary 
materials (dolomites and marly dolomites) in suitable structures (arches) are 
essential for the origin of mafic-ultramafic rocks in the crust, providing that an 
active, chemical-thermal granitic basement is always present beneath it. 

In Ronda-Beni Bousera, and, in general, in most Mafic-Ultramafic Alpine 
complexes, which are the most abundant, the formation of peridotites can be 
explained by the transformation of Lower Jurassic marly-dolomitic rocks by silica 
matter at moderate-high P-T conditions. These sedimentary rocks were previously 
dolomitized and chloritized, which can explain the high Mg contents of the 
ultramafic rocks, currently defined as being an upper mantle geochemical feature. 
A schematized transformation deduced from this petrogenetic model is as follows: 

Dolomite + Chlorite + SiO2 → Fo + Dp + En + Sp + CO2 + H2O  

which corresponds to a lherzolite. 

If the silica contribution is greater, a websterite with enstatite and augite can be 
formed: 

Dolomite + Chlorite + SiO2 →  En + Aug + CO2 + H2O 
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The formation of harzburgites, websterites or dunites depends mainly on the 
differential contribution of the dolomite and chlorite materials relevant to the sialic 
matter released from the gneissic basement, possibly with the participation of a 
vertical petrogenetic differentiation. The transformation, at moderate P-T 
conditions, of dolomitic rocks by silica can result in the formation of other 
ultramafic rocks. In basis to the differential participation of silica this, could be 
schematized in the following manner: 

    Fo + CaCO3 + CO2
↑  (dunite) 

Ca-Mg-Fe marly              Fo + En + CaCO3 + CO2
↑  (harburgite)  

sediments + SiO2 →         Fo + Dp+ En + CaCO3 + CO2
↑ (lherzolite) 

   En + Dp + CaCO3 + CO2
↑  (websterita) 

When, the argillaceous contribution is higher (e.g. marls), together with the above 
cited minerals, other new minerals can also be formed, for example augite and 
plagioclases with different amounts of anorthite. Therefore, gabbros with various 
proportions of orthopyroxene (norites), clinopyroxenes and olivines can be formed: 

Dolomite + Chlorite + Illite + SiO2 → En + Aug + Fo + Plag + H2O + CO2 

Which is a gabbro with orthopyroxene, clinopyroxene and olivine.  
Gabbros with orthopyroxene and clinopyroxene can be formed from: 

CaCO3 + Chlorite + Illite + SiO2 →  Plag + En + Dp + Fo 

Depending mainly on the differential, exogeneous and endogeneous (silica) 
contribution, various gabbroid rocks can be formed. 

Many ultramafic rocks, either in “Alpine Peridotites” or in “Ophiolite 
Complexes”, are formed by serpentinites. The geological-petrological data of these 
rocks appear to indicate two possible petrogenetic environments, a primary and a 
secondary. Primary serpentinites could be defined as those located at the border of 
the domes and arch structures, where the physical-chemical conditions are lower 
than at the cores of such structures. So, serpentinites could be interpreted as lower 
P-T ultramafics within the proposed petrogenetic model. Such rocks could be 
created by the transformation of dolomitic wall rocks by silica matter under a 
hydrous-rich environment: 

Dolomite + SiO2 +H2O →  Serpentine + CaCO3 +CO2 

In other cases when serpentinites are present at the cores of arches, they can be 
explained by the retrograde transformation of dunitic rocks: 

Forsterite + SiO2 +4H2O  →  Serpentine 
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Beneath ultramafic-mafic rocks in suitable outcrops, it is possible to observe a 
gradual transition of “igneous” to “metamorphic” rocks, through rocks of 
intermediate character. Therefore, many “dioritic” rocks are rather metamorphic 
due to their marked structuration, being rather of dioritoid and amphibolitic types. 
At greater depths, these dioritoids and amphibolites gradually converge with rocks 
that could be defined as basic gneisses and cord-sill-gneisses. All of these igneous 
to metamorphic facies were formed simultaneously with the ultramafic-mafic rocks 
and the marble-calcsilicate rocks of the cover. So, an igneous-metamorphic 
intermediate rock, a diorite-amphibolite, could be formed from: 

Chlorite + Illite + Dolomite + SiO2 → Plag + Horn + Bi + CO2 +H2O 

Depending on the differential contribution of sedimentary components, silica, 
and P-T conditions, various intermediate igneous to metamorphic facies can be 
formed, for example, from dioritoids to basic gneisses. 

An important rock often cited in geological literature that generally forms the 
basement of the ultramafic (or ophiolite) rocks is a basic-gneiss, generally 
polyphasic-blastomylonitic, formed by quartz, plagioclase, K-feldspar, biotite, 
cordierite and sillimanite, and in some cases with almandine. These gneisses 
gradually transit, both vertically and horizontally, into other gneisses and schists, 
generally classified within a regional metamorphic environment, in many cases 
within a regional-arc-structuration. A schematized reaction in the origin of a cord-
sill basic gneiss could be: 

Illite + Chlorite + Dolomite + SiO2 →Cord + Sill + K-Feld + Plag + Biot + 
Quartz + H2O 

The “regional” gneisses, that form the basement of the igneous to metamorphic 
association, correspond to the typical gneisses with quartz, K-feldspar, plagioclase, 
biotite, and with muscovite, garnet, and subordinate-accesory minerals. In the 
origin of these basal gneissic rocks, the contribution of sedimentary materials was 
practically absent. Due to their gradual, lateral convergence with granitic rocks, 
these gneisses must be defined as orthogneisses, formed at the same time as the 
domed granitic masses. The structural-textural differentiation was a consequence of 
the existence of a more compressional environment at the border of the domes 
during the “emplacement” (growth) of the granitic masses. 

4.3 NEW ORIGIN OF THOLEIITIC BASALTS: BASIS FOR A NEW M ODEL 

Although this petrogenetic model applies mainly to tholeiitic basalts it can also 
be applied to the less abundant alkali basalts, which in many cases were effused 
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through the same volcano as has occurred in the Hawaii and Galápagos islands. My 
belief is that the origin of the alkali basalts must have been produced by differential 
physical-chemical conditions that took place during the evolution of the Baking 
Place episode where different wall-rocks and pressures were significant. This 
would be proved by experimental studies but, starting from the petrogenetic model 
proposed for the tholeiitic basalts. 

As we have been claiming for over 20 years, the tholeiitic basalts can be easily 
explained as formed in the crust in suitable geological conditions. So, for the 
formation tholeiitic of basalts in the crust the following conditions are necessary: 

− The main requirement is the existence of an active sialic basement related 
to the growth of the granitic crust in depth and where thermal and chemical 
processes take place in fault-frictional zones. 

− The presence of suitable sedimentary materials (carbonate-marly-
evaporites) covering this active basement. 

− The existence of dolomitization-chloritization processes together with the 
evolution of Ca (increase 40Ca) throughout geological time suffered by these 
sedimentary materials processes, (e.g. Formation of low to high Mg-basalts). 

− The geochemical balance between exogenous (sediments) and 
endogenous (silica, alkalis) components (e.g. formation of quartz-tholeiites to 
basanites). 

− The need for the formation of suitable structures, domes, grabens, rifts 
and hybrid structures, covered by thick carbonate rocks. 

− The creation of pre-magmatic episodes defined as Baking Places where 
important petrological processes take place between the sedimentary rocks and 
the silica-alkaline elements released from the active granitic basements. 

− The creation of high P-T conditions in the Baking Place. High pressures 
caused by the accumulation of fluids, and high temperatures released from the 
granitic-frictional basement. 

− Partial melting processes in the Baking Place produced by decompression 
due to a rapid escape of fluids, securely related to the fracturation of the 
impermeable carbonate cover. 

The origin and growth of the sialic crust (granite-gneissic rocks) from the upper 
mantle is fundamental for understanding and relating geological phenomena. This 
geological phenomenon within the current upper mantle models can easily be 
understood if one considers a more sialic upper mantle, but in order to fit physical-
geophysical data such sialic matter must be arranged in denser structures than the 
crustal ones. 
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4.3.1 Presence of Carbonate-Marly-Evaporites on Active Sialic 
Basements 

From many geological-geophysical studies (mainly from those related to oil-
exploration) geologists today know that many oceanic zones present thick 
carbonate sequences associated with other related materials, e.g. marly-evaporites. 
Many of these thick (e.g. Permian to Tertiary) carbonate and related sedimentary 
sequences correspond to anomalous oceanic crusts; that is, they are thicker than the 
normal ones. In many cases the presence of various igneous rocks, usually basaltic, 
are associated with such anomalous crusts. 

Geological and geophysical data determine that beneath many volcanic islands 
abundant carbonate-evaporite sediments can be found which are associated with 
other, older volcanic episodes and lying on anomalous crusts that by geophysical 
data could be identified as “sialic”. Therefore, it is not difficult to deduce that 
beneath the Tertiary to recent volcanics of Iceland there are Mesozoic carbonate-
marly-evaporitic materials, either mixed or interstratified with volcanics (e.g. 
basalts). Alternatively, geophysical and geological considerations appear to 
indicate the presence of a sialic crust beneath Iceland very similar to that existing 
in Faroe and Rockall. In these zones and many others of the Atlantic ocean, there 
are abundant, thick, Mesozoic carbonate rocks lying on granite-gneissic basements 
(e.g. Dam & Surlyk, 1995). A similar geological environment appears to occur in 
Hawaii where the crust is somewhat thinner than in Iceland and where it is more 
difficult to support the presence of a sialic basement and carbonate rocks beneath 
the volcanics. 

As mentioned earlier the oldest rocks on Earth correspond to gneisses-granites. 
Meanwhile, the carbonate and associated sedimentary rocks, though less abundant, 
are always older than the associated mafic-ultramafic rocks. So, the earliest 
carbonate rocks date about 3600 Myr old. These rocks are present in the 
Proterozoic and they are abundant in Cambrian times (Ronov et al., 1980); being 
relatively common in the Cambrian, Upper Devonian-Lower Carboniferous, Lower 
Permian, and Upper Triassic-Middle Palaeocene. The evident increase in the 
carbonate sedimentation throughout geological time appears to be related to Pco2-
atmosphere conditions. In Archean times the high Pco2 in the atmosphere would 
produce a greater solution of CO2 in seawater. This causes a decrease in its pH and 
therefore a greater dissolution of Ca2+ in the seas. The presence of carbonates and 
marly-evaporite sediments in oceans, controlled by endogenous and exogenous 
factors, has already been considered in previous works (Sánchez Cela 1999 a, b). 

143



In the origin and evolution of carbonate rocks three important questions are not 
yet entirely solved: 

1.- Are the favourable, environmental thermal conditions created by 
external, internal or by both causes? 

2.- Why are the oldest rocks (carbonate and igneous) richer in Mg/Ca ratios 
than the younger ones? 

3.- Is the Mg/Ca ratio created by exogenous, endogenous or caused by both? 
Geologists and geochemists know that sea-water contains all the chemical elements 
necessary to produce the various carbonate-evaporitic materials which are 
exceptionally frequent in the geological record and generally formed in episodic or 
cyclic sequences. There is also a general agreement that physical, chemical and 
biogenic factors are all essential for prolific, marine carbonate-evaporitic 
sedimentation. With various works and personal deductions on the presence of 
carbonate-evaporites associated with basalts, it can be shown that the thicker, 
carbonate sedimentary sequences are related to marine environments where 
suitable and diverse, geological, chemical and thermal conditions are present, all of 
them being related to one main phenomenon: sialic thickening. For the formation 
of thick, carbonate sediments in the ocean two principal factors are necessary: 

1.-That the depth of the seas be above CCD. 
2.-That together with swelling-sialic thickening phenomena, higher, 

anomalous thermal flows will be present. 
These two conditions were the main cause of carbonate sedimentation during the 
Archean, but in post-Archean times biogenic control was more important in 
carbonate sedimentation. 

The thermal anomalies of swellings or light, domed oceanic structures can be 
explained as the production of exothermal processes related to the physical 
transformation of the denser upper mantle matter into a lighter sialic one (see ch. 3 
& 4). These thermal anomalies in oceanic areas are the main cause for life and 
precipitation of carbonate and other chemical rocks. This could explain the 
presence of thick carbonate sequences and the existence of various organisms in 
oceanic environments which are unsuitable for both a great carbonate 
sedimentation and life (e.g. near Antarctic ocean). In this sense, the coral reefs, 
which are plentiful from the northern to eastern coasts of the Australian continent 
and in the Laccadives-Maldives islands, could be controlled by favourable thermal-
chemical conditions attributed to sialic thickening in those zones. These mainly 
coelenterate corals that have existed since the Precambrian could be an important 
factor, together with chemical precipitation, in the formation of thick carbonate 
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sequences in many oceans. Corals and other carbonate organisms constitute the 
external fronts of growth of marine carbonates in such zones. So, the exothermal-
domed-endogenic processes control both the presence of abundant life and the 
chemical precipitation of carbonates. All geologists are aware that coelenterates 
extract CaCO3 from sea water, which is an efficient mechanism to later produce (at 
the end of their lives) an abundant carbonate sedimentation above CCD. 

The variations in carbonate contents of sediments in the oceans appear to be 
related to the presence of topographic highs. In the Atlantic Ocean, for instance, the 
greater CaCO3 percentages lie on the ridges and plateaux. As these zones are 
associated with thermal anomalies and many are of volcanic origin, some 
relationship must exist between the formation of carbonates and endogenous 
processes. In this way, as the said zones present moderate-high thermal flows, such 
circumstances must favour suitable environments for the phyto and zooplankton 
activity. Geologists know that numerous carbonate pelagic plants and 
microorganisms (e.g. foraminifera) are present in many oceans at shallow levels. 
Much of this biogenic carbonate matter is later accumulated in zones affected by 
high thermal flows, that is, on oceanic “highs” (ridges and plateaux). Since oceans 
are open systems, a great carbonate sedimentation on such oceanic highs can take 
place. This can result in the formation of thick sediments with greater carbonate 
percentages in such zones in proportion to the bordering ones within one same 
stratigraphic sequence. These carbonate rocks, generally limestones or Mg-
limestones, are associated to marls in gradual sequences that in many cases can 
converge with argillaceous-fine sandy materials. All this stratigraphic sequence 
(fine detrital to carbonate) can be affected by later diagenetic Mg-metasomatic 
processes with the formation, among other minerals, of dolomite and chlorite that 
seemingly go towards controlling the formation of high Mg-igneous rocks (e.g. 
peridotites). 

Similar physical-chemical conditions in marine environments are necessary for 
the formation of evaporites, although in many cases external thermal conditions 
can be more important than the internal ones in sedimentation control. So, together 
with anomalous endogenous thermal flows, the arid (climate) environments and 
shallower marine waters appear to be the most favourable conditions for the 
formation of evaporites. Good examples of carbonate-evaporitic sedimentation are 
found in zones defined as ridges and rifts that are associated with abundant 
geotectonic, magmatic, geophysical and thermal phenomena. In nearly all of these 
zones the existence is evident of thick evaporites (and carbonate rocks), as happens 
in the Red Sea-Ethiopia. For petrogenetic implications it must be mentioned that 
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the abundant presence of evaporites and carbonate rocks are associated with 
Permian and mainly Triassic-Jurassic sedimentary materials. Such special litho-
stratigraphic levels are very often associated to the presence of abundant, mafic-
ultramafic igneous rocks. 

From the study of the geological environments of numerous sedimentary 
sequences and their relationship with the origin of many igneous rocks considered 
to be from the upper mantle, it can be deduced that both the carbonate and the 
evaporitic marine sedimentation are mainly controlled by internal thermal causes, 
where the anomalous thermal regimes prior to igneous processes have favourable 
conditions for such sedimentation. On the contrary, igneous processes increase the 
contents of CO2 in the atmosphere and hydrosphere which can produce a high 
acidification of the marine waters and therefore impede the carbonate-evaporite 
precipitation. The presence of marly-evaporites, safeguarded by thick carbonate 
rocks, is essential for these and other reasons (Sánchez Cela, 1996, 1999 a, b): 

− These materials are already suitable to be transformed during the 
diagenetic stages. In the presence of sialic matter at various P-T conditions, 
these materials can produce various feldspars and some ferromagnesian 
minerals. Chloritic and carbonate minerals can produce diverse ferromagnesian 
minerals with the participation of silica in moderate to high P-T conditions. 

− Evaporites and water are the main activators of petrogenetic processes, 
decreasing the temperature and accelerating the time of reactions. 

− The presence of evaporites is necessary in order to buffer the acidic 
environment of some petrogenetic environments. So, H+ released from many 
reactions can be buffered by: 

•       SO4
2- + H+ → HSO4

-   ,   or    CO3
2- + H+ → HCO3

- 

− The presence of evaporites and water are vital for the necessary increase 
of total pressure in the formation of Baking Places because at high pressures the 
fluids facilitate the formation of suitable domatic structures, and also because 
the partial melting of doughy-silicated masses created during the first 
petrogenetic processes can take place, when the impermeable-carbonate cover is 
broken. The rapid escape of fluids (if high T was previously created), can 
produce partial melting and eruption. 

− The frequent presence of marly evaporites in stratigraphic sequences is 
also important due to their rheological differential behaviors in relation to 
associated carbonate rocks. The ductile behavior of the evaporites absorbs the 
mechanical effect produced by the increase in volume and pressure associated 
with these materials during the petrogenetic processes within the Baking Place 
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episode. This prevents the less ductile carbonate cover from being broken and 
the petrogenetic processes can then continue. 

The presence of a thick carbonate cover is very important because it acts as: 
− A protective cover for the softer, underlying sedimentary materials (e.g. 

marls, marly-evaporites). 
− An impermeable barrier to the mobility of the matter and also fluids, from 

micro to macro scales, mainly when the carbonate covers are forming domes 
and arch structures. 

The efficiency of many petrogenetic processes depends on the stability and 
permanence of this carbonate cover over a long period and whether these materials 
are converted into other more impermeable ones. Geologists-petrologists know that 
marbles and calcsilicate rocks are even more impermeable to the mobility of 
matter. This is especially important because the possible petrogenetic processes in 
depth can be more active. This impermeable cover can have a great influence in the 
formation of inverted, igneous to metamorphic sequences that are present in many 
ultramafic complexes. 

4.3.2 Release of Thermal and Chemical Sources from the Active Sialic 
Basements 

All the outcrops of basaltic rocks around the world lie on sialic basements of 
various thicknesses affected by highly dynamic processes produced in the presence 
of shear-friction zones with abundant and diverse mylonitic rocks. The existence of 
dynamic-sialic basements beneath basalts can easily be verified by regional studies 
in almost all of the continental zones. Therefore, in all continental zones basalts 
always lie on sialic basements affected by diverse shear-frictional-mylonitization 
processes (e.g. Paraná, Deccan, Karoo, etc.). In many oceanic zones such an 
association is more difficult to prove due mainly to the lack of direct observation. 
There are important indirect studies which could show that very similar structural-
petrological environments exist in both the continental and the oceanic zones. It 
must be remembered that: 

− Basaltic rocks beneath the oceans are always associated with anomalous 
oceanic crusts (e.g. 10-20 km thick) 

− The geophysical data in such anomalous oceanic crusts appear to 
indicate, in many cases, the presence of Vp seismic values of “sialic-continental” 
type (e.g. Vp 6-6.7 km/s) 

− The structural data indicate the presence of lineal-rifted structures in a 
large amount of these anomalous oceanic crusts. 
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A good example of an anomalous oceanic crust is Iceland. The crust here is 
practically continental (20-35 km thick) where rift structures are present. These 
central rifts of Iceland could correspond to superficial manifestations of deeper rift-
graben-block structures consisting of granite and gneissic rocks. These deduced, 
vertical granitic blocks beneath central Iceland could correspond to the younger 
sialic crusts in the Atlantic Ocean. The “sialic” basement in Iceland is formed by 
several, compressional granitic blocks that during uplifting (sialic thickening at 
depth) are the main sources of thermal energy (frictional heating) and of the release 
of sialic matter at frictional zones (Sánchez Cela, 1999 b). 

The factors which are considered to be important to shear or frictional heating 
are quite diverse. From various sources (e.g. Fleitout & Froidevaux, 1980; England 
& Thompson, 1986), the following summarizes: tectonic stress, types of faults, 
velocity of displacement, thermal and mechanic properties of the faulted rocks, etc. 
Among these, the presence of wall rocks with appropiate mechanical and thermal 
properties, and high lateral compressional stresses during faulting displacements 
are the most favourable conditions for heat production. There are several works 
from theoretical to experimental types related to the heat generated in shear-friction 
zones (e.g. Nicolas et al., 1977; Lockner & Okubo, 1983; Spray, 1988). According 
to Nicolas et al. (1977) frictional heating, produced mainly by the vertical 
movement of granite-gneissic blocks under high compression, can create high 
temperatures at the top of these sialic rocks, where the final temperature can be 
calculated from: 

T T
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where TF  = final temperature after t; k = thermal diffusivity ; K = thermal 
conductivity; P = the “power” dissipated; t = time; i2erfc is an integral of the 
complement of the error function. P = σ ε& , where &ε  = the rate of plastic 
deformation; σ  = stress, and l is the half width of the shear zone (Carslaw & 
Jaeger, 1959). According to Nicolas et al. (1977) in granitic-gneissic rocks strain 
rate and power are the main factors that govern frictional heating, mainly viscous 
heating. The heat is transported in two ways: by conduction towards the sides of 
the frictional zones and by fluid infiltration vertically making use of the secondary 
permeability produced during the vertical frictional processes. 

The greatest part of these sialic-frictional zones is formed by mylonitic rocks of 
granitic nature, outcropping in many continental zones associated with abundant 
basalts (Deccan, Paraná, etc.) In some oceanic zones the presence of these rocks 
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appears to be evident beneath basalts, mainly in the rift zones, for example in 
Iceland. The study of these granitic-mylonitic rocks in many continental zones 
shows a greater or lesser loss of silica-alkaline elements. In comparison to granitic 
wall rocks, these mylonites show, among others, the following petrological 
features: 

− They contain 8-20% less quartz in proportion to the wall-granitic rocks. 
− The feldspars are also in lesser amounts (2-7%) having been altered 

almost entirely into argillaceous-micaceous minerals (muscovite-sericite). 
− The biotites are partially or totally altered into chlorites. 

If from structural and petrological studies, it is determined that such mylonites are 
produced by mechanical processes under high shear compression on granitic 
materials, interesting chemical deductions can be made regarding the chemical 
matter released at shear-friction zones. It is evident that the petrological studies on 
mylonites indicate a great transference of silica with minor amounts of alkalis. But 
the question is: how much silica and alkalis were released? In such quartz-feldspar 
polyphasic mylonitic rocks, it is extremely difficult to indicate the true volume-loss 
of such mobile elements during only one mylonitization process. During frictional 
mylonitization a geochemical balance between mylonites and the wall rocks, 
granites, appears to exist in relation to the volume-loss of silica and alkalis. Such 
volume-loss can be deduced from those less mobile elements as forming minerals 
in the mylonites (TiO2, Zn, Zr, Y, P2O5). Such immobile elements are associated 
with minerals like ilmenite, zircon, apatite and other accessory minerals. 
Petrographic studies show an evident enrichment in these accessory minerals in the 
mylonitic rocks in relation to the wall-granitic rocks. This enrichment can be 
estimated to be 20 to 60% higher. This increase in the immobile elements must 
mean a concomitant loss of mobile elements like silica and alkalis that can 
therefore result in volume-losses of similar percentages. Various volume losses 
were deduced from petrological studies of mylonitic rocks using immobile 
elements (Gresens, 1967; Hanson, 1980; Gratier, 1983; Grant, 1986). O'Hara 
(1988) in basis to TiO2 data considers volume losses in mylonitic rocks, in relation 
to the gneissic wall rocks, greater than 60%. Even considering minimum volume 
losses (e.g. 20%) means an enormous volume of transference of silica and alkalis 
from many mylonitic zones, especially when considering mylonites of great width 
(Gratier, 1983). 

Petrological studies show that the argillaceous-micaceous minerals, usually 
defined as “sericite-muscovites”, correspond to secondary minerals produced by 
the alteration of feldspar under frictional-hydrothermal environments. A similar 
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conclusion can be reached from the relationship between biotite and chlorites. 
These latter minerals are clearly secondary and produced in a similar geological 
environment by the transformation of previous biotites (Sánchez Cela 1999 a, b). 
These dynamic retrograde processes are the main cause of the release of silica and 
alkalis from the previous granitic rocks during its transformation into mylonites. A 
retrograde transformation of K-feldspar could be the following: 

      3KAlSi3KO8 + 2H+  →  KAl 3Si3O10(OH)2 + 6SiO2 + 2K+ 
           K-feld                    muscovite 

Biotite suffers a similar retrograde transformation releasing mainly silica, 
potassium and magnesium: 

2KMg3AlSi3O10(OH)2 + 4H+  →  Mg5Al 2Si3O10(OH)8 + 3SiO2 + 2K+ + Mg2+ 
              biotite           chlorite 

An excellent example of the granite-mylonitic chemical balance is the Blue Ridge 
Mountains (North Carolina, USA), where many granite-gneissic rocks were 
converted into phyllitic mylonites in dynamic-frictional zones (O'Hara 1988, 1990, 
1992). The wall rock is a granite-gneissic formed by quartz, K-feldspar, plagioclase 
and biotite. In the mylonite zone the author differenciates the following facies: 
brecciated granite gneisses, protomylonites-mylonites, p.d-phyllonites, 
ultramylonites, and pseudo-tachylites. The granitic rocks are poorer in quartz, the 
feldspars are partially altered into micas, the biotite into chlorite, and the accesory 
ilmenite is partially altered into leucoxene. According to O'Hara (op. cit.), the 
granitic rocks can suffer a loss in SiO2 of up to 60%, with a minor loss of K2O, 
Na2O, and other minor oxides. On the contrary, the mylonitic rocks are enriched in 
TiO2, P2O5, Zr, Y, V, La, Ce (O'Hara, 1988). According to this author the proposed 
reactions are: 

      2 albite + K-feld + 2H+  →  muscov + 6SiO2 + 2Na+ 

      3 K-feld + 2H+  →  muscov + 6SiO2 + 2K+ 

      Na2CaAl6Si4O40 + 1.5KAlSi3O8 + 0.5H20 + 0.5K+ + 3.5H+  → 
  →  0.5Ca2Al 3Si3O12(OH) + 2KAl3Si3O10(OH)2 + 11SiO2 + 4Na+ 

                           epidote            muscovite 

O'Hara (op. cit.) and others using Gresen's composition-volume relationships 
revealed large losses of SiO2 , lower losses of K2O, Na2O, CaO and Al2O3, and 
negligible changes in MgO, Fe2O3 and TiO2. So, from the granite-gneissic wall 
rock to mylonites a total rock volume loss of about 60% is deduced, although in 
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other cases, the total volume losses are no more than 20% of the initial rock 
volume (e.g. Gratier, 1983). 

The silica-alkaline elements released from frictional-mylonitic rocks are mainly 
mobilized in a vertical sense, depending on the existence of several favorable 
factors (e.g. McCaig et al., 1990): 

− Creation of high chemical potentials. 
− Presence of an active fluid phase. 
− Moderate-high P-T conditions. 
− Favourable structures for transport. 
− Suitable distance and time for transport. 

High chemical potentials are easily created in the crust during sialic thickening and 
fracturing under high compression. The geological-petrological data indicate that 
silica is the most mobile chemical component, with minor amounts of alkalis 
(Anderson & Burnham, 1965). Such mobilization of mainly SiO2 in 
pseudotachylites associated with mylonites was cited, among others, by O'Hara 
(1992) in a brittle fault. Silica is easily transported at high temperatures under high 
pH conditions. Such alkaline environments could have been produced by 
petrological retrograde processes that took place on the sialic basement under 
compressional dynamic environments. This produces a loss in H+ and therefore an 
increase in the alkaline character of the fluids where the matter, in this case silica 
and alkalis, is transported. Favourably high pH conditions can also be created by 
the influence of salty rocks infiltrated at depth through fractures or by H+ released 
in some prograde reactions in deeper levels. The importance of fluids in the 
transportation of mobile elements is widely documented by various geologists-
geochemists, mainly in regional-metamorphic environments (e.g. Etheridge et al., 
1983, 1984; Engelder, 1984; Sinha et al., 1986; Goddar & Evans, 1995, etc.). The 
transport of mobile elements (e.g. SiO2) by fluids is more effective if NaCl 
solutions are present (Barnes, 1979; Cathelineau, 1986) because the hydrothermal 
chloride solution facilitates the solution of quartz and therefore its transport. 

4.4 NEW MEANING OF THE MAGMATIC CHAMBERS 

4.4.1 The Baking Place Episode 

Even accepting an ultramafic composition for the upper mantle, there are still 
considerable questions which are difficult to answer and which are often poorly 
explained, for example: 

− How can the solid upper mantle melt? 
− How can these partial melts move over long distances? 
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− Why do geophysical data fail to detect the blank or hollow zones in the 
upper mantle where the basalts are extracted? 

− How and why can huge basaltic magmas be stored in the upper crust in 
reservoirs or magmatic chambers? 

− Why are magmatic chambers placed in the upper crust between materials 
with very different petrological and structural characteristics (e.g. 3 to 7 km 
depth)? 

− Why are all magmatic chambers associated in depth with the presence of 
continental or anomalous domal oceanic crusts affected by three-arms, lineal-
arc dynamic zones? 

With the composition of the upper mantle, the energetic mechanism needed to 
produce the partial melting of the solid upper mantle materials is also an important 
unresolved question: How can mechanisms so diverse as hot spots and subduction 
be suggested as sources of energy in the partial melting of the upper mantle? 

In a new understanding of the magmatic chambers, or reservoirs, two 
fundamental events hold great importance: the study of the Spanish ophitic 
(doleritic) rocks and geological data on Vesuvius, Etna and other volcanoes. The 
ophitic rocks are basic (basaltic) igneous rocks that generally form rounded sub-
plutonic masses, without the roots associated with marly-evaporite Triassic 
materials covered by thick carbonate rocks (Triassic-Jurassic). In some cases these 
masses show features of partial melting expressed by the presence of some pillow 
structures and short intrusive dikes. Curiously, a similar structural-petrogenetic 
environment exists between these Spanish ophitic bodies and the Etna magmatic 
chamber. This similarity, along with other considerations on the geological 
environments of the volcanic phenomena, resulted in defining the relatively small, 
rounded, ophitic bodies as “aborted magmatic chambers” (Sánchez Cela, 1984, 
1996). Partial melting, in the proposed petrogenetic process for the ophitic rocks 
did not take place, because, during the formation of these basic rocks, the fluids 
released from the petrogenetic reactions between the marly-evaporitic materials 
and the sialic matter were not sufficiently accumulated beneath the domed 
carbonate cover. This means that high fluid pressures in such places were not 
reached and therefore rapid decompression could not take place to produce the 
partial melting of the ophitic masses. Surely, tectonic instability during the creation 
of the Alpine ophitic rocks could be an important factor in the releasing of fluids 
by failure of the carbonate cover. On the contrary, in a magmatic chamber such as 
that of Etna, the formation and storage of high physical conditions was necessary 
for the volcanic phenomenon. 
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Many magmatic chambers, or reservoirs, appear to be associated with marly 
materials of Triassic to Lower Jurassic sequences (Paraná, Deccan, Karoo, Etna-
Vesuvius, etc.). The magmatic chambers of many oceanic volcanic islands (Azores, 
Canary, Iceland, and even Hawaii) could also be associated to similar carbonate-
marly-evaporite materials. Although the interpretations put forth here are very 
different from current theories of the volcanic phenomenon mainly in relation to 
chemical and thermal upper mantle sources, many basic physical-chemical 
processes that take place in the magmatic chambers, in connection to the evolution 
of the magmas, eruption types, reservoirs, sismicity, etc., can be explained within 
current theories (e.g. Tilling & Dvorak, 1993). 

A number of questions concerning the meaning of magmatic chambers in the 
origin of basaltic rocks can easily be answered within a new global understanding 
of the origin and evolution of geological processes. As previously mentioned, the 
main mechanism that governs geological processes is sialic thickening, but 
understood here within a new physical-chemical upper mantle. Together with 
several episodes of sialic thickening, the following processes take place: 

− Great sedimentation of carbonate and related sediments. 
− A differential growth of the crust that produces differential upliftings and 

approximate vertical fracturation. 
− Under compressional environments these fractures can be important 

sources for the release of chemical matter at moderate-high temperatures 
(mylonitization-frictional processes). 

− Under certain favourable conditions the endogeneous (sialic) matter can 
be stored in suitable places. These “BAKING PLACES” are always located 
around the marly-evaporite materials and beneath thick carbonate covers. 

− In the Baking Places, the active, endogeneous sialic matter reacts with the 
marly-evaporite materials to produce various mineral-paragenesis which, 
depending on P-T conditions and geochemical balance, can range from under to 
oversaturated.  

− The great input of new sialic matter in the Baking Places produces an 
evident increase in volume that results in the formation of the typical structures 
of the magmatic chambers, with a doming and uplifting of the associated 
terrains. At this point the question springs to mind: How do magmatic chambers 
grow? (e.g. Francis et al., 1993). This is a minor question compared to: How 
does the sialic crust grow? 

− During these petrological-structural episodes, plutonic rocks (e.g. 
gabbros) or basaltic magmas can be produced, depending on the evolution of 
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the petro-structural processes. In the volcanic petrogenetic environment it is 
necessary firstly that, with the stability of domed structures, high P-T conditions 
can be reached in the Baking Places, and secondly that a rapid decompression 
takes place, therefore giving rise to partial melting and eruption. 
In a new understanding of the formation of magmatic chambers occurring in the 

upper crust, the question of the temperature of magmas entering such places is 
replaced by the knowledge of the heat released from frictional zones and by the 
temperatures that can be reached by the thermal storage in suitable structural-
compositional levels, generally formed by refractory sedimentary materials. In this 
proposed model, high temperatures can therefore be reached in the upper crusts if 
efficient mechanisms of heat production, rapid transport, and thermal accumulation 
are present. The basic thermal mechanism is the transformation of mechanical 
energy into thermal energy mainly on the most rheologically favourable rocks, the 
granites and related rocks. The rapid transport of thermal-frictional energy and also 
of chemical matter is facilitated by shearing and the presence of fluids. The 
conductivity of the wall basement materials is of little importance in proportion to 
the rapid transport at frictional zones. The presence of suitable stratigraphic 
sequences, with sedimentary materials of marked thermal differences, and also the 
formation of domed structures are both essential for the formation of high 
temperatures in the upper crust. 

4.4.2 Formation of High P-T Conditions in the Baking Place 

As cited (Sánchez Cela, 1999 a, b) moderate-high pressures can be achieved in 
the Baking Place of the upper crust by: 

− The release of sialic matter under high stresses from dynamic-sialic-
basements. 

− The release of abundant fluids during this dynamic episode and mainly 
from the marly-evaporite sedimentary materials during the first petrogenetic 
processes. 

− The formation and permanence of thick domed-sedimentary structures 
covering these dynamic, chemical and thermal sources. 

− The storage of these new, high physical-chemical conditions and their 
petrogenetic products for a substantial period of time. 

The forced injection of sialic matter released from frictional zones into the 
sediments not only produces moderate-high stress conditions but also moderate-
high temperatures, created in great part by shear-friction processes. In some cases 
inverted P-T conditions are produced, because equilibrium in the physical 
conditions during the petrogenetic processes was not reached. Local higher P-T 
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conditions can therefore be created at the top of such a sequence because of the 
differential physical-chemical behaviors of the sedimentary sequences (e.g. 
different thermal diffusivities and conductivities, etc.). So, an increase in 
temperature can be produced in the most refractory materials of the stratigraphic 
column, as in the pelitic-marly materials covered by thick, carbonate sediments. In 
the origin of such inverted P-T gradients in the igneous sequence, the formation of 
a first generation of “impermeable” igneous rocks at the top of the Baking Place 
appears to be significant since these rocks impede the chemical and thermal 
“movement” from below. It is estimated here that this can produce higher P-T 
conditions at such levels and, therefore, inverted P-T gradients in the petrogenetic 
sequence. 

The creation of high pressures in shallow crustal levels depends mainly on the 
formation and preservation of high fluid pressure conditions. This, in turn, requires 
that high volume ratios exist between the domed structure and the local, punctual, 
high pressure areas within them. According to Steinberg et al. (1989a, b), Shlygin 
(1992) and other authors (e.g. Wilson, 1980; Gudmundsson, 1986), the total 
pressure (PT), due mainly to fluids, that can be reached in suitable crustal zones 
depends on the lithostatic pressure (PL), and on the ratio between the total 
mechanical resistence (F) and the area of the fluids (S). 

                                   PTmax = PL + (F / S) 

Moderate to high fluid pressure conditions in igneous systems have been 
illustrated by a number of geologists (e.g. Handin, 1966; Bandintzeff, 1983, etc.). 
The geobarometric data of magmatic chambers indicate fluid pressures of 2 to 4.7 
Kb (Fudali & Melson, 1972; Nairn & Self, 1978). The influence of high, fluid 
pressure conditions in the dynamics of the igneous manifestations (intrusive to 
extrusive) has been well known for many years. Current petrogenetic models on 
the physical-chemical conditions of basalts in magmatic chambers or reservoirs 
consider that magmas and a great part of their fluid components are from an upper 
mantle provenance. 

The importance of fluids in the creation of high pressures in the magmatic 
chambers is, in many cases, difficult to determine due to the lack of fluids 
occurring in solution in the magmatic mass. So, in a basaltic melt, soluble H2O can 
be scarce; with CO2 and SO3 being even less soluble. On the contrary, abundant 
fluids can be present in the first petrogenetic stage, the Baking Place, where the 
“igneous” minerals, soaked by an abundant fluid phase, are forming and growing at 
moderate to high P-T conditions. Although there are abundant fluids associated to 
these previous, “doughy” igneous rocks, the greater part of them are concentrated 
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at the top of the Baking Places (magmatic chambers), where, if the sedimentary 
cover is stable, these fluids can create high pressures, at the core of the domatic 
structures, that greatly exceed the lithostatic pressure. 

Although the influence of fluids in basaltic eruptions is generally considered to 
be less important due to the fact that such magmas are usually undersaturated with 
fluids, this is not the case with a new understanding of the “magmatic 
phenomenon”. The first petrogenetic processes in the Baking Place take place in 
solid state with the transformation of marly-evaporite materials by sialic matter at 
high temperatures and moderate to high pressures. In this first stage the activity of 
fluids such as H2O, CO2 and SO3 is very important, since they are not involved in 
the magmatic system. These fluids released from the mainly marly-evaporites, 
during the first petrogenetic processes in solid state, remain, in a great part, 
“soaking” the new igneous minerals, the remainder being stored at the top of the 
Baking Place. 

The Baking Place can be described as a “pressure cooker” where, in a domatic 
walled enclosure, the ingredients (marly-evaporites and sialic matter) are cooked in 
the presence of very active fluids at high P-T conditions over an extended period of 
time. It is clear that these fluids (H2O, CO2, SO3…) at high P-T conditions enhance 
the activity of the petrogenetic processes in space and time. 

− These fluids at high P-T are efficient mechanisms for transporting the 
mobile elements (silica, alkalis) in all directions through the domatic structure. 

− The fluids activate the petrological transformation processes between the 
suitable sediments and the sialic matter at moderate-high P-T. 

− The amount of these fluids, which are increasing through the petrological 
processes (released from sediments), plays an important role in the formation of 
high pressure conditions in the Baking Place. 
The Triassic-Jurassic structural-stratigraphic-compositional column is one of 

the most suitable for withstanding high pressures in relatively shallow levels of the 
crust where the lithostatic pressure is low. The differential, petrological, and 
rheological behavior of the materials within this stratigraphic column is significant, 
because the soft marly-evaporite materials act as “dynamic buffers” avoiding the 
breakage of the carbonate cover. At the same time, these materials in suitable 
domed structures are “impermeable” barriers to the mobility of the matter. 
Additionally, the simultaneous formation of igneous rocks from top to bottom 
increases this physical barrier to the fluid loss, therefore, raising the total pressure 
of the system. 
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If thick sediments with highly elastic modulus are present (e.g. marly-
evaporites) and are covered by impermeable, thick, carbonate rocks, high pressures 
can be reached in the pre-magmatic chambers (Baking Places). At high pressures, 
high temperatures can also be reached in the Baking Place if suitable conditions 
exist: 

− Efficient mechanisms of frictional heating. 
− A rapid transport of heat from frictional zones towards upper levels 

where the major part can be stored. 
− A thermal storage of this heat in suitable structural-lithological places. 
− The presence and formation at the top of these structures of rocks 

impermeable to the chemical and thermal diffusion. 
Although the current mechanism of heat transport in the crust is by conduction, in 
frictional zones developed in granitic rocks with a sedimentary cover, heat is 
mainly transported with sialic matter by fluids released from frictional zones. 
Thermal conduction would be a secondary mechanism of heat transport. 

Many stratigraphic columns associated in many places with the placing of the 
magmatic chambers, or reservoirs, correspond, for example, to the Lower Triassic-
Upper Jurassic materials. These stratigraphic levels, in many places around the 
world, are formed from bottom to top by conglomerate-sandstones, sandstone-
lutites, marly-lutites, marly-evaporites, marls, and thick carbonates, and with a 
differential presence can reach an excess of 6 km in thickness. From various 
authors (e.g. Buntebarth, 1984) geologists are informed of the thermal properties of 
the main rocks. In basis to the thermal conductivities (W/mK), the thermal 
behavior of the Triassic-Jurassic column is very different from bottom to top. From 
such a simplified lithological column it is evident that a differential thermal 
behavior of the materials exists. This can produce a storage of heat in those 
materials with low to very low thermal conductivities because of the presence of 
refractory materials (Fleitout & Froidevaux, 1980; Mongelli et al., 1982; Jaupart & 
Provost, 1985; Zhang, 1993). The result is an increase in temperature at such 
stratigraphic levels. This can activate the petrogenetic processes in suitable 
structural-petrological places, that is, in the marly to carbonate transitional 
materials (Sánchez Cela, 1996, 1999 a, b). 

Due to the differing thermal behaviors of the sedimentary materials in the 
column, differential temperature gradients are produced, for example, between the 
marly evaporites and the carbonate cover when a constant heat flow is present 
below. Knowing the average thermal conductivity (Km) and the thicknesses of the 
stratigraphic column (h1,…,hx) under a constant heat flow density (Q), the average 
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temperature gradient (dT/dz)m can be calculated (Buntebarth, 1984). Accordingly, 
the temperature at the refractory level is: 
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The formation of differential temperatures in a stratigraphic column under normal 
thermal gradients depends on the effective thermal conductivity, in cases where the 
thermal conductivities of the various levels of the column are known (Correia & 
Jones, 1996): 

where i represents different layers of 
thicknesses ∆zi and thermal 
conductivities Ki. From this, the 
formation of higher temperatures can be 
deduced in some upper levels in 
relation to other lower ones. This 

differential “thermal storage” can be significant when efficient thermal sources are 
present in the basement. It is, therefore, easy to conclude that, with a more or less 
continuous frictional heating in the sialic basement, high to very high temperatures 
can be reached in the most refractory materials, the marls. The thermal efficiency is 
even higher if domed impermeable structures are present above, because they can 
store the thermal energy and chemical matter released from the basement. The 
cores of domed structures are the most suitable places for such thermal and 
chemical storage. Temperatures of 800 ºC to 1000 ºC can be formed below the 
thick carbonate cover. On the other hand the sialic matter released from the 
frictional basement at high temperatures favours the formation of igneous rocks, 
mainly of basic (gabbroid, K ~ 2 W/mK) nature in the marly levels. Such igneous 
rocks, together with the thick, upper carbonate cover, act as efficient physical-
chemical barriers to the “loss” not only of the sialic matter but also of the thermal 
stage reached in such igneous-sedimentary levels. This produces an increase in the 
thermal conditions that results in an increase in temperature, which accelerates the 
petrogenetic processes in underlying marly-evaporite materials. These physical-
chemical “impermeable barriers” can, in many cases, produce a zoned growth in 
the igneous rocks from top to bottom in a similar way to “stratiform igneous 
complexes” with inverted P-T gradients, as occurs in many ultramafic-mafic 
outcrops and their metamorphic basements (Sánchez Cela, 1999 a). 
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To construct a thermal model to list the temperatures that can be reached is 
quite difficult. This is because the factors are so diverse and variable, and mostly 
because this thermal model is an open system in space and time (dynamic 
basement). The thermal results can be deduced approximately through the 
products, the igneous rocks shown to be formed by this petrogenetic model. The 
results are expressed in an initial stage through the thermometric meaning of some 
minerals in the igneous rocks, and later when the eruption of basalts and related 
rocks takes place. 

4.4.3 Formation of Doughy-Gabbroid rocks during the Baking Place 
Episode 

The participation of the sedimentary materials in the origin of gabbroid rocks 
can be discussed under three methodological headings: field-geological, 
petrographic and chemical. 
From field-geology in those outcrops defined as more authocthonous an evident 
gradual transition from the marly-evaporitic wall materials to igneous granular 
rocks at the centre of the outcrop is observed. Such a transition takes place on a 
decimetric scale through intermediate or hybrid rocks that present mixed features 
between sedimentary and igneous; e.g. "microlitic" to "protodiabasic", where small 
igneous crystals are associated with a "sedimentary mass", more or less 
recrystallized. Gradually towards the centre of an outcrop these "proto-igneous 
crystals" become better and better developed not only in their crystalinity but also 
in their physical (P-T) meaning. So the "proto-igneous" rocks near the contact 
(border facies) present small alkaline feldspars that enclose abundant remains of 
argillaceous-micaceous minerals which although partially recrystallized, are very 
similar to the sedimentary ones. Such feldspars (orthose and Na-plagioclases) 
towards the centre of the outcrop become better crystallized with fewer "restitic" 
inclusions and with features of their higher thermal character (labrador) (Sanchez 
Cela, 1996, 1999 a, b). 

A similar petrological evolution is found in the ferromagnesian minerals. 
Hence, in the "border facies" the ferromagnesian minerals are mainly formed by 
various chlorites generally associated with remains of carbonate minerals. Towards 
the centre of the outcrop, together with better crystallized chlorites other 
ferromagnesian minerals are present, such as biotite, amphibole (various tremolite-
actinolite and hornblende types) and clinopyroxenes. In some cases olivine and 
even orthopyroxene can be found in some ophitic-gabbros. 

I realize that an isolated petrological study on a granular rock from the centre of 
an outcrop formed for example by plagioclase (An50) and augite (e.g. an ophitic 
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gabbro) could assign it to the upper mantle. For this reason before making 
geological-petrological studies on these basic and related rocks petrologists already 
know the main petrogenetic conclusion “the upper mantle provenance”. Other 
petrogenetic consequences, are in my opinion, secondary (e.g. mechanism of 
igneous diversification). Fortunately, in some favourable cases, nature can show 
that the petrogenesis of some igneous basic rocks can be understood in a very 
different way, as occurs in the Alpine ophitic-gabbros. So, such rocks (e.g. an 
ophitic gabbro) can be petrogenetically interpreted differently if geologists take 
into account the contact relationship between igneous and wall rocks, mainly in 
those outcrops undisturbed from their original “emplacements” and where an 
evident transition to the sedimentary wall rocks exists. In such suitable outcrops the 
“nearest” igneous petrographic facies to the border facies (microlitic), can be 
formed by plagioclases, chlorites, biotites and amphiboles. In the formation of all 
these minerals it is not difficult to deduce the greater or lesser contribution of the 
sedimentary wall materials (Sánchez Cela, 1996). Here, as in the border-microlitic 
facies, feldspars were in great part produced by the participation of Triassic-Keuper 
argillaceous-micaceous minerals. With a similar relationship, but with other 
sedimentary “feeders”, the ferromagnesian minerals are produced. 

Regarding the origin of the ferromagnesian minerals it is easy to deduce the 
contribution of the Ca-Mg-Fe-carbonate matter in the formation of such minerals 
which are the same, although less recrystallized, as we find in the Keuper 
materials. Such a carbonate sedimentary contribution in the formation of the 
igneous ferromagnesian minerals is similar to the origin of the ferromagnesian 
minerals, in the carbonate hornfels, (e.g. amphiboles, pyroxenes and even olivines) 
where evidently all petrologists interpret it as being formed by the transformation 
of carbonate sediments into “metamorphic rocks"” Fortunately many Alpine basic 
rocks, mainly those defined as hybrid, present abundant petrological data of such 
carbonate inheritance, where many crystals show a gradual transition (on a 
microscale) from carbonates to igneous minerals, mainly in amphiboles and 
pyroxenes. Such a gradual relationship can also be checked by microprobe studies 
(Sanchez Cela, 1996). These facies with abundant remnants of sedimentary origin 
pass towards the centre to another more compact and uniform granular facies that 
constitutes the main mass in all outcrops. The “igneous features” are more evident 
here and the "sedimentary credentials" are more difficult to discover, especially if 
such rocks are studied separately from their geological context. In the cores of the 
outcrops the dominant rock is an ophitic-gabbro with plagioclases and 
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clinopyroxenes as dominant minerals, orthopyroxenes, olivines, amphiboles, oxide 
of Fe, being subordinates. 

Interesting petrological reactions between the marly evaporitic materials and the 
endogeneous sialic matter can be defined through numerous petrological studies on 
the outcrops defined as the most suitable. They are those that occur when there is a 
gradual transition from the marly materials to the ophitic-grabboid rocks and are 
little affected by later geological processes. 

Many of the deduced reactions (transformations) in the origin of various 
"igneous" minerals were already considered by the author in some previous works 
(Sánchez Cela, 1984, 1996, 1999a, b). 

The dominant feldspar in the ophitic-gabbroid rocks corresponds to various 
plagioclases (oligoclase to labrador), but K-feldspars also exist mainly in the 
polyphasic rocks as a later mineral together with quartz. From petrological studies 
plagioclases appear to be formed by the contribution of illite-muscovites and some 
calcium carbonate of the wall rocks and the silica-alkaline contribution released 
from the granitic basement. So, plagioclase type andesine, could be formed through 
the following reaction: 

1) 2KAl 5Si7O20(OH)4+4SiO2+4Na++3Ca2+→4NaAlSi3O8+3CaAl2Si2O8+8H++2K+ 

                        Illite-Ms                                                                                andesine 

The accessory K-feldspars can be produced in a similar way: 

2) KAl 5Si7O20(OH)4 + 8SiO2 + 4K+ → 5KAlSi3O8 + 4H+ 

Both, plagioclase and K-feldspar can be produced by: 

3) 3KAl 5Si7O20(OH)4 + 8SiO2 + 4Ca2+ + 4Na+ → 
 → 4NaAlSi3O8 + 4CaAl2Si2O8 + 3KAlSi3O8 + 12H+  
                plagioclase 

The above reactions lower the cation /H+ activity ratio of the fluid. In this way for 
such reactions to continue, the presence is necessary of chemical buffers. Such 
buffering can be produced by the sulphates and carbonates associated with the 
argillaceous minerals in the marly-evaporites levels, by: 

SO4
2- + H+←→ HSO4

- ; and CO3
2- + H+ ←→ HCO3

- 

This buffering activity can not present itself in some petrological reactions, either 
because of the non existence of such anions or because of energetic-dynamic 
conditions that can condition the chemical reactions. Such a situation will be 
considered later in the formation of some minerals at high T-P conditions. 
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In the origin of norites together with the origin of andesine describe in 1), the 
formation of orthopyroxene and clinopyroxene could take place by: 

4) CaMg(CO3)2 + Mg5Al 2Si3O10(OH)8 + 4 SiO2  → 
                          dolomite                     chlorite            

→  5 MgSiO3 + CaMgSi2O6Al 2O3 + 2 CO2 + 4 H2O              
                              enstatite                          augite            

A global petrological transformation in origin of an olivine gabbro could be: 

5) 4 CaCO3 + Mg5Al 2Si3O10(OH)8 + KAl3Si3O10(OH)2 + NaCl + 6 SiO2 → 

            → 2 MgSiO3 + CaMgSi2O6 + Mg2SiO4 + NaAlSi3O8+2CaAl2Si2O8 +    
                            enstatite            diopside                forsterite                           plagioclase              
            + 4 CO2 + 5 H2O + KCl          

Together with these principal minerals other subordinate-accessory are present 
(amphibole, ilmenite, etc.) 

The origin of the various minerals of the gabbroid rocks not only depends on 
the physical conditions reached in suitable arch-domed carbonatic structures but 
also on the formation of previous dolomitization and chloritization processes that 
are necessary in the origin of Mg-bearing minerals. 

4.4.4 Partial Melting: Eruption of Basaltic Magmas 

During the Baking Place episode what can occur is: 
1.- This “prevolcanic” episode does not continue in its activity and remains as 

an igneous mass like a gabbroid-dolerite rock, interestratified in the marly-
carbonate sediments. 

2.- This prevolcanic episode continues in its activity, growing firstly as a 
gabbroid rock and later undergoing partial melting and culminating in a volcanic 
eruption. 
So, according to Sigmundsson et al. (1997), pressure change in a pre-magma 
chamber (Baking Place) will cause a change of stress in the surrounding crust. In a 
spherical pre-magma chamber of radius � in an unbounded elastic material under a 
∆p, the maximum compressive principal stress is: 

3

1

−







∆= a
rp Xσ  

in a radial direction from the center of the source, where rx  is the radial distance 
from the source. The other two principal stress components are: 
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in planes perpendicular to σ1. The ∆p in a spherical pre-chamber leads to a local 
stress field, being compressional in a vertical sense and extensional horizontally. 

If the compressional vertical stress exceeds the strength of the covering 
materials, shallow earthquakes can be produced before eruption. This is mainly 
produced by the excessive pressure created by fluids at the top of pre-magmatic 
chambers (Baking Places). The fast escape of fluids through earthquake-fracture 
produces a rapid decompression and partial melting of the first igneous products 
and eruption. The composition and type of eruption depend mainly on the chemical 
balance reached in the Baking Place episode and on the abundance and pressure of 
fluids. 

Current ideas on the causes of eruption start from the inflow of magma to the 
chamber from below, producing an increase in magma pressure which, in many 
cases, can exceed the lithostatic pressure. Blake (1988) states that if we consider a 
volume of magma (VC ) in a chamber in equilibrium with lithostatic pressure, an 
additional magma of volume (∆V ) in the magma chamber becomes compressed (
P Pl> ) and will occupy a volumeCV , placing the wall rocks of the chamber under 
tension. 

( ) ( )[ ]bPPVVV lCC /exp −−∆+=  

where b is the bulk modulus of the magma and ∆V  is measured at Pl . The critical 
condition is when P Pl− =σ , which for most rocks is 10-100 MPa. Almost all 
current models on the causes of volcanic eruption are based on the knowledge of: 

1.-the increase in total pressure due mainly to the inflow of magma in 
reservoirs, and 

2.-in the modelization of stress around the magma reservoirs (Gudmundsson, 
1986; Ryan, 1988). 

According to Parfitt et al. (1993), the total pressure (Pt ) in the magma at a depth h 
is: 

P h P h Pt m B( ) ( )= +  

where PB  is the excess pressure which has accumulated in the reservoir by several 
injections of magma from below. P hm( )  is the pressure at any depth produced by 
the weight of the overlying magma. According to Wilson (1980), Gudmundsson 
(1986) and Steinberg et al. (1989b) the general condition for extrusion is: 
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P Tt ≥ +σ3  
where Pt  is the total igneous pressure, σ3  is the minimum compressive stress at 
the top, and T is the tensile strength of the crust at the top. The extrusion will take 
place by: a) increasing Pt ; b) by decreasing σ3 ; or c) by decreasing T. In general
Pt >> σ3 , where σ3  is the tensile strength of the wall rock, mainly at the top of 
the “pre-magmatic chamber” (Baking Place). The main mechanism for increasing 
Pt  is the storage of fluids at high P-T conditions at top of the “magmatic chamber” 
(Baking Place). 

It is evident that higher pressure conditions can be reached when the volume of 
the magmatic chamber is very small in comparison to the thick, domatic structure. 
In such cases high pressures can be reached in the core of domes in the upper levels 
of some suitable sedimentary columns (e.g. 3-6 km thick). In this way, Steinberg et 
al. (1989a) consider that, under conditions of an omnidirectional compression of 5-
10 Kb, the strength limit of magmatic rocks often reaches and exceeds 10 Kb. 
Therefore, pressures in apical parts of “intrusions” can be considered higher than 
the lithostatic pressure. The presence of high pressures in “magmatic chambers” 
can be confirmed by many explosive eruptions, where large lava-fragments often 
reach great heights. These highly dynamic manifestations appear to disagree with 
the data offered from the tensile strength of the wall-rocks to produce rupture and 
eruption. So, from the tensile strength of different rocks, various authors (e.g. 
Touloukian et al., 1981) suggest that relatively lower overpressures in the 
magmatic chambers (e.g. 1 to 4 MPa) can be enough to produce fracture and 
eruption. The partial melting of the igneous rocks, produced during a given Baking 
Place stage, goes to adjust the composition of melting products. Depending on the 
global geochemical balance (endogeneous-exogeneous) and the physical conditions 
reached before partial melting (induced by the rapid escape of fluids during 
hydrofracturing), magmas from “ultrabasic” to silicic types can be formed. These 
diverse magmas, during its extrusion, can enclose diverse mafic-ultramafic rocks 
formed during the Baking Place episode. So, enclaves of peridotites and other, 
supposed mantle rocks are exceptionally frequent in many basaltic eruptions. 

Theoretically, within this new understanding of the magmatic phenomenon, 
ultrabasic magmas similar in composition to peridotites should be formed. This is a 
question that also affects current theories on the origin of ultramafic rocks; that is, 
there are no true magmas of peridotitic composition. The new models of the origin 
of peridotitic rocks and gabbroid-ophitic rocks (Sánchez Cela, 1999 a, b) easily 
explain why “peridotitic” magmas do not exist, while, on the contrary, magmas of 
“gabbroid” types do (e.g. basalts). The peridotites are formed by the transformation 
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at high P-T conditions of Mg-carbonate rocks by silica matter, related to the 
presence of an active gneissic basement. Under these conditions, high Mg-olivine-
pyroxene minerals are formed. The scarce argillaceous minerals, mainly chloritic, 
are used in the formation of Al-bearing ferromagnesian minerals, spinel and some 
clinopyroxenes. The non-formation of later feldspars, mainly plagioclases that 
could be formed if the presence of marly materials were more abundant, caused the 
rock to be entirely built in a solid crystalline state, because fluids are practically 
absent in the crystalline phase and are concentrated only at the top of the peridotitic 
mass. At this point, fluids are gradually lost through the carbonate cover during the 
slow petrogenetic processes at lower levels. The non-existence of an abundant fluid 
phase, soaking the crystalline peridotitic mass, is the main reason why partial 
melting by decompression, due to a rapid escape of fluids, cannot exist. This could 
also explain the non-existence of ultramafic magmas on the crust. 

On the contrary, the formation of gabbros takes place when the wall 
sedimentary materials are rich in marly-evaporitic materials, all of them being rich 
in fluids. Petrological data indicate that practically all of the ferromagnesian 
minerals and some Ca-plagioclases are the first minerals to be formed. During the 
formation of these minerals and mainly during the formation of the plagioclases, an 
abundant fluid phase is present, soaking all the previously formed minerals; that is, 
a fluid-stage of oversaturation is present in the whole area of the Baking Place. 
Such fluids (H2O, CO2, SO3, and others) are released from the transformation of the 
marly-evaporitic sedimentary materials by sialic matter. In the Baking Place stage 
abundant ferromagnesian minerals, mostly pyroxenes and olivines, are “wrapped” 
in a mycrocrystalline-doughy mass, mainly plagioclases, which are completely 
soaked in fluids. The “wrapping” fluids and also the abundant fluids stored at the 
top of the Baking Place are the main causes for the increase in pressure. If 
decompression occurs from the rapid escape of fluids, partial melting processes of 
the doughy micro-crystalline mass may take place. The result is that the 
macrocrystals, formed most often by ferromagnesian minerals, are less affected by 
melting; on the contrary, the microcrystals soaked by the fluid phase are mainly 
affected by this partial melting. In this way, the formation of a porphyritic basaltic 
rock from the partial melting of a soft-heterocrystalline gabbroid rock, soaked in 
fluids at moderate to high P-T conditions can take place. 

Within this new interpretation of the magmatic phenomenon, partial melting 
and eruptions are two interrelated processes. The most important process in the 
origin of magmas is the formation of a first generation of “gabbroid” rocks in a 
solid-doughy stage within “the Baking Place” episode. If high P-T are reached 
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during this first episode and the total pressure is greater than the compressive stress 
and the tensile strength at the top of the crust, failure of the domed carbonate cover 
will take place. At this stage, the first generally associated phenomena are the 
existence of shallow earthquakes (2-6 km) and the immediate escape of fluids 
stored at high P at the top of the Baking Place. This produces a rapid 
decompression in the doughy, igneous mass below and its partial melting, if high 
temperatures were previously reached. This igneous stage is the “True Magmatic 
Episode”. As this igneous mass was soaked by abundant fluids at high P-T, during 
their rapid vertical movement these impel and facilitate the vertical movement of 
the magmas and often their extrusion. The difficulty in detecting magmatic 
chambers in the crust by geophysical data (blank Vs zones, 2-7 km depth) 
strengthens this interpretation of the magmatic phenomenon in the sense that such 
places are not magma reservoirs of upper mantle magmas, but places where 
magmas are produced. So, within this Baking Place model the most important 
petrogenetic processes in space and time correspond to transformation processes in 
a solid-doughy state. In relation to the duration of the Baking Place process, partial 
melting and eruption are very short temporal episodes. Although the magmatic 
chambers, or reservoirs, cannot (for obvious reasons) be directly investigated, 
many Vp values (e.g. Vp 4-5.5 km/s) at about 3-8 km beneath many active 
volcanoes (Iceland, Hawaii) could correspond to basic igneous rocks in a solid-
doughy state, associated with minor partial melts. 

If the basement is activated beneath previous volcanic episodes, that is, affected 
by additional crustal growth at depth and the previous faulting-frictional zones are 
reactivated, the Baking Place is again “brought into service”. During this relatively 
low operation of “recharge”, petrogenetic processes take place which are similar to 
the previous one, but other processes can also occur. The deduced sialic matter 
released from the frictional basement can therefore affect: 

− Sedimentary wall rocks. 
− Sedimentary and previous igneous rocks, or 
− Previous igneous rocks. 

In addition to these three theoretical possibilities, one must also take into account 
the geochemical balance between the episodic contribution of a vastly productive 
sialic source and the more limited volume of sedimentary materials at the local 
scale of a Baking Place or Magmatic Chamber. Within this new view of the 
endogeneous chemical sources, the differentiation of the igneous rocks within a 
“petrogenetic environment” is both easier to explain and to understand. Mono or 
polyphasic processes, undersaturated to oversaturated chemical environments and 
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the various physical conditions reached at the different stages of Baking Places or 
Magmatic Chambers are many variable factors which help to explain the diversity 
of igneous rocks. This is the main cause of the diversity of petrogenetic theories 
based on the same type of igneous rocks. 

As an example of this new petrogenetic interpretation of the basalts, a 
petrogenetic model is built for tholeiitic or alkaline basalts with some peridotitic 
enclaves associated with later rhyolitic rocks. For this petrogenetic model to take 
place, the following previous geological conditions are necessary: Sialic thickening 
(swelling-doming) → Great marine sedimentation → Fracturation and frictional 
processes → Formation of Baking Places, etc. In basis to much data on the 
sedimentary materials associated with many basaltic provinces, the approximate 
stratigraphic column can be illustrated from top to bottom by: thick limestones 
(about 0,5 km), Mg-limestone-marls (1-2 km) marls-marly-evaporites (1-2 km), 
marly-lutites with marl-sandstones (1-3 km.), and an active granite-gneissic 
basement. 

The marly evaporite materials are those most suitable to be transformed by 
sialic components at moderate to high P-T conditions. In such an environment 
various mafic to ultramafic rocks can be formed. Igneous rocks of this kind with a 
thick carbonate cover act as impermeable barrier, preventing the chemical matter 
from ascending toward upper levels. This causes the petrogenetic processes to 
progress downwards instead of upwards, which can result in a “petrogenetic 
rebound” where the highest physical conditions are reached firstly at the top of the 
stratigraphic-igneous sequence and later to progress downwards. This could 
explain the formation of inverted P-T igneous-metamorphic sequences in some 
petrogenetic environments (e.g. peridotites-ophiolites). 

In an undersaturated stage at high P-T conditions, some ultramafic rocks can be 
formed by the transformation of Mg-carbonate levels by silica matter, where 
olivine, clinopyroxene, orthopyroxene and other subordinate-accessory minerals 
are formed. These initial ultramafic rocks, in a stratiform manner, occupy the roof 
of the igneous sequence beneath the thick, upper limestone cover. In many cases, 
these carbonate rocks appear to be partially converted into calcsilicate-skarn rocks 
and more-so marbles, which form the cover of mafic-ultramafic rocks. These 
metamorphic rocks are not produced by the “thermal” activity of the ultramafic 
bodies, as many geologists so often quote. Although temperatures in many basic-
ultrabasic rocks can exceed 1000º C, these rocks do not produce contact 
metamorphic processes. These are only produced when sialic-mobile matter, at 
moderate to high temperature, comes into contact with sedimentary rocks. The only 
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rocks that can supply the necessary sialic matter are the granitic ones. For the 
formation of ultramafic rocks, the dolomitization and chloritization of the 
sedimentary materials is necessary. 

Below this and associated with marls and mainly marly-evaporite materials, the 
most important processes take place in relation to the origin of basalts. At these 
sedimentary levels and under suitable structural-energetic-chemical environments, 
the Baking Places are formed, many of which can result in Magmatic Chambers if 
suitable P-T conditions are reached. During the Baking Place episode, the very 
reactive marly-evaporite materials are easily transformed by sialic matter released 
from the frictional basement. The result is the formation of diverse minerals 
associated with heterogranular (porphyritic) textures, which correspond to diverse 
types of gabbros, where the phenocrystals of olivine and clinopyroxene are 
wrapped in a microcrystalline-doughy mass, formed mainly by plagioclases. 
During this important petrogenetic episode and due to the abundant fluid phase 
present in the sediments and with ever increasing high P-T conditions, the total 
pressure of the Baking Place system (mainly Pf) can be high enough to break the 
thick, domed, impermeable cover. This is how, the Magmatic episode commences. 

Starting from a previous, porphyritic igneous rock formed by olivine, 
clinopyroxene and minor orthopyroxene, plagioclases and opaque minerals 
enclosed in a doughy, mycrocrystalline-plagioclase mass rich in fluids, it is not 
difficult to deduce that, during partial melting, the resulting magmatic rocks can 
also be porphyritic, that is, basalts. During their ascent and enhanced by the escape 
of fluids from the microcrystalline mass, these basalts can make contact with 
previously formed ultramafic rocks and be placed at the top of the Magmatic 
Chamber below the carbonate cover. It is possible that, in many cases during 
rising-eruptions, basalts can enclose fragments of these ultramafic rocks as parental 
xenoliths (interpreted currently as “upper mantle credentials”) nearly unmodified 
during the basaltic volcanism. In relation to the existence of basalts with ultramafic 
xenoliths, it is proposed that, with a more or less thick, dynamic sialic basement 
and carbonate and related sediments, the presence is also necessary of gneissic 
rocks, generally outlined in arc structures. Efficient frictional zones are also 
required in the sialic basement. This occurs in the ophiolite complexes, where high 
P-T, Mg-peridotites, basalts, and phyllonian rocks are associated with other diverse 
metamorphic to sedimentary rocks in “strange” and “complex” associations. 

For many years geologists have known that in many basaltic provinces with 
rhyolites, intermediate rocks (andesites) are either very scarce or absent. This 
“geochemical gap”, that to date has no conclusive explanation, can be properly 
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understood from the new petrogenetic theories of diverse, igneous rocks proposed 
in this book. The almost total lack of this intermediate andesitic episode, in a 
personal opinion, can be caused by two main factors: 

− By the compositional characters of the wall sedimentary materials, and 
− By the differential uplifting of sialic-basement blocks under high 

compression after the basaltic episode in later times. 
The origin of andesitic rocks requires the presence of a sialic-frictional basement 
and the existence of a marly-argillaceous-sandy cover. These sedimentary materials 
do not produce the same mineralogical paragenesis as marly-evaporites with a 
thick carbonate cover. In this sense, when the “basaltic sedimentary food” is 
consumed, more silicic volcanics are produced, because the main contribution is 
endogenous and of sialic character. The second possible cause, the uplifting of 
sialic blocks produced by a differential growth of the crust, could be the main 
reason in some cases, while in others both causes could participate. An example of 
both causes in the origin of rhyolites associated with basalts is the Icelandic 
rhyolites, where the arc-central rift structures appear to correspond to differential 
uplifted blocks of the sialic basement. 

An important datum that can strongly support this petrogenetic theory is that the 
rhyolites in many places, whether associated to basalts or not, indicate very high 
temperatures (e.g. 1100 ºC). These high temperatures in silicic rocks are contrary to 
the current petrogenetic theories, either fractional crystallization of basaltic 
magmas (e.g. in “oceanic” zones) or partial melting of the “lower crust” (e.g. in 
thick continental zones). In this model (Sánchez Cela, 1999 b), these high 
temperatures of rhyolites are reached during two episodes: 

− During friction under high compression of sialic blocks, and 
− By the storage of this thermal energy and the released sialic matter, in 

refractory reservoirs in the upper crust. 
This frictional, partially melted sialic crust is overheated together with of abundant 
fluids in the reservoirs. When failure occurs the eruption of these silicic rocks takes 
place, as in the basaltic case. If the fluid phase is sufficiently abundant (e.g. H2O) at 
high temperatures, the formation of ignimbrites and other pyroclastic rocks can 
take place. 

4.5 OCEANIC BASALTS 

4.5.1 Island Basalts: Hawaii 

In all basaltic on continental zones a granitic basement is evident (e.g. Siberia, 
Paraná, Deccan, etc). In many oceanic areas with more or less thick crusts, the 
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presence of a granitic basement can be deduced from geological and geophysical 
data (e.g. Iceland). In other “oceanic” zones the existence of a granitic basement is 
more difficult to prove. One of these is the Hawaiian Chain. Even in such a 
volcanic zone, as in many others associated to ridges, plateaus and in general 
“anomalous” oceanic crusts, a granitic basement of 5 to 10 km thick, covered by 
abundant marine sediments, can be deduced from regional geological data, and 
geophysical, and petrological deductions.  

In Hawaii the most abundant volcanics correspond to tholeiitic basalts 
associated with shield volcanoes (Clague & Dalrymple, 1987). Alkalic basalts are 
scarce and formed at the end of tholeiitic eruptions together with other minor 
igneous rocks as undersaturated olivine basalts. Many nepheline basalts made 
eruption in early and late stages during the formation of the large Hawaiian 
tholeiitic shield (Wyllie, 1988). Cox (1999) even within the global Plate Tectonics 
Model (hotspot, plume, and mantle convection) related these volcanic islands to 
different “diapirs” in time. 

The origin of Hawaiian basalts from a deep Mantle Plume appears to be 
supported by the presence of nanocrystalline diamond in a garnet pyroxenite 
xenolith of a nephelinite tuff of Salt Late Crater, Oahu island (Wirth & Rocholl, 
2003). I think that these diamond-bearing volcanics were produced in highly 
compressional graben structures created by an active granitic basement and this 
affected various sedimentary to igneous rocks. 

Contrary to other basaltic zones, Hawaiian volcanism is not related either to 
plate boundary or to the birth of oceanic crusts (ridges). It is considered to be a 
typical intraplate volcanism related to a northward moving plate on a fixed hot spot 
through the Emperor-Hawaiian chain, where the volcanic activity ranges from 80 
Ma to the present. The current dominant model “the Wilson-Morgan hot spot 
model” is defended by many geologists today, mainly by those who support the 
“global geological model”, Plate Tectonics (McDougall & Duncan, 1980; Clague 
& Dalrymple, 1987, and others). 

The origin of Hawaiian basalts from a deep Mantle Plume appears to be 
supported by the presence of a nanocrystalline diamond in a garnet pyroxenite 
xenolith of a nephelinite tuff of Salt Late Crater, Oahu island (Wirth & Rocholl, 
2003). I think that these diamond-bearing volcanics were produced in highly 
compressional graben structures created by an active granitic basement and this 
affected various sedimentary to igneous rocks. Meanwhile, other geologists place 
greater attention on punctual structural features rather than regional ones. So, a 
great part of Hawaiian volcanism is related to dynamic-fracturation processes (Betz 
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& Hess, 1942; Turcotte & Oxburgh, 1978; Batiza, 1982). It is of interest to 
remember certain observations by Eaton & Murata (1960) since these geologists 
attributed Hawaiian volcanism to fundamental “instability of the crust and upper 
mantle” and a regional fracture beneath Kilauea that allowed the transport of 
magma to the surface. These observations are considerarly important since they lay 
the foundations for a new petrogenetic model of the Hawaiian volcanics that is: the 
existence of an active, fractured basement that I interpret as formed by a thin active 
granitic crust in stage of growth. A differential growth of this granitic crust under 
compression produces frictional fractures that release thermal energy and mobile 
sialic matter. Together with the presence of thick marine sedimentary materials this 
constitutes suitable environments for producing basaltic rocks in the crust (Fig. 6). 

 My greatest challenge is to try and prove the existence of this active granitic 
basement covered by thick carbonate-marly-evaporitic materials, since the contact 
between this active, fractured-granitic basement and the sedimentary cover is a 
suitable place for the formation of “Baking Places” that result in Magmatic 
Chambers, and later in the eruption of Basalts.  

Due to the lack of deep drillings in the Hawaiian islands the presence of such an 
active granitic basement and of suitable sedimentary rocks for the origin of 
Hawaiian basalts, must be deduced from the geophysical data both here and in 
adjacent zones, and dredgings on similar local oceanic areas. Geophysical data are 
invaluable tools in the discrimination of materials, mainly in the upper crust. Today 
we have enough analytical data to relate for example Vp seismic values with 
determinate rocks, and so, geologists can check and compare various rocks with 
their seismic values on the crust. So, Vp values from 5.7 to 6.5 km/s, which are very 
frequent in the upper crust, must be attributed to sialic rocks of mainly granite-
gneissic nature. I believe that even materials with Vp~ 6.5-7 km/s must be attributed 
to sialic rocks where the pressure and certain physical-mineralogical changes 
increase such Vp seismic values. The “weighty inheritance” on the meaning of the 
oceanic crust has impeded and continues to impede a more reasonable analysis of 
scientific information. So, in the particular case of Hawaii, these Vp values between 
5.7 and 6.8 km/s must be assigned to “granite-gneissic” rocks. Depending on this 
structuration even one particular gneissic (granulitic) rock can show Vp values from 
6 (horizontal structuration) to 6.8 (vertical). 
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Fig. 6: Schematic petro-structural evolution in the origin of Hawaiian basalts. A: Initial 
stage. E: Final stage. 1: Oceanic water. 2a: Initial sialic basement. 2b-2d: Sialic thickening 
episodes. 3: Precambrian-Paleozoic. 4a-4b: Triassic-Liassic. 5a-5c: Jurassic- 6a-6c: Backing 
Places-Magmatic Chamber episodes. 7: Volcano and basaltic lavas. 8: Frictional granitic 
basement. 

The high gravity structures beneath the Hawaiian islands are interpreted as 
dense cumulates and intrusions beneath the summits and rift zone of volcanoes, e.g 
Kilauea volcano (Kauahikaua et al., 2000). With this possible origin the presence 
of high compressional granitic rocks (blastomylonites-granulites) covered by mafic 
rocks could also explain these gravity anomalies. These mafic, gabbroid rocks 
could have been old magmatic chambers now in great part crystallized. 

Works carried out in nearby Pacific zones indicate the presence of various 
granitic materials, dredged in some places. In the Obruchev Rise, NW Hawaii, 
Russian geologists (cited in Choi et al., 1990, 1992) dredged granite-gneissic rocks 
and some schists, in many cases of Precambrian ages. Aldiss (1981), Romanovskii 
(1989), Choi et al. (1990), Udintsev et al. (1990) cite the presence of these crustal 
rocks in many zones of N-NW Pacific, some of Precambrian ages. Many of these 
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granitic rocks are associated with a cover of Mesozoic sediments, mainly Jurassic-
Cretaceous, and diverse basaltic rocks. In numerous places are chert-radiolarites 
associated to submarine carbonate sediments and basaltic pillowed rocks. The 
presence of these siliceous sediments in carbonates, that generally cover basaltic 
rocks, could indicate the presence of a sialic basement beneath this sedimentary-
igneous complex. These organic to inorganic siliceous rocks can be explained as 
later hydrothermal manifestations related to the origin of submarine mafic-
ultramafic rocks, that, in turn, are related to the presence of a dynamic gneissic-
granite basement covered by thick marine carbonate sediments. 

The presence of abundant carbonate sediments in the Pacific Ocean, to the W 
and NW of the Hawaiian islands, has been stated in several studies. So, Udintsev et 
al. (1990) cite the presence of abundant carbonate rocks and evaporites lying on 
granitic basements. In the ODP-Leg 129-Program (1990), carbonate sediments, of 
Callovian-Oxfordian age (165 Ma), were dredged together with basalts of similar 
or later ages, and abundant chert-radiolarites. Around the Hawaii-Emperor chain 
there are swells, plateaus, seamounts, where together with basalts and other 
igneous rocks various sediments of a Cretaceous age are present (Sandwell & 
Renkin, 1988), although dredgings did not reach great depth. 

Pringle (1992) cites the presence of basalts, 167 Ma, associated to sediments in 
western Pacific zones. Vaughan (1995) cites basalts and sediments 97.5 Ma in the 
Mid-Pacific Mountains, SW Hawaii. Janney & Castillo (1997) cite Jurassic-
Cretaceous carbonate sediments and basaltic rocks (130-151 Ma). SE of Shasky 
Rise (NW Hawaii) there are thick carbonate-marly rocks, various types of basalts 
and dolerites, together with chert-radiolarites. Wilson et al. (1998) and herein 
references cite the presence of carbonate Cretaceous sediments and basalts, from 
150 to 65 Ma, in several seamounts and guyots very near Hawaii (e.g. Resolution, 
DSDP 171, Allison). 

The presence of sediments beneath the Hawaiian volcanics could also be 
deduced from Hf isotope data on basalts, since high Lu/Hf values are characteristic 
of pelagic sediments (Blichert-Toft et al., 1999). The presence of evaporitic 
sediments beneath Hawaiian volcanoes such as Kilauea, could be deduced from the 
abundant presence of certain magmatic gases. Kilauea released about 9.7. 106 
metric tonnes of SO2 during 1979 to 1997 (Sutton et al., 2001). Although these SO2 
fluids are interpreted to be of a “primary origin” I think that they and other fluids 
(H2O2, CO2, etc) could have been released from the transformation of sulphate 
sediments that are generally associated with other evaporite sediments and 
carbonate-marls in many stratigraphic sequences (e.g. Triassic-Jurassic). This 
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presence of sediments beneath the Hawaiian basalts could be deduced by the lateral 
spreading contribution to volcanic growth, where the expansion of the Hawaiian 
volcanic rift could be explained by the presence of a thick accumulation of 
sediments able to permit lateral displacement of volcano flanks (Dieterich, 1988). 
This lateral expansion is facilitated by the presence of “soft” marine sediments (e.g. 
Mesozoic-Tertiary). The existence of sedimentary rocks beneath the Hawaiian 
basalts could be deduced from geophysical data. So, Vp values of 3 to 4.3 km/s 
(Watts et al., 1985; Watts & ten Brink, 1989; Tilling & Dvorak, 1993) of the upper 
5 km of the crust could correspond to vesicular lavas, sediments or to a mixture of 
both materials. Geological-petrological data do not appear to indicate that thick 
vesicular basaltic lavas are buried in Hawaii, therefore those Vp seismic values 
could correspond to sedimentary materials (2-4 km thick) that lie beneath basaltic 
flows. 

The presence of Later Cretaceous basalts and sediments in the E-NW Kilauea 
rift below the sea (Holcomb et al., 1988) could strengthen the deduction about the 
presence of similar Mesozoic sediments beneath Hawaiian volcanics. From seismic 
data Lindwall (1988) deduced the presence of 2.5 km of sediments covering the 
normal oceanic crust near Oahu. Also certain geochemical data, for example high 
δ18O values, could indicate the crustal contribution in the origin of some Hawaiian 
lavas, mainly tholeitic glasses, though a suitable contaminant has been not 
identified (Garcia et al., 1998). 

From various geophysical data it is known that the crust beneath the Hawaiian 
islands can be classified as an anomalous oceanic crust due to its thickness, 12 to 
20 km (Watts et al., 1985; ten Brink & Brocher, 1988; Watts & ten Brink, 1989; 
Tilling & Dvorak, 1993; Putirka, 1997). With respect to the structure (anatomy) of 
a Hawaiian volcano, note the one defined by Eaton & Murata (1960) and Tilling & 
Dvorak (1993). This structure, which could correspond to the Mauna Kea, where 
the crust exceeds 18 km in thickness (Putirka, 1997), is of great interest due to its 
relationship between seismic Vp values and rocks, and for the situation of the 
magmatic chambers or summit reservoirs, which are located at shallow levels of 
the crust (3-6 km). Such reservoirs or magmatic chambers lie between materials 
with clear Vp seismic differences. At the base, the materials show Vp values of 5-6 
km/s, whereas at the top 3-4 km/s. 

Beneath some Hawaiian volcanoes (e.g. Kilauea) geophysical data indicate the 
presence of a crust where Vp data varies from 6.3 to 6.8 km/s (Watts et al., 1985; 
ten Brink & Brocher, 1988, Watts & ten Brink, 1989). These Vp values could 
correspond to granitic rocks, which can reach over 10 km at the thickest Hawaiian 
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crust. Even higher Vp values, as high as 7-7.7 km/s, could also correspond to 
“sialic” rocks with denser structures, that could easily be explained as intermediate 
physical-chemical stages between the upper mantle and the sialic crust materials 
(Sánchez Cela, 2000). 

Okubo et al. (1997) interpret the existence of certain “high velocity bodies” (Vp 
> 6.4 km/s) in the upper 9 km of the crust, beneath the summit and rift zones of 
volcanoes, to zones of high magmatic accumulations, such as solidified gabbros-
ultramafic cumulates. According to these authors “high velocities”, approximately 
6.3-6.5 km/s, are observed at depths of 3-5 km beneath SW and E rift zone of 
Kilauea and the SE flank of Mauna Loa. Vp about 7 km/s and a depth 5-11 km are 
found beneath the SE flank of Mauna Loa and Kilauea caldera. Low velocity 
zones, about 9-11 km (Vp < 6 km/s) are present in the South flank of Kilauea, and 
at a depth of 6-8 km beneath the SE flank of Mauna Loa.  

Regarding the origin of the thick crust beneath Oahu, Molokai, Mauna Kea, and 
other zones, an interesting interpretation is that of ten Brink & Brocher (1988). 
These authors interpret the thick crust in these areas as material added to the base 
of the previous crust in the flexure zone during the late stages of volcanic loading 
in the “hachured region”. This means that the Moho and the hachured lower crusts 
could correspond to younger reflective materials that engage perfectly with a new 
physical interpretation of the Moho discontinuity, where these hachured or 
reflective zones were produced by a progressive transformation of the denser upper 
mantle matter into a lighter crustal one, during the origin and growth of the granitic 
crust (Sánchez Cela, 2000). 

The growth of the crust in the Hawaiian islands appears to continue today. 
Moore & Clague (1992) deduce that the island of Hawaii has grown at an average 
rate of about 0.02 km2/yr for the past 600 k.y. and is presently close to its 
maximum size. Mahukona was the first volcano to emerge at the site of the present 
island of Hawaii about 600 ka. It was followed in order by Kohala, Mauna Kea, 
Hualalai, Mauna Loa, Kilauea, and the still submarine volcano, Loihi. Grigg & 
Jones (1997) interpret the elevated coral deposits in the central high Hawaiian 
islands as the result of uplifting, where lithosphere flexure is the proposed uplifting 
mechanism. 

I deduce the presence of an active granitic basement and of a suitable 
sedimentary cover in order to form Baking Places, which in many cases are real 
Magmatic chambers and Basaltic Eruptions, thermal energy and sialic matter must 
be released from the granitic basement. I think that this occurs in the main fractures 
and rift-Hawaiian structures defined by many authors (e.g. Eaton & Murata, 1960, 
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ten Brink & Brocher, 1988, Tilling & Dvrorak, 1993) where important dynamic-
frictional processes take place. 

Together with other neighbouring structures the Hawaiian volcanic chain can be 
understood within a global-structural phenomenon of sialic thickenig-swelling 
produced by the birth and differential growth of granitic rocks from the upper 
mantle. In this “Hawaiian swell”, defined as a topographic anomaly of about 3000 
km long and 1200 km wide (Ribe & Christensen, 1999), three “rifts” or “ridges” 
can be defined. The Emperor rise, the Hawaiian volcanic chain, and the badly 
defined Magmakers ridge. The NNW-SSE Emperor rise is a continuation of the 
Obruchev rise where Precambrian granite-gneissic rocks covered by Mesosoic-
Tertiary sediments are present in the Meiji guyot and Detroit seamont (Russian 
geologists, op.cit in Choi et al., 1990). I believe that these three ridges are related 
to the formation of a great, thin domatic-oval granitic structure, which results in the 
formation of three-rift-arms, which shows a differential and spatial growth in time. 
This thin domatic structure is defined by several authors as a great swell of about 
1000 km wide and 1.5 km high (e.g. Olson, 1990), and formed at a triple-ridge 
junction between 144 and 116 Ma (Hilde et al., 1976). According to Sen et al. 
(2005) this swelling is related to diverse causes: thermal, compositional and 
dynamic buoyancy. I believe that the mechanism of swelling is the origin and 
growth of granitic rocks in oceanic zones. Granitic-gneissic rocks of different ages 
are present in many Pacific zones associated to “ridges”, “seamounts” and “arc-
islands”. Some of these are relatively close to the Hawaiian islands.  

According to Bulmer & Wilson (1999), using a height of 1000 m, the volume of 
seamounts around the Hawaiian Islands range from 30 km3 to 1000 km3, where the 
average heights are 1000 m. My view is that these seamounts are nearly domatic 
granitic rocks in different stages of growth associated to stellate morphologies or 
three-arm-rifts. Along these structures sialic matter is released that together with 
suitable sediments are fundamental for the origin of Hawaiian basalts. 

Concerning the Emperor-Hawaiian hot spot theory and in order to explain the 
apparent N-S temporal evolution of volcanism on such a supposed Pacific Plate 
(e.g. Keller et al., 2000), an important observation of Watts et al. (1985), might 
well invalidate such a plate translation on a fixed hot spot. These authors 
interpreted that the crust is thicker to the South than to the North of the Hawaiian 
Islands. A differential N-S growth of the crust in time can produce this kind of a 
temporal lineal evolution, within my proposed petrogenetic model. On the other 
hand, the presence of submarine Cretaceous basalts following the Puna ridge (East 
Kilauea rift) is difficult to explain within a hot spot theory, since it means that this 
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rift-fracture was active at least in Cretaceous time, about 80 Ma (Hilde et al., 
1976). Furthermore, the conservation of the W-E fractures that extend to the 
Hawaiian area from western North America, such as the Murray, Molokai and 
Clorian fractures, make it very difficult to explain these structural features within a 
South to North movement of such a supposed plate. The presence of volcanism and 
vertical movements in the “Darwin Rise” (South Hawaii) and defined by Darwin 
and later Menard, (1964) appears to contradict the existence of such S-N plate 
motion on a fixed hot spot (Schilanger et al., 1981). If Hawaiian volcanism appears 
to fit in with “Plate Tectonics” and “Hotspots”, due to their N-S progressive ages, I 
fail to understand how in the same supposed plate, volcanic islands and seamounts 
show no such age progression in the South Pacific, since there are seamounts of 
several ages (McNutt et al., 1997). This “puzzle of the South Pacific” (Sleep, 1997) 
can be explained by a differential-spatial growth of active granitic masses, which 
together with suitable sediments and structures are the main cause of the Basaltic 
Volcanism that was already defined in the chapters 4.3-4.4. 

I remember that at the beginning of April, 2011 the Kilauea volcano that had 
been active for over 30 years, increased its activity in the eruption of lavas and SO2 
gases and the formation of a fissure partially swallowed down of the erupted lavas. 
In my interpretation of the volcano phenomenon, this means: 

1st That the sialic basement is active, that is, growing (thicking). 
2nd That Baking Place and the Magmatic Episode continue to be active. This 

means that together with the energetic-chemical activity of the basement 
suitable sediments are present and thus the volcano can be maintained. When 
these suitable sediments are consumed the volcano will die, although the sialic 
basement to be active. 

4.5.2 Basalts in Ophiolite Complexes 

Steinmann (1927) was first to define the ophiolite concept, as a complex 
association of serpentinites, gabbros, spilites, marine sediments (carbonate-marly 
rocks) where the presence of inorganic to organic siliceous levels are frequent 
(silexites, radiolarian cherts). The association of serpentinite-spilite-chert is 
generally known as the Steinmann trinity. Within the ophiolite complexes, 
peridotite-serpentinite rocks are the most abundant, gabbros and basalts (spilites) 
being subordinate, while dolerite-diabase and other phyllonian rocks are generally 
scarce. The greater part of ophiolites were formed in oceanic zones when abundant 
marine sediments were present,  but where these supposed upper mantle rocks are 
always lying on a sialic basement formed by various gneisses-schists that later, can 
outcrop when such oceanic zones evolve into continental. 
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In basis  to the evolution of the crust from oceanic to continental types I deduce 
that many ophiolite complexes, now outcropping on thick continental zones were 
firstly formed on anomalous oceanic crusts (10-15 km thick) where active sialic 
basements were covered by thick marine sedimentary sequences. The existence is 
possible of many anomalous oceanic zones in the Atlantic, Pacific and Indian 
oceans, mainly associated to plateaus and ridges, where ophiolites and other 
igneous rocks are present. In such oceanic zones active sialic basements and thick 
marine sediments are always present. 

A great number of geologists interpret the ophiolite complexes as remnants of 
an oceanic floor emplaced in many cases on continental zones, generally following 
the dominant Plate Tectonics theory. I consider that the concept of Ophiolite 
complexes is unclear as the “Steinmann trinity” is differentially present, or the 
outcrops are barely exposed. In some cases the denomination is a consequence of 
punctual studies on particular rocks without taking into account global-regional 
studies. So, many outcrops of peridotite-serpentinite could be termed ophiolites, 
and some true ophiolite complexes could be termed peridotites. In many cases, a 
particular “ophiolitic complex” can be interpreted as an “oceanic crust” or, on the 
contrary, as a diapiric emplacement of “upper mantle rocks”. 

In basis to the association of ophiolites with an active gneissic basement and 
carbonate marine sediments, all the oceanic zones (emerged or submerged) with 
ophiolites mean that in such places there are: 

− An anomalous oceanic crust (thicker than normal, e.g. 10-15 km). 
− An active-arc gneissic basement beneath ophiolites, and 
− Carbonate and related marine sediments, at first covering ophiolites and 

the active sialic basement, that can later become broken away through the 
polyphasic uplifiting of the arc structures. 

These active arc-gneissic basements correspond to the external partial 
manifestations of great domed-oval structures during their origin and growth from 
the upper mantle. We must remember that the greater physical-chemical  and 
dynamic activity of these dome-oval sialic masses is mainly developed on contact 
with the wall rocks, which are partially manifested by arc structures. On such 
dynamic rocks the sialic-granitic rocks become converted into gneissic rocks, 
which during their polyphasic origin and evolution, which depending on the 
compressional-frictional environments release sialic matter at moderate to high 
temperature can transform marine sediments in various petrogenetic environments 
to produce, for example, the ophiolite complexes. 
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˗ Temporal Evolution 

Though perhaps a debatable point, I believe that the ophiolites or their 
transformed-metamorphized rocks have been present on the Earth from Archean 
time, though in many cases, such rocks are described as greenstones. All the 
Precambrian ophiolites, or ultramafic-mafic or greenstones exhibit many similar 
common features to modern ophiolites, that is: 

− A gneissic basement, outlined in arc to oval structures. 
− The presence of carbonate rocks from sedimentary (limestone-dolomites) 

to metamorphic (marble-calcsilicate rocks). 
From geological data it is possible to deduce that the ultramafic Precambrian rocks 
are younger than the gneissic basement and the associated carbonate rocks. As 
possible Precambrian ophiolites I can cite the ultramafic-mafic rocks associated to 
the following cratons or blocks: Pilbara and Yilgarn cratons in Australia; Pongola, 
Belingwe, Barbenton, in South Africa; Isua, in Greenland (described among others 
by Myers, 1993; Bickle et al., 1994; Eriksson et al., 1994, etc.). If there was any 
doubt in defining whether Archean greenstones existed before ophiolites, the 
presence of ophiolites in the Proterozoic would be defended by many geologists. A 
few examples are the eastern Arabian ophiolites (Al-Santi & Gass, 1983; Berhe, 
1990), in Egypt, Ethiopia, Tanzania, Uganda, Kenya, Mozambique, etc. In the 
Grenville Province, Cape Smith, Ungava Orogen, are some examples of 
Proterozoic Canadian ophiolites. In China there are also some Proterozoic 
ophiolites. In Europe there are ophiolites that extend from the western Alps to 
Turkey. In all these and other Proterozoic ophiolites the petrogenetic environment 
is very similar to the abundant Jurassic ophiolites: arc-gneissic basement, cabonate-
dolomite rocks, etc. Well exposed outcrops of Paleozoic ophiolites are the 
Appalachian that extend from Newfounland (North) to North Carolina (South) 
extending 3000 km through many discontinuous outcrops. In these Paleozoic 
(mainly Upper Ordovician) ophiolites the presence of a metamorphic basement 
with inverted metamorphic gradients is evident (e.g. Valentino et al., 1995; 
Whitehead et al., 1995). Together with this sialic-active basement are abundant and 
thick shelf carbonate sequences that embrace from lower-middle Cambrian to 
Middle Ordovician, which can exceed 1800 m in thickness (Fail, 1997). Another 
example of Paleozoic ophiolites with abundant outcrops is the long Uralian chain, 
where the petrostructural characters are very similar to the Appalachian (Savalieva 
& Nesbitt, 1996; Pertsev et al., 1997; Savaleira et al., 1997). Important outcrops of 
ophiolites from Permian to Jurassic ages are the abundant outcrops that run through 
several islands, forming a great arc and extend from New Guinea-New Caledonia-
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New Zealand. This great Pacific arc structure is built on a crust 30 to 20 km thick, 
where ophiolites lie on a polymetamorphic gneissic basement and is associated to 
abundant carbonate rocks (Malpas et al., 1994; Aitchison, 1995). 

Within the Mediterranean and adjacent zones are perhaps two of the most 
important outcrops with Mesozoic ophiolites: the Greece-Aegean sea arc 
ophiolites, and the Oman-Semail arc ophiolites, both zones studied extensively by 
many geologists as occurs in other parts of the world. In such zones, the abundant 
ophiolites, are always lying on an active polyphasic gneissic basement, with 
inverted P-T gradients and are associated with abundant carbonate Mesozoic 
sediments (Searle & Malpas, 1982; Boudier et al., 1988). These arc structures in 
Greece-Aegean and Oman are interpreted by some geologists as produced by 
rotational tectonics (e.g. Morris & Anderson, 1996; Perrin et al., 1994). I believe 
that these apparent rotations could be produced by a stress-induced magnetization 
during the differential growth of domed sialic mass (partially present as arcs), in 
time.  

˗ Basis for a New Model for Ophiolites and their Metamorphic 
Basements 

It is no simple task to define just one petrogenetic model for ophiolites due to 
the fact that in such complexes, processes from sedimentary-metamorphic to 
various igneous are present. Within the igneous rocks two main petrogenetic 
environments can be differentiated: the peridotitic and the basaltic. Together with 
these others that could be defined as hybrid are also present. Due to the constant 
association of these igneous rocks with marine sedimentary rocks and with a 
metamorphic gneissic basement, any model attempting to explain the igneous rocks 
should also explain the meaning of such rocks in the origin of the ophiolite 
complexes. This great variability in rock types in the ophiolite complexes the 
polyphasic-tectonic processes makes their interpretation even more difficult.  

The great diversity of the theories as to whether these rocks are oceanic or 
continental, geodynamic environments, and diverse petrogenetic models on the 
associated igneous rocks, etc, is the result of isolated analysis of these complexes. I 
would say that any ophiolite complex is easier to understand within global-
petrogenetic analysis, from the apparently non related sedimentary rocks (e.g. Mg-
carbonate rocks) to the always present active sialic basement, passing through the 
different igneous rocks. From my interpretation of the mafic-ultramafic rocks I can 
build a theoretical geological environment where the main igneous rocks associated 
to the ophiolite complexes, can be explained within two main petrogenetic 
environments, with a minor participation of other hybrid ones (Sánchez Cela, 1999 
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a, b). As occurs with all geological phenomena the petrogentic processes are 
controlled by a fundamental mechanism that governs the geological ones: sialic 
thickening, already cited throughout this book. This sialic thickening, or growth of 
the sialic crust from the upper mantle takes place in a solid stage and according to 
the structures that demand Fewer energetic conditions for the mobilization of 
matter through matter, that is, doming. As mentioned these structures, in many 
cases somewhat oval, are frequently in old terranes. In younger crustal zones, and 
mainly in oceans these domed-oval structures are partially present in the form of 
arcs which in many cases because of structural-stratigraphic features must be better 
defined as arches. It is at the border of these domed-ovals, in the arc-arch structures 
where the most important structural and petrogenetic processes take place, 
although in the interior of these structures, other also important petrogenetic 
processes, are common. As mentioned, the main petrogenetic environments in the 
origin of the most important igneous rocks in the ophiolite complexes correspond 
to these defined as peridotitic and basaltic. But the most important feature in the 
ophiolite complexes is the existence of an igneous metamorphic sequence with 
inverted P-T conditions. 

˗ The Origin of Igneous-Metamorphic Sequences with Inverted P-T 
Gradients 

Many ophiolite complexes indicate high pressure conditions of formation, e.g. 4 
to 5 G.Pa, which, within current interpretation, mean depths of 300 to 150 km 
(Dobrzhinetskaya et al., 1996; Brenker & Brey, 1997). Accepting barometric data 
on ultramafic rocks to be correct, I must look for a petrogenetic mechanism to 
explain the formation of such high pressures in the upper crust that gradually 
converge into a high P-T metamorphic basement. Many of these metamorphic-
igneous sequences show inverted P-T gradients, not only in the metamorphic 
facies, but also in the igneous ones. The presence of inverted P-T gradients in 
metamorphic basements of ophiolites is well documented by very abundant works, 
although the origin is controversial. On the contrary, I know no works on the 
presence of inverted P-T gradients in mafic-ultramafic rocks, although P-T inverted 
gradients appear to be present also in these rocks. 

Among the diverse theories set to explain the formation of inverted P-T 
metamorphic rocks found always beneath peroditites and ophiolites, I can cite: 

− Shear heating, along thrust planes (e.g. England & Molnar, 1993). 
− Major thrust faults beneath obducted ophiolites (e.g. Searle & Malpas, 

1982). 
− Overthrusts of very hot rock (e.g. Peacock, 1987). 
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− Collisional zones (e.g. Himalayas) (e.g.Verma, 1989). 
− Subduction zones (e.g. Peacock & Norris, 1989). 
− Syn-or-post-metamorphic folding of isograds (e.g. Mohan et al., 1989). 

In some zones, e.g. China, high P-T metamorphic rocks exist with coesite and in 
some cases diamond, associated with peridotites or ophiolites. Both metamorphic 
and mafic-ultramafic rocks are unrelated. The metamorphic rocks are interpreted as 
very deep metamorphic rocks exhumated by tectonic processes, in many cases 
related to collision (Nie et al., 1994). These authors suggest that the rocks were 
buried deeper than 100 km and metamorphized at pressures about 30 Kb. 
Exhumation is produced by a high denudation of about 4 mm/year. 

The presence and origin of metamorphic rocks with inverted P-T gradients is, in 
my interpretation, related to the origin of mafic-ultramafic rocks which always 
cover inverted P-T metamorphic rocks. So, from the analysis of many mafic-
ultramafic outcrops in the world I deduce that such igneous rocks are also 
outcropping with inverted P-T gradients. Therefore, instead of defining only one 
inversion in the P-T gradients in the metamorphic basement we must define a 
global igneous-metamorphic sequence with inverted P-T gradients. 

Together with this vertical P-T inversion, manifested mainly at the centers of 
the arches or oval-domes, there is also a horizontal physico-chemical zonation from 
the center of the arches to the border zones. Both, vertical and horizontal physico-
chemical variation is mainly conditioned by the differential physico-chemical 
activity related to the arc-gneissic basement. Consequently, the lateral 
differentiation is mainly conditioned by the differential injection of silica (and 
alkalis) from the basement that is greater at the central zones of arches than at the 
border. This differential input of sialic matter is the main cause of the formation of 
the arch structures. This produces a lateral and convergent petrological 
differentiation in the mafic-ultramafic rocks and the metamorphic basement. Thus, 
at the top, high P-T lherzolites can be formed at the nucleous of the arches 
simultaneously with the formation of lower P-T sepentinites at the border, with a 
gradual transition between both rock-types. A similar situation occurs in the 
basement: the highest P-T metamorphics (e.g. granulitic gneisses) are formed at the 
center; and schists at the border of the arches. 

The origin of an igneous-metamorphic sequence with inverted P-T gradients 
must mainly be due to: 

− The nature of the materials in the stratigraphic column associated to the 
arch structures. 

− The differential physical-chemical behaviour of these materials. 
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− The forced injection of sialic matter at moderate temperature from the 
basement under high compressional environments in the arch structures. 

The nature of the sedimentary rocks together with the vertical injection of sialic 
matter, under high compressional environments (orogenic arcs), is the main cause 
of the origin of differential structuration from bottom (gneisses) to top 
(ultramafics). So, at the base, where the argillaceous rocks are abundant, micaceous 
minerals are formed. Their anysotropic crystalline morphologies develop schistose-
gneissic foliations during the injection and deformation of the sialic endogenic 
matter under moderate-high compression. On the contrary, at the top, the 
sedimentary materials mainly formed by dolomite-marls, give origin to mafic 
minerals (pyroxenes, olivines) with lower crystalline anisotropic characters. 

The differential physical-chemical behaviour of the Triassic-Jurassic 
sedimentary sequence could explain the formation of inverted metamorphic 
gradients that are generally present below ophiolites and many peridotites in the 
world (Reuber et al., 1982; Burg et al., 1989; Waters, 1989; England & Molnar, 
1993; Gnos & Kurz, 1994, etc). These inverted metamorphic series are generally 
interpreted as allochthonous processes associated with collisional (Jaupart & 
Provost, 1985; Jain & Manickavasagan, 1993), thrusting (Patrick et al., 1994), and 
also subduction processes (Peacock, 1987). 

Field and petrological data indicate that many of these metamorphic rocks 
(mainly gneisses with inverted metamorphic gradients) were formed 
simultaneously with the formation of intermediate metamorphic to igneous rocks 
(e.g. amphibolites to gabbros-peridotites). 

My view is that the forced injection of sialic matter into the pelitic sediments, 
according to orogenic-arcs that delimitate granitic domes, not only produces 
moderate-high stress conditions but also moderate-high temperatures created in 
great part by shear-friction processes. The formation of inverted P-T conditions is 
produced because the equilibrium in the physical conditions in the igneous-
metamorphic sequence was not reached. Local higher P-T conditions can be 
created at the top of such a sequence because of the differential physical properties 
of igneous-metamorphic and sedimentary sequences (e.g. different thermal 
diffusivities and conductivities, etc.) (Carslaw & Jaeger, 1959; Clark, 1966; 
Mongelli et al., 1982). An increase in temperature can be produced in the most 
refractory materials of the stratigraphic column, e.g. in the pelitic-marly materials 
covered by thick carbonate sediments (Triassic-Jurassic). In the origin of such 
inverted P-T gradients, in the igneous-metamorphic sequence, the formation of 
ultrabasic rocks at the top might well be significant because of the “isotropy” to the 
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chemical and thermal diffusion from below. This can produce local higher P-T 
conditions in such levels and in consequence inverted P-T gradients in the 
petrogenetic sequence. Such a vertical differentiation not only produces an inverted 
metamorphic sequence but also an "inverted P-T igneous sequence", with 
peridotites covering gabbros and related rocks. Therefore we would define a 
"global inverted igneous-metamorphic sequence" instead of only a metamorphic 
one, where high P-T peridotites and associated mafic igneous rocks lie in gradual 
transition on moderate P-T metamorphic rocks (amphibolites, gneissic granulites) 
and also on others with lower P-T conditions (gneisses-schists). Metamorphic 
rocks around the world with inverted P-T conditions are very abundant in many 
orogenic arcs beneath ophiolites and also peridotites in the world. Such an 
association is not fortuitous but involves a petrogenetic relationship between the 
igneous and metamorphic rocks. 

This vertical P-T inversion, manifested mainly at the centers of the arches, also 
shares a horizontal physico-chemical zonation from the center of the arches to the 
border zones. Both vertical and horizontal physico-chemical variation is mainly 
conditioned by the differential physical-chemical activity related to the arc-gneissic 
basement. The horizontal differentiation therefore is mainly conditioned by the 
differential injection of silica (and alkalis) from the basement which is greater at 
the central zones of arches than at the border. This differential input of sialic matter 
is the main cause of the origin and growth of the arch structures. This produces a 
lateral and convergent petrological differentiation in the mafic-ultramafic rocks and 
the metamorphic basement. So, at the top, high P-T lherzolites can be formed at the 
nucleous of the arches simultaneously with the formation of lower P-T sepentinites 
at the border, with a gradual transition between both rock-types. A similar situation 
occurs in the basement: the highest P-T metamorphics (e.g. granulitic gneisses) are 
formed at the center; and schists at the border of the arches. 

The transformation of a dolomitic-marly-detrital argillaceous stratigraphic 
sequence by sialic matter can produce from ultramafic rocks (at the top) to gneissic 
rocks (at the bottom). The thick carbonate cover is converted into calcsilicate and 
marble rocks. This is very important because such rocks are “impermeable” to 
mobility of the chemical matter (and fluids) from below. High P-T conditions can 
be formed at the top of these structures, if carbonate-arch structures are stable over 
a long period of time. In such places, associated with previous marly-dolomitic 
rocks, ultramafic (and mafic) rocks are formed which also constitute impermeable 
barriers to physical-chemical mobility. Beneath ultramafics, other rocks with 
differential lithological-physical-chemical behaviours are formed. Therefore, 
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depending on the lithological and physical-chemical behaviours of the stratigraphic 
sedimentary column rocks, from gabbros-amphibolites to basic gneisses and 
feldsparschicts (or typical gneisses) can be formed. Together, a basement of 
“orthogneisses” can be present. 

The main mineralogical transformations that took place in the formation of the 
ophiolite complexes have already been described in the origin of peridotites (ch. 
4.2) and mainly in the origin of basalts (ch. 4.3) however taking into account that 
these complexes were built through several petro-structural episodes in the most 
active geological zones, that generally are outlining domal structures, that is, the 
arcs or arches since these last structures are more suitable to be affected by 
petrogenetic processes, e.g., the formation of mafic-ultramafic rocks when marly-
dolomitic sediments are present. 

4.6 OCEANIC-CONTINENTAL BASALTS: ICELAND 

4.6.1 Nature of the Crust in Iceland 

Iceland is a very fine example where the origin and growth of the crust is 
closely related to the origin and growth of the granitic rocks according to a great 
oval-dome structure, and where the granitic rocks are also related to the origin and 
evolution of intra-island rifts, and to the origin of basaltic rocks when suitable 
sediments are present (Sánchez Cela, 1999 a, b, 2004). 

The crust in Iceland is represented by a great, oval structure (800×400 km) 
easily deduced from bathymetric data (Fig. 7). This structure continues to southern 
through the Reykjanes Ridge, which forms the northern part of the MidAtlantic 
Ridge. This oval-domed structure is affected by several NE-SW arc-rift structures, 
that correspond to the most important zones where the volcanic activity is present. 
The uplifting of this great, oval-domed structure is evident (Rohrman & van der 
Beck, 1996). This could be produced by the addition of juvenile, sialic matter at the 
base of the previous crusts through several geological episodes and isostatic 
uplifting (Sánchez Cela, 2000). Although this foreseeable uplifting could have been 
transformed into an upper mantle upwelling (Foulger et al., 2001). From structural-
geophysical considerations in relation to the crust in Iceland and neighbouring 
zones (Hatton Bank, Rockall Plateau), the presence of a similar “granitic” 
basement can be deduced. These granite-gneissic rocks from Precambrian to 
younger ages exist beneath the volcanics and also beneath the Mesozoic sediments 
and possibility other older volcanic rocks that are present in many submerged 
North Atlantic zones. 
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Fig. 7: Domed-oval structure in Iceland deduced from bathymetry. Main structures and 
central volcanoes, after Staples et al. (1997). RR: Reykjanes Ridge. WVZ: Western Volcanic 
Zone. EVZ: Eastern Volcanic Zone. NVZ: Northern Volcanic Zone. TFZ: Tjörnes Fracture 
Zone. K: Krafla volcano. Dark grey areas represent central volcanoes.

Iceland is crossed by a wide-arc central rift that could be expressed as two arms 
of a possible triaxial rift, where the N
arm could be sub-aquatic in the direction of the Faroe islands. The NE
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continues in the North Atlantic Ocean through the Kolbeinsey Ridge, and the 
Western rift through the Reykjanes Ri
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volcano. Older rifts or grabens in Iceland during Tertia
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I interpret these wide-accretional, young, rift structures as produced during the 
growth of the crust in later episodes when a domed-oval structure was developed in 
the Iceland area. These generally triaxial rifts are the tensional response to the 
doming development. At first, these structures were formed by grabens that would 
be filled with thick oceanic sediments. The structural characteristics of many faults 
of these rifts and the presence of parallel dikes appear to correspond with 
compressional zones, known as “axial compression” (Passerini et al., 1997). On the 
other hand, the great seismic activity related to the central rift around the Hekla and 
Krafla volcanoes (Foulger et al., 1989; Tryggvason, 1994), for example, appears to 
agree with the presence of compressional environments beneath many active 
volcanoes. 

The low topographic levels of the island of Iceland was, before geophysical 
investigations, the main cause for classyfing such an island as pertaining to the 
oceanic crust. As cited, its crustal thickness is well known today, being rahter 
continental than oceanic. Menke (1999) also says that the low topographic levels of 
this island contradict the crustal thickness. I think that this “anomaly” is mainly due 
to the fact that granitic rocks beneath it have grown and continue to grow more in 
compressional that extensional environments. Therefore Pratt’s isostasy adjustment 
appears to fit better than Airy’s in this zone. This could be the main reason why the 
deduced granitic rocks beneath Icelandic volcanics exhibit higher values than the 
typical granites, and that the upper mantle-crust boundary is hardly marked. 

From geophysical data the crust beneath Iceland cannot be defined as oceanic as 
it is much thicker than the normal oceanic crust (Flóvenz & Gunnarsson, 1991, 
Darbyshire et al., 2000, Du & Foulger, 2001). According to Flóvenz (1980) the 
crust there can be divided into two parts, the upper and the lower crust. The upper, 
with Vp ∼ 6.5 km/s, is 5 km thick; the lower, with Vp ∼ 6.5-7.4 km/s, is 15 to 30 km 
thick. Du & Foulger (1999, 2001), in geophysical studies of northwest and central 
Iceland, indicate that the crust-upper mantle shows a gradual transition, with Vp 
values from 6-6.5 km/s to 7.1-7.2 km/s. The thickness of the crust varies from 25 to 
40 km; the upper crust is 5-9 km thick; and the lower, 25-40 km; the Moho is badly 
defined, and there is a presence of a LVZ about 25-35 km deep. These and other 
authors (e.g. Bjarnason et al., 1993) state that the upper mantle beneath Iceland 
must be defined as “anomalous” in basis to Vp data (7.6-7.7 km/s). Foulger (2006) 
says that although the nature of the crust beneath Iceland is still enigmatic, part of 
it might be continental, for example, the southerly extension of the Jan Mayen 
microcontinent. According to this author this older crust forms a great part of the 
thickness of crust beneath Iceland. This crust is thicker in the central part of the 
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island (~40 km) where it is associated to the presence of an extensive low-velocity 
layer in the lower crust (Foulger, 2006, fig. 3).  

Gravimetric-isostatic studies (e.g. Menke, 1999, Gudmundsson, 2003) indicate 
the existence of anomalous high densities beneath Iceland, about 3120-3150 kg/m3. 
These anomalous densities could be explained either by the presence of mafic 
rocks or because of phase transformations within the thick crust (Gudmundsson, 
2003). If my models on the origin of mafic-ultramafic rocks are correct, the 
anomalous lower crust beneath Iceland, as in many other crusts, can be explained 
as formed by materials which are intermediate between a “dense-granitic” upper 
mantle matter and the typical crustal granitic rocks. The Jan Mayen crust, Northern 
Iceland, is defined as a microcontinent (Gudlaugsson et al., 1988) built on a 
continental crust of up to 15 km thick (Kodaira et al., 1998). From geophysical 
data it is very difficult to understand its formation from a “re-rifting” of a young 
continental margin (< 25 Ma) as suggested by Müller et al., (2001).  

If we take into account geophysical and petrological data of neighbouring, 
anomalous oceanic crusts (e.g. Faroe Rise, Rockall-Hatton Bank) an easy 
deduction is that beneath the Iceland vocanic rocks is a granitic crust of varying 
thickness, 15 to 25 km thick. Beloussov & Milanovsky (1977) deduced the 
presence of this sialic-granitic crust over twenty five years ago. I am sure that there 
are enough data to indicate that beneath Iceland is a granitic basement very similar 
to that which exists in Rockall-Faroe and the continental margins of northern 
Europe, so the geophysical and structural data along the North Atlantic appear to 
indicate the presence of a crustal, granitic continuity of differing thicknesses from 
Greenland to Europe. 

4.6.2 Origin of the Iceland Basalts 

The “geological environment” of Iceland was and still remains strongly 
influenced by the situation of this island within the dominant model of Plate 
Tectonics in relation to the origin and expansion of the oceanic crust. 

From the existence of a relationship between physical and geophysical data and 
rock-type it is not difficult to deduce that beneath the Icelandic volcanics is a 
granitic crust quite similar to that which exists in the North Atlantic, for example in 
the Rockall Plateau and Faroe Islands. The continuity of this granitic crust, in many 
cases of Precambrian age, through the North Atlantic is mentioned in various 
studies (Dickin & Bowes, 1991; Dickin, 1992; Hughes et al., 1997; England & 
Hobbs, 1997), mainly between Rockall Plateau and Hatton Bank. The presence and 
continuity of a granitic basement of Precambrian-Paleozoic ages in the North 
Atlantic was also stated by Sellevoll et al. (1991) and Flinn (1996). In basis to 
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geophysical data the Precambrian granitic rocks of Newfoundland (Haworth, 1977) 
could be correlated to that of the Rockall Plateau and Hatton Bank across a similar 
granitic basement beneath the Icelandic volcanics. In the Rockall Plateau the crust 
is 30 km thick and formed by a thick Precambrian granitic basement covered by 
diverse sedimentary materials, mainly Permian-Triassic-Jurassic. The presence of 
Mesozoic-Early Tertiary sediments beneath Icelandic volcanics is seen to be 
similar to those of the Rockall Plateau and continental borders of northern Europe 
(Hendrie et al., 1993; Dam & Surlyk, 1995; England & Hobbs, 1997). The 
existence of sediments beneath Icelandic volcanics could be deduced from the 
presence of Permian-Triassic-Jurassic sediments around Rockall (Ritchie & Gatliff, 
1996). Roberts et al. (1988) cite the presence of Carboniferous, Devonian and even 
Precambrian sediments. The presence of granitic rocks and Paleozoic-Mesozoic-
Tertiary sediments beneath recent volcanics appear to be deduced from 
hydrocarbon exploration studies in SE of Iceland (Mackay et al., 2005).  

I think that the crustal structure, deduced from seismic data, is very important 
when proposing an explanation for the magmatic phenomenon in Iceland. So, the 
geophysical data of Brandsdóttir et al., 1997 could be explained as follows: the 
approximate upper section, A, (1-1.5 km thick), with Vp ~ 1.2-4.5 km/s, can be 
explained by the presence of basaltic lavas with different porosity-density. The 
second section, B, about 6 km thick with Vp ~ 4.5-6.5 km/s, can in great part be 
attributed to consolidate sediments with some volcanics. The third section, C, 2-6 
km thick with Vp ~ 6.5-6.7 km/s, can easily be assigned to “granitic” rocks, by 
comparison with similar values in neighbouring sialic zones. The fourth section, D, 
10-16 km thick with Vp ~ 6.7-7.2 km/s and which is defined as the lower crust, can 
be interpreted very differently. So, in basis to the fact that this thick lower crust 
exhibits very similar seismic Vp values to the wide-high chimney (Vp ~ 6.7-7.2 
km/s) that could be attributed to the presence of intermediate-basic rocks, these Vp 
values do not appear to fit in with the current supposed mafic-ultramafic rocks 
because they show higher values. At this point Brandsdóttir et al. (1997) make no 
definition of the type of such rocks but, on the contrary, make an important 
deduction where they interpret the high-velocity chimney to represent a crust 
generated in and around the magma chamber itself. According to Brandsdóttir et al. 
(1997) Vp values of 6.7-7.2 km/s must be attributed to crustal values. Within a new 
understanding of the upper mantle and origin and evolution of the crust, this lower 
crust, and many other lower crusts around the world from oceanic to continental 
zones, can be interpreted as being of granitic nature, but with the presence of some 
silicate phases that are denser than the typical granitic ones. Geophysical data 
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indicate the presence of a lower crust beneath Iceland which is denser than normal 
crusts of adjacent zones in the North Sea (Gudmundsson, 2003). This author 
interprets this high density due to a higher degree and/or depth of melting beneath 
Iceland than at adjacent ridges, because of phase transformations occurring within 
the thick crust and possibly due to fracturation processes in the crust. This very 
interesting deduction could also be explained by the presence of high-
compressional granitic rocks, denser than normal ones, produced by the forced 
intrusion of granitic rocks in solid state in the upper crust (Sánchez Cela, 1999 a, 
2004). 

As cited in ch. 4.3 and several works, for the origin of basalts, the presence of 
carbonate-marly-evaporite materials is essential. The presence of sediments rich in 
evaporites beneath the Icelandic volcanics can be deduced from the eruptions of 
some historic volcanoes such as the Laki fissure in 1783. This eruption emitted 
about 108 tons of H2SO4 and HCl into the atmosphere, causing a catastrophe to 
mankind. The great amount of fluids in many recent volcanic eruptions should be a 
called to geologists attention. Due to the fact that H2O, CO2 and SO3 exist in 
practically all eruptions, geologists consider them instead to be a normal volcanic 
product which in the basalts can be attributed to an upper mantle provenance. I 
believe that the massive anhydrite deposits of the North coast of Iceland 
(Hannington et al., 2001) came from Triassic evaporitic sediments. 

The energetic activator mechanism which produces the transformation of a 
“densialite” upper mantle into a granitic crust one, in a gradual manner, could be 
related to Iceland, as appears to have occurred in Fennoscandia, with deglaciation. 
This, which was related to uplifting and associated earthquakes by Arvidsson 
(1996) in Fennoscandia, was also applied by Jull & McKense (1996) for the origin 
of Icelandic basalts. If this was true I fail to understand how a great partial melting 
of this “peridotitic” upper mantle did not take place on the large, oval 
Fennoscandia granitic structure affected by rapid post-glacial uplifting processes 
due to an evident release in lithostatic pressures. This could be an additional datum 
contrary to a peridotitic upper mantle composition. On the other hand, the various 
upper mantle-compositional models differentiated by some authors appear to give 
better support to others and more single models, than that proposed here (ch. 4.3). 
So, the geochemical differences of basalts from Iceland to the North Sea pushed 
some geologists to propose four mantle components in their origin (Kempton et al., 
2000). As cited, this diversity is mainly due to the differential contribution of the 
sedimentary cover which depends on its paleographic evolution in the North 
Atlantic Ocean, from shallow to deep waters. This leads me to think how 
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interesting is the observation of Hardarson 
basalts associated with Icelandic crustal accretion and rift relocation processes.

Structural and geophysical data appear to indicate a forced
granitic rocks in the central-rift zones o
younger and active zones a great release of sialic matter and the production of high 
frictional heating took place. Together with the presence of a suitable sedimentary 
cover and the formation and conservation of 
to explain my petrogenetic-basaltic model (

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: W-E cross-section interpretation around Krafla volcano in basis to Bransdóttir 
(1997, fig. 13 a) data. A: Volcanics. B: Sediments and volcanics. C: Granite
Lower crust (denser sialic materials). E: Upper mantle. F: Compressional
gneissic blocks. MC: Magmatic Chamber.

4.6.3 Meaning of Icelandic Rhyolites

The abundance of rhyolites has been a well
the Central-Rift zone (e.g. Walker, 1966; O´Nions & Grönvold, 1973; etc.). Many 
of the rhyolitic eruptions are historic (e.g. the Askja rhyolitic eruption of 1875). In 
volcanic Icelandic rocks about 85% correspond to basalts, 12% rhyolites, and 3% 
intermediate rocks (Sigurdsson & Sparks, 1981). The volume of rhyolites in some 
local zones within the Central Rift can exceed 20% in relation to the total 
volcanics, as occurs in the Hekla, Askja and
Torfajökull fissure-eruption. According to Gunnarsson 

Hardarson et al. (1997) on the lateral variation of 
basalts associated with Icelandic crustal accretion and rift relocation processes. 

Structural and geophysical data appear to indicate a forced-intrusion of solid 
rift zones of Iceland. In relation to these apparently 

younger and active zones a great release of sialic matter and the production of high 
frictional heating took place. Together with the presence of a suitable sedimentary 
cover and the formation and conservation of a “Baking Place” this can be enough 

basaltic model (Fig. 8). 
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) data. A: Volcanics. B: Sediments and volcanics. C: Granite-gneissic rocks. D: 
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MC: Magmatic Chamber. 

Meaning of Icelandic Rhyolites 

of rhyolites has been a well-known fact for years, primarily in 
Rift zone (e.g. Walker, 1966; O´Nions & Grönvold, 1973; etc.). Many 

of the rhyolitic eruptions are historic (e.g. the Askja rhyolitic eruption of 1875). In 
about 85% correspond to basalts, 12% rhyolites, and 3% 
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local zones within the Central Rift can exceed 20% in relation to the total 
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Torfajökull central volcano in South-central Iceland contains the largest volume of 
exposed silicic volcanics (~225 km3), although the majority have erupted beneath 
glaciers forming acid hyaloclastites. This means that the volume of silicic volcanics 
in such a zone is quite significant, so Lacasse & Garbe-Schönberg (2001) state that 
the volume of silicic extrusives in Iceland is most likely understimated because of 
the removal of loose pyroclastic materials by erosional processes and the burial by 
younger volcanic rocks. This volume was abundant during the last 6 Ma in Jan 
Mayen area (North Iceland). 

Although the origin of Icelandic rhyolites has been attributed to diverse 
mechanisms, cited in Martin & Sigmarssono (2005), they can be produced in the 
crust by anatexis at frictional zones during the growth and uplifting of granitic 
(gneissic) rocks under high compression. Like many others, this geological 
environment was created by the growth in situ of the sialic crust throughout 
geological time, mainly from Mesozoic times (Sánchez Cela 1999 b). The main 
arguments for this new and revolutionary theory stem from a new physical-
chemical understanding of the upper mantle. Before any disagreement might arise 
for this new upper mantle (Sánchez Cela, 2000), thought should be spared for the 
following significant data and considerations in supporting this proposed 
petrogenetic model for the Icelandic rhyolites: 

− Geophysical data in Iceland and neighbouring areas. 
− Structural data; meaning of rift zones. 
− Abundance of rhyolites in punctual-lineal zones. 
− Presence of some acid plutons. 
− Meaning of 87Sr/86Sr data. 
− Chemical composition. 

The geophysical data beneath the Icelandic volcanics is most likely similar to those 
of other neighbouring zones in the North Atlantic. From a comparison of data it 
appears that with a thickness of 30 km at least 15 or more kilometers can be 
attributed to sialic rocks (granite-gneisses). The structural data in Iceland, mainly 
in the central rift, seem to correspond to a crustal zone affected by a compressional 
tectonic environment (seismic-thermal data). The abundance of rhyolites in such 
zones is difficult to explain by partial melting of previous igneous-metamorphic 
rocks, or from the fractional crystallization of basalts. The composition of the 
rhyolites is very similar to many granitic rocks: SiO2 (60 to 80%); Al2O3 (11-16%); 
FeT (1-10%); K2O (1-6%); Na2O (2-5%). SiO2, Al2O3, FeO and K2O represent 98% 
of the total composition in oxides, where SiO2 is about 75% of the total (Thy et al., 
1990). This is an additional datum regarding a “granitic” origin. 
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The existence of granitic rocks beneath the Icelandic volcanics is also given by 
the outcropping of Tertiary plutonic rocks in Southeast Iceland. In the valley of 
Slaufrudalur a “granophyre” intrusive pluton covers some 15 km2 and has an 
exposed volume of approximately 10 km3. Together with acid plutonic rocks, there 
are abundant acid sheets associated with gabbro plutons (Gudmundsson, 1998). 
“Granophyres”, generally porphyritic granites formed by an intergrowth of quartz 
and alkali feldspar and/or plagioclase, correspond to superficial-lateral facies of 
granitoids in many plutons and batholiths in mainly recent orogenic zones. In 
Iceland such rocks can constitute a strong argument in favour of the presence of 
large thick masses of granitic rocks beneath volcanics and proposed sediments 
(mainly Mesozoic), much like many North Atlantic zones. 

Petrologists and more so geochemists often use isotopic data as valuable tools 
to find the solution to many petrogenetic problems, although the results in many 
cases contradict geological and petrological data. So in relation to the Icelandic 
rhyolites, the 87Sr/86Sr data of the Hekla volcano exhibit values of about 0.70316, 
which are very similar to the associated basaltic rocks (Sigmarsson et al., 1991). 
On the contrary, the rhyolites from the Torfajökull fissure exhibit higher 87Sr/86Sr 
values, about 0.7033-0.7036 (O´Nions & Grönvold, 1973). In this latter case a tiny 
crustal contribution could explain such values. Both, the Hekla and Torfajökull 
rhyolites may have been produced by the dynamic anatexis of a granite-gneissic 
basement in frictional zones, with a differential, 87Sr/86Sr isotope fractionation that 
took place during the origin and eruption of rhyolites. Starting from an imaginary 
granitic basement, with 87Sr/86Sr values of about 0.726 for example, such an initial 
isotope ratio could have been produced by the differential mobility of the “parent 
and daughter” isotopes through the high dynamic-frictional zones (e.g. central rift). 
Thus, under high P-T conditions 87Rb tends to escape through such frictional zones, 
most often when a fluid phase is present (and therefore 87Sr). On the contrary 86Sr 
is strongly attached to the Ca-bearing minerals. Depending on the length or route of 
the frictional zone, time, and possible contamination with igneous and sedimentary 
materials, it is easy to understand how diverse 87Sr/86Sr values can be produced in 
the upper crust in such dynamic zones. The great diversity of 87Sr/86Sr values of 
many comagnatic volcanic rocks could have been produced in a similar way. 
Therefore, the use of Sr and other isotopes in petrogenesis as fundamental tools 
might well be reconsidered to discriminate the “sources” of magmatism. Stecher et 
al. (1999) state that both rhyolites and associated basalts at Torfajökull exhibit 
similar Sr, Nd and Pb isotopic data. This could indicate that young granitic rocks 
are present beneath volcanics as compressional horsts, whose frictional anatexis 
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produced rhyolites and also basalts in suitable Baking Places (Sánchez Cela, 1999 
a, b). 

An important datum pertaining to the origin of rhyolites and their relationship to 
basaltic volcanism reveals the generally high temperatures of eruption for such 
silicic rocks. Geothermometric data indicate temperatures of 990 to 1010 ºC for 
typical rhyolites at 0.5 Kb (H2O), 1005 to 1020 ºC for icelandite, and 1140 to 1170 
ºC for basalt (Sigurdsson & Sparks, 1981). Similar high temperatures in rhyolites 
were stated in other basaltic provinces, e.g. Deccan, Ehiopia, etc. Within current 
petrogenetic theories such high temperatures are unlikely, since in the presence of 
fluids rhyolite melts at lower temperatures, of about 600 ºC, as nature wastes no 
energy uselessly. The elevated temperatures of rhyolites can be related to the high 
thermal activity developed on efficent, frictional-compressional sialic blocks and 
the storage of this thermal energy and the chemical matter (silica-alkaline) in 
superficial-refractory magmatic chambers, which in Iceland correspond to the 
central rift zones where rhyolitic volcanism is abundant. On the other hand, since 
this interpretation of basaltic volcanism stems from a common endogeneous 
chemical-thermal source, the origin and differentiation of basaltic rocks depends on 
the presence of carbonate-marly-evaporitic materials and the formation of suitable 
structures. 

4.6.4 A Simplified Crustal Evolution 

The deduction of an active granitic basement beneath Iceland, from my 
interpretation of mafic-ultramafic rocks, and from a new understanding of the 
upper mantle-crust evolution throughout time, one could approximately retrace the 
evolution of the crust in the Icelandic zone, dating from Triassic times (about 225 
Ma), in several episodes in the following manner (Fig. 9): 

A)  During the Triassic, we could picture the crust in the Icelandic area as 
being similar to the Faroe zone, that is, formed by a thinner sialic crust 
with a granite-gneissic basement of Precambrian-Paleozoic ages covered 
by Paleozoic-Triassic sediments. This crust could be about 10 km thick 
and would be sumerged about 3 km below the Atlantic Ocean. 

B)  Between the Triassic and the Early Jurassic, the crust became affected by 
sialic thickening processes origin the thickness up to 12 to 15 km, together 
with the formation of a physical structuration of the lower crust 
(reflectivity), a slight swelling is the formation of thick marine sediments, 
a great part controlled by the thermal-endogenous activity. The increase in 
temperature of marine waters, together with other factors, not only 
controls the precipitation of carbonate but also the biogenic activity that 
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goes to increase the rate of carbonate deposition. In relation to this great 
sedimentation, some dolomitization and chloritization processes could 
have taken place. This could reproduce the approximate geological-
sedimentary environment for the North Atlantic during Triassic to Jurassic 
times. The crust, during such a period, would be composed of typical 
Triassic-Jurassic materials, which are very abundant in many geological 
zones and mainly formed from bottom to top by sandstones, lutites, marls, 
marly-evaporites and thick carbonates. These sedimentary materials, 
which appear to be present beneath the Tertiary to the present volcanic 
rocks, could correspond to Vp ~ 3-5 km/s values of many seismic profiles 
in Iceland. 

C)  During the Upper Jurassic corresponding to new thickening episodes and 
swelling-incipient doming, the differential growth in depth and isostatic 
uplifting of granitic blocks could have produced efficient shear-friction 
processes, mainly on the most compressional faults. Simultaneously, 
additional sediments could have been formed on previous volcanic-
sedimentary materials. The crust at this stage could reach about 15 to 20 
km thick. The fracturation associated with sialic thickening-updoming 
would possibily result in the formation of three axial rifts. In relation to 
these rifts, sialic matter at moderate-high temperature would be released 
from the faulted sialic basement, making contact with marly-evaporites 
covered by thick, carbonate rocks and reacting to produce gabbroid rocks, 
which would continue growing if suitable, stable structural conditions 
were formed, namely Baking Places. During Jurassic times, as occurred in 
neighbouring North Atlantic zones, volcanic processes were also present 
in the Icelandic area. So, if the total pressure (mainly of fluids) in the 
Baking Places is enough to break the impermeable-carbonate cover, 
partial melting processes can take place by decompression due to the 
escape of fluids. In this Mesozoic epoch as the Icelandic area was 
submerged, the volcanism was submarine and formed by abundant, 
basaltic pillow lavas, interstratified with Jurassic marine sediments. 
Between Late Jurassic-Early Tertiary times, together with the formation of 
various sedimentary rocks, some volcanics could have been formed. By 
considerations deduced from other similar zones in the North Atlantic 
over such a period, the volcanism was unimportant. 
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Fig. 9: Proposed petro-structural evolution in Iceland from Triassic times (A
Explanation in text. 

D)  During the Tertiary, the crust in the Icelandic zone, as over all the North 
Atlantic (e.g. Faroe-Rockall
episode of granitic thickening and, as a result, uplifting. The crust could 
now be 20 to 25 km thick in many
sialic thickening produced a reactivation of the dynamic and petrogenetic 
processes. So, many Baking Places (Magmatic Chambers) occupied by 
gabbroid masses were affected by new, physical
processes, possibly together with the formation of new Baking Places. It 
appears that during the Later Tertiary, partial melting processes took 

structural evolution in Iceland from Triassic times (A-E). 

During the Tertiary, the crust in the Icelandic zone, as over all the North 
Rockall-Hatton Bank), was affected by an important 

episode of granitic thickening and, as a result, uplifting. The crust could 
now be 20 to 25 km thick in many zones of the North Atlantic Ocean. This 
sialic thickening produced a reactivation of the dynamic and petrogenetic 
processes. So, many Baking Places (Magmatic Chambers) occupied by 
gabbroid masses were affected by new, physical-chemical endogenous 

s, possibly together with the formation of new Baking Places. It 
appears that during the Later Tertiary, partial melting processes took 
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place, along with the formation of abundant lavas which occupied a great 
part of Iceland and possibly many submarine zones around the island. 
Although some Magmatic Chambers were formed in relation to Tertiary 
sedimentary materials, the stratigraphic and mainly geophysical data 
appear to indicate that during the important, Late Tertiary volcanic 
episode the magmatic chambers of the basaltic volcanism are mainly 
located in relation to the presence of marly-evaporite materials in deeper 
stratigraphic levels (deduced to be Triassic-Lower Jurassic). During 
Tertiary time, the domatic structure around the Icelandic area and the 
formation and the formation and development of rift structures, generally 
with three arms, was more evident. From lava structures one might 
conclude that a certain part of the Icelandic island had already emerged 
above the ocean during Tertiary times. Between the Middle to Late 
Tertiary, the volcanic activity on the Icelandic surface was of very little 
importance. Within a new understanding of the volcanic phenomenon, the 
dynamic-endogenous processes were also of less importance, meaning 
that sialic thickening processes at depth (upper mantle-crust boundary) 
were also of little importance. 

E)  From the Pleistocene to the present, the volcanic activity in the Icelandic 
area reached great significance mainly in relation to the central rifts. This 
mostly aerial volcanic activity must be related to previous or simultaneous 
episodes of sialic thickening, where the crust had practically achieved its 
present thickness (20 to 35 km). In relation to this dynamic-crustal 
activity, many old centers of volcanic activity are reactivated, together 
with others of new creation located mainly on the central rift zones. 
During the final stage of volcanic activity and mainly at the present time, 
two different petrogenetic environments can be differentiated, the basaltic 
and the rhyolitic, both related to the same prime cause, sialic thickening 
and the formation of efficient chemical and thermal sources on the active 
sialic basement. The basalts are formed only in these places in the 
presence of marly-evaporites covered by carbonate materials. On the 
contrary, the related rhyolites are formed when these sedimentary 
materials are not present or were consumed and are related to younger 
geological zones where the sialic basement is more uplifted and where the 
sedimentary-volcanic cover is thinner. So, whereas the basalts need the 
formation of previous Baking Places stages, the rhyolites do not. These 
latter rocks, as mentioned, can be defined as the volcanic manifestation of 
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dynamic-frictional anatexis of granite-gneissic rocks during differential 
uplifting under high compression, as appears to have occurred at the 
central rift of Iceland. The formation of magmatic chambers during 
rhyolite-ignimbritic formation must be a shorter episode in order to 
increase the fluid charge and mainly to increase the temperature in 
refractory places (domed superficial sedimentary-volcanic places) and 
thus explain the high temperatures of many rhyolite-ignimbritic eruptions 
around the world. 

One can picture a future crustal stage (F), for example 50 Ma from now, if the 
crust beneath Iceland continues growing, without (or with scarce) basaltic volcanic 
activity because of the non-presence of a fertile sedimentary cover (marly-
evaporites and thick carbonates). The main outcropping rocks will be of granitic-
gneissic nature with various, sedimentary-metamorphic rocks and “old” basaltic 
lavas. In this theoretical future stage, the main geological phenomena will be of 
tectonic, seismic and geothermal nature. The main igneous processes can include 
the formation of some acidic volcanics, e.g. rhyolites-ignimbrites associated with 
the compressional rift zones. In such an epoch, the sialic basement will outcrop in 
the form of intrusive granitoids associated with gneissic-granites and diverse 
metamorphic rocks of Mesozoic to Recent ages, mainly in the central Iceland rift 
zones. 

4.7 CONTINENTAL BASALTS 

4.7.1 The Etna Volcano 

Mount Etna is the largest and most active volcano in the Mediterranean area. It 
is a composite stratovolcano with a basal diameter of about 40 km and a height of 
3320 m. Its oval base is about 1200 km2 (47 km N-S x 38 km E-W). It is the largest 
volcano in Europe, which has been active for about 500,000 years, although its 
products do not exceed 350 km3. About 70-80% of volcanics are formed by 
porphyritic alkali trachybasalts, the rest being tholeites and minor trachyandesites 
(Tanguy et al., 1997). The volcanic edifice lies on a sedimentary basement inclined 
from the NW (about 1 km altitude) to the SE where it lies below sea level (Tanguy 
et al., 1997). This sedimentary, mainly carbonate basement in turn lies on the 
Calabrian complex formed by plutonic-metamorphic rocks of Hercynian to Alpine 
ages (granites, gneisses, schists) and sediments of Cambro-Ordovician to 
Carboniferous ages (Bouillin et al., 1986). 

Many petrogenetic theories on the Etna volcanics are based on the dominant 
Plate Tectonics theory (e.g. Bousquet & Philip, 1986; Ellam et al., 1989), though 
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the structural framework of southern Italy does not appear to fit in with such a 
global tectonic model. So, Lavecchia & Stoppa (1996) do not relate the volcanics 
to subduction, due to the presence of some carbonatites, melilites and high K-
alkaline rocks typical of continental rift environments. According to Hirn et al. 
(1997) the Etna volcano has developed on the margin of the Hyblean plateau, the 
foreland to the Late Tertiary, Maghrebian-Calabrian thrust belt. These authors say 
that there is an evident relationship between tectonics and Etna volcanism, in 
reference to deep faults and great earthquake activity. Tanguy et al. (1997) attribute 
the formation of Mt. Etna to a hot spot and mantle diapir, where the diversification 
of volcanics is associated with different degrees of melting during the diapiric-
upwelling of the upper mantle. 

˗ A New Model for the Etna Volcano 

The Etna basaltic rocks were formed in the upper crust, where the main events 
in its origin could be summarized in the following manner: 

− Pliocene-Quaternary episodes of sialic thickening in the Tyrrhenian-
Aeolian zone, manifested by a submerged, domed sialic mass that has grown 
and is still growing in high compressional environments, mainly on the Etna-
Calabrian coasts. 

− The reactivation and new formation of faulting-rift structures, which are 
highly efficient in the intersection with the Tyrrhenian-Aeolian arc (dome). 

− The release of thermal (frictional heating) and sialic matter from the 
active sialic (granite-gneissic) basement. 

− The presence of a suitable, stratigraphic-lithological sedimentary column 
covering these active zones: abundance of carbonate rocks lying on thick marly-
evaporite materials. 

− The formation of a great, long-term, stable, dome-carbonate structure 
(Baking place episode). 

− The formation and accumulation of high pressures (mainly due to fluids) 
and temperatures in the Baking place. 

− The reaction between the sialic matter released from the frictional 
basement at high P-T and the sedimentary materials, and the formation of a 
doughy-igneous body, mainly composed of various ferromagnesian minerals 
and plagioclases (gabbroid rocks). 

− The partial melting of these gabbroid rocks due mainly to the escape of 
fluids from the top of the Baking place and the formation of basaltic melts. This 
is the true Magmatic episode. Although the diversification of basaltic rocks is 
not the object of this book, this depends mainly on the geochemical and 
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physical (mainly pressure) conditions reached in a determined temporal episode, 
mainly in the Baking place. 
The structural framework of the Etna volcano must be analyzed within a global, 

geological context in the western Mediterranean area, between the Tyrrhenian-
Appenninic and Aeolian-Calabrian Arc. Together with these arc structures, the 
existence of fault-rifting structures around the Etna volcano must also be taken into 
account. These structural features have been well defined, among others, by Turco 
& Zuppetta (1998). From such structural data the presence of a broadly circular 
structure in the eastern Tyrrhenian Sea appears to be deducible (Fig. 10).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Main structural features of the Tyrrhenian Sea (after Cocina et al., 1997 and Turco 
& Zupetta, 1998). 

This circular structure is, in great part, outlined by a continental-arc structure from 
Naples to northern Sicily. Over the entire Mediterranean area, the existence is 
evident of several Pliocene-Quaternary episodes of uplifting processes associated 
to the ample developement of faulting, rifting and graben formations, correlating to 
volcanism, earthquakes, and other phenomena. This uplifting can be interpreted as 
the response to isostatic adjustament resulting from the growth of the crust in 
depth, “sialic thickening”. From a dynamic-structural point of view, the Etna 
volcano appears to be situated on the intersection of the Calabrian arc and two 
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fault-graben structures, the Malta Escarpment and the Messina-Fiumefredo fault 
(Cocina et al., 1997). 

From some structural maps (e.g. Turco & Zuppetta, 1998) it appears deducible 
that volcanism in the Tyrrhenian Sea (and from the South Appenines to the Sicilian 
continental area) is, in great part, controlled by the existence of a great dome 
structure. Vesuvius, Etna, the Aeolian islands and other submarine volcanic islands 
(e.g. Vavilov, Ventatene, etc.) are arranged in circular structures that outline a great 
sialic Aeolian dome. From structural data it also appears deducible that this dome 
is affected by several concentric, (accretional?) circular structures, the “Thyrrenian 
Dome”. This Tyrrhenian dome was defined by Locardi (1985, 1988) as a “mantle 
dome” formed by hot, soft, asthenospheric matter. This, according to Locardi (op. 
cit.), is produced by the interaction of ascending mantle fluids that change the 
mineralogical composition of the mantle by hydratation, causing a volume increase 
and consequent mantle doming. According to this author the mantle dome 
upwelling produced considerable crustal thinning and a partial oceanization in the 
Tyrrhenian area. 

Although some geologists relate Etna magmatism to an extensional 
environment (e.g. Gresta et al., 1990), others (e.g. Cocina et al., 1998) relate it to a 
zone affected by a high degree of tectonization and seismicity. In the western 
sector of Mt. Etna, shear earthquakes are at depths of 10 to 30 km, although there 
are also seismic focal depths at less than 5 km (Lo Giudice & Rasà, 1992). The 
presence of an active “sialic dome” and compressional, fault-graben zones 
developed on a sialic basement (18-25 km thick, De Astis et al., 1997) constitute 
potential zones where sialic matter can easily be released at moderate-high 
temperatures. This sialic basement, which is evident in the Calabrian-North Sicilia 
zones, also exists in the Aeolian islands, e.g. the Stromboli, Lipari, Alicudi and 
Filicudi islands, in the presence of gneisses as metamorphic xenoliths in volcanics 
with 87Sr/86Sr=0.7137 (Francalanci et al., 1988). 

According to Chiarabba et al. (2000) the recent seismicity and tomographic 
modelling of Mt. Etna reveal the presence of a high-velocity mass located beneath 
the central craters whose lateral extension increases from about 6 km between 18 
and 9 km depth to about 12 km between 9 and 3 km depth. This mass which is like 
a very thick pear with Vp velocities (5.8 to 6.4 km/s) that corresponding rather to 
granitic rocks than basaltic as Chiarabba et al. (2000) suggest. Structural data by 
Froger et al. (2001) indicate that the Etna volcano appears to be located in the 
confluence of three fault-escarpments where compressional deformation is 
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significant. I think that these three scarpments could be similar to the three arms of 
many domal granitic structures. 

With an active sialic basement, in the origin of Etna volcanics the presence of a 
thick sedimentary cover, mainly Mesozoic-Tertiary, is also fundamental. Regional 
to local geological information in the Calabrian-Sicilian area indicates that, 
together with Cambro-Carboniferous materials, a thick Triassic-Jurassic-
Cretaceous-Tertiary sequence is present (Bello et al., 2000). As cited the 
abundance of marly-evaporites and carbonates generally of Triassic-Jurassic ages, 
have special significance in the origin of basaltic magmas, in this case of the Etna 
volcano. These marly-evaporites covered by thick carbonates in dome structures 
are ideally suited to producing important petrogenetic processes. The presence of 
abundant carbonate rocks, which are evident on the surface (e.g. Hyblean Plateau), 
is also deduced in the Etna volcano system from a xenolith contribution. So, many 
alkaline lavas contain carbonate xenoliths with wollastonite, augite-diopside and 
other minerals similar to many hornfel rocks (Michaud, 1995). My interpretation is 
that these xenoliths come from reworked carbonate hornfels formed previously by 
the contact metamorphism of intrusive granites into sedimentary-carbonate rocks. 
The abundant H2O, Cl, S, and CO2 released from the Etna volcano could also be 
related to dehydratation and the decarbonatation of sediments. According to 
Michaud (1995), this might also explain the enrichments in K, Rb and Cs of the 
recent Mt. Etna magmas. 

As stated, the “Baking Places” or Magmatic Chambers in a new petrogenetic 
interpretation are always associated to “suitable litho-stratigraphic-structural 
places”: thick, carbonate domes covering marly-evaporite materials. This specific 
location was, in a great part, deduced from the situation of “ophitic-gabbroid 
Spanish bodies” and also from several geological “views” (e.g. Rittmann, 1933; 
Umbgrove, 1950). From various geological data it can be deduced that the 
“Magmatic Chamber” of Etna lies at the “marly-evaporitic” Triassic level, covered 
by thick carbonate rocks, with a granitic-gneissic basement affected by domed-
rifting-faulting dynamic structures, etc. From seismic data Machado (1965) was 
one of the first to suggest the presence of a large region about 5 km below the Etna 
volcano, as a possible elliptical magma chamber (40 x 100 km). From geophysical 
data Hirn et al. (1991)deduced the presence of a high-velocity body at about 6 km 
depth (from the Etna’s summit) and about 10 km in diameter. The presence of a 
discontinuity between the carbonate rocks (Hyblean Plateau) and the flysch 
materials about 6 km below the sea, defined by Lentini (1981), could correspond to 
this suitable place for the location of Etna’s magmatic chamber. From gravimetric 
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data the presence of high-density bodies was deduced beneath the Etna volcano, at 
about 8 km, 5-6 km and 1-2 km depth (De Luca et al., 1997). According to these 
authors, these high-velocity bodies can be interpreted as an old, effusive, volcanic 
complex, such as pillow basalts or possibly cumulate material. These gravimetric 
data (Figs. 8 & 9 of De Luca et al., 1997) could well be interpreted in the following 
manner. The high Vp values below 8 km (8-15 km) could be due to the presence of 
mylonitic-granulitic (granitic) rocks which were produced by the uplifting of the 
crust under high compressional environments during sialic thickening. The high-
density body at 5-6 km depth could have been produced by the presence of 
gabbroid rocks derived from partial crystallization of a magmatic chamber zone. 
The high Vp at 1-2 km could correspond to effusive-interstratified volcanics, for 
example in Tertiary sediments, and therefore correspond to Etna’s older magmatic 
eruptions. Most earthquakes around Etna are shallower than 5 km (Azzaro, 1999). 
This could correspond to “dynamic-physical” activity related to the top of the 
magmatic chamber. In basis to geophysical and LVZ data there are also some 
authors that deduce the presence of “mantle-basic” magmas at dephs of 16-24 km, 
just beneath the 5.5-7.2 km/s discontinuity (Sharp et al., 1980). 

Through ample literature on the Etna volcano, the abundance of fluids released 
from this volcano is well known. These fluids correspond to CO2, SO2, Cl, F and 
mainly water (Allard et al., 1991; Caltabiano et al., 1994). Teggi et al. (1999) 
evaluate the SO2 emission from 20.9 kg/s to 82.2 kg/s using two improved remote 
sensing images. According to Allard et al. (1991) the high CO2/SO2 molar ratio 
(≥10) probably reflects both a high abundance of CO2 in the alkaline magma and a 
deep exsolution of CO2 from it. Two extreme theories can be suggested on the 
origin of these fluids: crustal-sedimentary recycling and a “primary mantle” origin. 
A crustal recycling can easily be deduced by the evident presence, at the North and 
South of the Etna volcano, of thick, marly-carbonate materials, mainly Triassic. 
Two main reasons appear to have been important in a mantle origin for fluids: the 
first and older is due to the frequent association of upper mantle lava products (and 
pyroclasts) with abundant fluids, and the second comes from the analysis of fluid 
inclusions in “upper mantle minerals” as they appear to be pyroxenes, olivines and 
other minerals. Regarding to the abundance in CO2, D’Alessandro et al. (1997) 
suggest three possible contributors: 

1.- The greatest from a deep origin (upper mantle). 
2.- From the atmosphere. 
3.- From a shallow source, enriched in methane. 
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In basis to the isotopic C data these authors deduce a main mantle origin. From 
helium trapped in olivines Marty et al. (1994) deduce an evident mantle source 
(3He/4He ≈ 6.7 ± 0.4 Ra) analyzed in many continental xenoliths of various 
European volcanic areas. According to these authors, argon, on the contrary, 
indicates the presence of atmospheric argon, although the mechanism for 
introduction, for example in olivines, remains to be clarified. Allard et al. (1997) 
state that Etna 3He/4He ratios coincide with those of helium trapped in He-rich 
olivine minerals, therefore being from a mantle origin. Ferromagnesian minerals, 
generally attributed to be from a mantle origin, can easily be produced in the upper 
crust in various, suitable, geological conditions (Sanchez Cela 1996, 1999 a, b). So, 
olivines, pyroxenes and other minerals can trap diverse fluids, released from 
sediments, during petrogenetic-transformation processes at moderate to high P-T 
conditions in suitable-isolated environments, as occurs during the Baking Place 
episode. These high P-T conditions can also be the cause of isotopic fractionation 
processes that take place during the Baking Place to Magmatic-Eruptive episodes 
(e.g. δ13C). The fluids released from sediments in Etna and other volcanoes are 
shown to be very important in petrogenetic processes: they are a rapid mechanism 
of transport of matter and energy; they increase the chemical activity of reactions; 
their cations participate in various reactions, etc. Together with this, fluids are very 
important in the magmatic phenomenon as they are the main contributors in the 
formation of high pressures during the Baking Place episode. So, in Etna, as 
generally occurs in all volcanoes, the rapid release of fluids from their storage at 
high pressures (Baking Places in thick dome structures) can produce partial melting 
and eruption. 

From the magmatic chambers (to some geologists or reservoirs to others) the 
ascent of magma has been studied and modelled by certain authors. Dobran & 
Coniglio (1996) developed an interesting physical model for the transport of 
magma to the surface from a reservoir, that in Etna is located 8-9 km below the 
summit. The Magmatic Chambers (before Baking Places), in Etna and in all basalt-
volcanic systems, are placed beneath thick, carbonated rocks covering soft, thick, 
marly-evaporitic materials, which in this case can be attributed to Triassic. The 
marly evaporites in the Mediterranean zone are mainly composed of abundant 
illitic-argillaceous minerals, chloritic minerals, carbonates (calcite and dolomite), 
sulphates (gypsum and anhydrite), and minor amounts of other salt components 
(Cl, F). Certain Triassic levels are abundant in hematite (Fe2O3) and minor ilmenite 
(FeTiO3) mainly towards the base of the Triassic column (Fig. 11). 
 

204



Fig. 11: NNW-SSE cross-section interpretation around the Etna volcano. 1: Crystalline 
basement. 2: Paleozoic. 3: Marls (Triassic). 4: Carbonate rocks (Jurassic
Cenozoic-Quaternary sediments. 6 (Black): Magmatic chamber and lavas (Sánchez Cela, 1999 b).

As stated, the presence of an abundant fluid phase is very important in 
petrogenetic processes. For example, certain anions of salts can buffer the H
activity, mainly during the formation of feldspars:

M. argillaceous + SiO2 + Ca
    SO4

2- + H+  →  HSO

The phenocrysts of the Etna basalts are, in general, 
their composition. This does not occur in the groundmass where olivines, 
pyroxenes, and mainly plagioclases are quite variable in composition (Tanguy 
al., 1997). This is due to the fact that phenocrysts act as close
because they crystallize at first and remain in a solid state within a doughy 
microcrystalline groundmass, whose composition is continuously changing. This is 
produced by the continuous contribution of juvenile sialic matter 
reacts with sedimentary-marly materials but in another part with previous igneous 
microcrystals of the doughy-groundmass, 
integral, theoretical reaction that takes place at the Etna

aKAl 3Si3O10(OH)2+bMg5Al 2Si3O10

        illite                          chlorite         

+gFeO+xSiO2 → 

→hNaAlSi3O8-iCaAl2Si2O8+jCa(Mg,Fe)Si

              plagioclase                   salite       

+H2O+CO2+SO3+ClH 

section interpretation around the Etna volcano. 1: Crystalline 
basement. 2: Paleozoic. 3: Marls (Triassic). 4: Carbonate rocks (Jurassic-Cretaceous). 5: 

Quaternary sediments. 6 (Black): Magmatic chamber and lavas (Sánchez Cela, 1999 b). 

As stated, the presence of an abundant fluid phase is very important in 
petrogenetic processes. For example, certain anions of salts can buffer the H+ 

, mainly during the formation of feldspars: 

+ Ca2+ + Na+  →  Plagioclase + H+ 

4
-   , or    CO3

2- + H+  →  HCO3
- 

The phenocrysts of the Etna basalts are, in general, somewhat homogeneous in 
their composition. This does not occur in the groundmass where olivines, 
pyroxenes, and mainly plagioclases are quite variable in composition (Tanguy et 

, 1997). This is due to the fact that phenocrysts act as close-chemical systems, 
ause they crystallize at first and remain in a solid state within a doughy 

microcrystalline groundmass, whose composition is continuously changing. This is 
produced by the continuous contribution of juvenile sialic matter which partly 

marly materials but in another part with previous igneous 
groundmass, whereby changing their composition. An 

integral, theoretical reaction that takes place at the Etna-Baking Place could be: 

10(OH)8+cCaMg(CO3)2+dCaCO3+eCaSO4+fNaCl 

illite                          chlorite          

Ca(Mg,Fe)Si2O6+k(Mg,Fe)2SiO4+lCaMgSi2O6Al 2O3  

salite                  Mg-olivine              augite 
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These minerals and other minor components (e.g. nepheline, sodalite, etc.), created 
at first in a solid-doughy state, go to form the Etna basalts, mainly those defined as 
olivine tholeiites (the most common rocks), during the partial melting due to 
decompression of the Baking Place. 

During the year 2011 the Etna volcano entered into eruption 18 times. Before 
the publication of this book and during the year 2012 this volcano erupted several 
times, the fourth on March, 18th-19th. When will the next big eruption occur? What 
is the life expectancy of this volcano? In basis of a new understanding of the 
volcanic-basaltic phenomenon, the next eruption will occur when the following, 
favourable conditions coincide: 

− The first and major conditions during a new episode of crustal uplifting in 
the Eolian-Calabrian area, which will be related to a new episode of sialic 
thickening. 

− The reactivation of endogenous, thermal and chemical sources associated 
to shear-frictional zones developed on the granite-gneissic basement. 

− The participation of new marly-evaporite materials around the previous 
Magmatic Chamber (Baking Place) zone. 

− The formation of new petrogenetic processes in a solid-doughy state and 
partial reworking of previous igneous rocks. 

− The formation of sufficiently high pressures and temperatures during the 
Baking Place episode. 

− The rupture of previously healed conducts or the opening of new ones 
mainly due to the high to very high pressure conditions of fluids at the end of 
the Baking Place episode. 

− The escape of fluids will produce a rapid pressure drop and therefore the 
partial melting of the doughy-gabbroid mass created during the Baking Place 
episode and the eruption of the Etna basalts. This is the true Magmatic Episode. 

Although volcanic activity is not continuous, it is evident that Etna can be defined 
as an active volcano. But the question is: how long will Etna remain active? Within 
a new interpretation of the volcanic phenomenon, the continuity of Etna activity 
will depend mainly on the convergence of several factors: 

− The first and fundamental is related to the activity of the sialic basement 
in the Mediterranean zone. 

− On the thermal and chemical efficiency of this sialic basement. 
− On the existence and inventory of the “sedimentary food” (marly-

evaporites) and permanence of the carbonate cover in suitable structures. 
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From structural and geophysical data it seems deducible that the basement (granite-
gneissic) around the Etna volcano is active today. So, from earthquakes (1995-
2011 years), tectonic features (e.g. Monaco et al., 1997; Froger et al., 2001), 
thermal data (Pasquale et al., 1999), and gravitational spreading (Borgia et al., 
1992), one can determine that the sialic basement around the Etna area is definitely 
active. From the Earth’s global crustal considerations it can be said that the crust 
will continue active for a long geological time; so, the rate of sialic thickening 
today appears to be as high as in the geological past, and has no sign of decreasing. 
Even if the sialic thickening continues to be active, what can occur is that the 
“sedimentary-basaltic food” can be consumed. Then, Etna’s activity will change to 
other volcanic products, that will first correspond to andesite-dacitic volcanics and 
later to rhyolite-rhyodacite ones. Etna’s volcanic activity will cease when the 
granite-gneissic basement outcrops due to an increase in sialic thickening (and 
therefore isostatic uplifting) and when erosion of the sedimentary-metamorphic 
cover takes place. In this episode of crustal evolution, the main endogenous activity 
will be present as tectonic-seismic manifestations, as occurs in many active 
continental zones devoid of sediments. In these zones the formation of some 
rhyolitic to mylonite-tachylitic products can also take place. 

4.7.2 Deccan Basalts 

˗ Geology and Origin 

The trap basalts of Deccan are among the most important outcrops of 
continental basalts in the world and have been extensively studied by a great 
number of geologists. The most abundant petrological types are of tholeiitic nature, 
the alkali basalts being subordinate. In particular zones there are also rhyolites (e.g. 
Rajpipla area), though compared with the volume of Deccan volcanism the 
rhyolites are minor igneous rocks. The surface occupied by the trap basalts is 
estimated to be around 0.5·106 km2, Mahoney (2000), although the area could be 
greater (1.5·106 km2). The thickness of basalts is very variable, thinning eastward 
and thickening westward, where basalts can reach 2 km thick in some zones of the 
western Ghats range. According to Mahoney (1988) the basalts are 1700 m thick in 
the Igatpuri area. To the north, in the Cambay zone, drillholes have encountered 
more than 1000 m of buried basalts lying beneath 4-6 km of sediments. The age of 
the basalt eruption ranges from 70 to 60 Ma (Courtillot et al., 1986; 1988; Baksi, 
1987; Venkatesan et al., 1993) though others consider shorter periods of eruption, 
e.g. 68.5-66.7 Ma (Duncan & Pyle, 1988). 
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Of course, all the petrogenetic models on the Deccan basalts start from the 
partial melting of a peridotitic upper mantle, although with certain differences in 
relation to other continental basalts (e.g. Paraná). Turner et al. (1996) consider that 
Deccan basalts were probably derived by decompression melting of asthenospheric 
peridotite in a mantle plume resulting in high eruption rates. With regard to a 
possible mechanism that could activate and melt the upper mantle some geologists 
relate the origin of Deccan basalts to meteoritic impact, which is considered to be 
the main cause of extinctions in many zones of the Earth (Baksi, 1987). Courtillot 
et al. (1988, 2000) related the Deccan basalts to the partial melting of the upper 
mantle produced by impacts that took place at the Cretaceous-Tertiary boundary. 
On the contrary, Bhandari et al. (1995) and Ivanov & Melosh (2003) consider that 
impacts did not trigger Deccan volcanism 

Pandey & Negi (1987) propose that Deccan basalts were formed by the partial 
melting of the upper mantle, at shallow levels (lithosphere-asthenosphere 
boundary), about 40 km depth, by frictional heating during the northern movement 
of India. 

 According to Mahoney et al. (1985), though the Deccan traps correspond 
mainly to a tholeiitic province, notable volumes of alkali basalts are found in a 
zone along the Narmada River, and at scattered locations on the western coast. In 
the westernmost part of the Narmada Rift the low-K tholeiitic basalts are covered 
by potassic alkali basalts and cut by alkali dikes or plugs, ranging from basalts to 
trachytes. In some cases high SiO2 potassic rhyolites are also present. 

Melluso et al. (1995) consider that the geochemical differences throughout the 
basalt stratigraphy have been variously ascribed, apart from crystal fractionation, 
to: a) upper crustal contamination; b) lithosphere-asthenosphere interaction; c) 
lower-crustal contamination. On the influence of crustal contamination, Cox & 
Hawkesworth (1985) suggest about a 6-12% of mass, although xenoliths of crustal 
materials are absent in basalts. Geologist-petrologists would do well to give more 
consideration to the absence of crustal-sialic xenoliths in the continental flood 
basalts. 

An important question for the Deccan basalts and in general for all the 
continental basalts in the world is: in what way and where could the basalts extrude 
in the Deccan area? All geologists know that the Deccan basalts made eruption on 
a sialic continental crust 20-30 km thick 60-70 m.y. ago, but the eruptive sources 
are difficult to find. No dike swarms are present, or are scarce, or occur in or near 
the western and northern zones of tectonic disturbance. Only a few dike-zones are 
thought to have been likely sources for extensive lava flows. Because of this lack 
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of feeder channels in Deccan, many geologists suggest that the sources of basalts 
are in the west, beneath the sea (e.g. Mahoney, 1988). It is very difficult to 
understand how all the trap basalts from oceanic western zones can cover such a 
great extension of the Indian peninsula. 

According to Mahoney (1988) large faults in the Deccan, along with flexures 
and significant dike intrusions, are mainly confined to three areas: 

− The western oceanic crust. 
− The Narmada-Son lineament, and 
− The Cambay graben. 

In these zones alkalic, ultramafic, and acidic rocks develop. Together with this 
magmatism these zones present: 

− Positive gravity anomalies, and 
− Large heat flow values. 

According to Mahoney (1988) these physical and other structural features 
suggest the existence of a triple junction in the Cambay region during the Deccan 
volcanism. Although we can agree with Mahoney (1988) in the sense that Deccan 
basalts appear to be related to the three previously cited structures, it is strange that 
in the Narmada-Son lineament for example there are no basalts or dike-sources of 
basalts when the crystalline basement is outcropping. This important geological 
question can be applied to all the continental basalts in the world. “Basalts can only 
exist when these sialic basements are covered by thick marine sediments...” 
(Sánchez Cela, 1999 a, b). 

Starting from the fact that Deccan basalts are igneous rocks from an upper 
mantle provenance, the current argument concerns the geodynamic environment 
during the extrusion of basalts. According to Plate Tectonics, the volcanisms of 
Deccan and the Seychelles, both close to the same age, about 80 Ma, were together 
with and related to the Reunion hot spot or mantle plume (Morgan, 1981; White & 
McKenzie, 1989, etc). The break up of Gondwanaland and the separation of India 
from the Seychelles and the northward drift of the Precambrian Indian subcontinent 
took place after the formation of basalts, from 80 to 65 Ma, in relation to the 
Reunion mantle plume (Le Pichon & Heitzler, 1968; Norton & Sclater, 1979). 

Within plate tectonics, independently of a new proposed petrogenetic model for 
the origin of basalts, it is very difficult to understand how the Deccan basalts can 
remain practically undisturbed after “travelling” such long distances and especially 
after the collision of the Deccan province during the formation of the Himalayas. A 
more rational geodynamic environment in the origin of Deccan basalts would be an 
“in situ” formation related to vertical dynamic zones like the Deccan rifts. 
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In a similar way Sheth & Chandrasekharam (1997) associate the origin of 
Deccan basalts to an “in situ” formation and associated with doming and rift 
structures. These authors question the large-distance transport of magmas from the 
Reunion hot spot suggested by Morgan (1981) and other cited authors. The age 
drop of volcanism from Deccan to the present position of the Reunion hot spot is 
not a strong argument in favour of such a S-N translation of the greater part of the 
Indian protocontinent from 67 Ma through the Indian Ocean. 

From a geographic-structural map on the crust beneath the Indian Ocean it is 
very difficult to find a clear path of such S-N displacements. However, from the 
various crustal morphologies several can be defined that appear to be quite 
unrelated where the Reunion hot spot way can be traced. So, from a geographic and 
also geological point of view the Seychelles-Mascarena plateau, the Central Indian 
ridge, and the Chagos-Laccadive ridge, appear to form three zones of non-
interrelated crusts. 

The Seychelles-Mascarena forms a great arc, that approximately delimits an 
oval structure enclosing the Mascarena Basin. Separated from this arc structure is 
the Central Indian ridge that forms a light arc that continues northwestward through 
the Carlsberg ridge, with no apparent relationship to the previous structures. The 
Chagos-Laccadives is a long ridge which from Diego Garcia at the south continues 
to the north through the Maldives-Laccadives islands and links with western 
continental India. 

The lineal orientation with an approximate gradual decrease in age of the 
volcanic episodes as occurs in continental (Eastern Africa Rift) and volcanic zones 
(Hawaii-Emperor chain), could be explained by an anisotropic differential growth 
of the crust, that produces concomitant igneous-structural processes along the 
rifting structures. This differential growth of crusts that are younger at the base, 
which, in many cases, correspond to the thickest crusts in many crustal zones. So, 
in the Ethiopia-Kenya rift the volcanic rocks become younger towards the south 
where the sialic crust is thicker. A similar phenomenon could also occur in the 
Hawaii-Emperor chain. 

˗ New Petrogenetic Model for Deccan Basalts 

The main grounds for a new Petrogenetic model for Deccan basalts have been 
exposed before, but I think that it is useful to remember that, as occurs in all 
continental zones, the origin of basalts is controlled by the convergence of several 
favourable conditions (Sánchez Cela, 1999 b): 
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− The first, and the most important, by the expansional granitic energy, 
mainly manifested by the formation, and differential growth of several granitic 
domes in the Deccan peninsula. 

− The second by the formation of grabens or rifts (e.g. Son-Narmada) 
where abundant sediments, mainly of oceanic nature, are deposited. 

− The third by later stages of crustal-granitic growth and differential 
uplifting of some domal-oval granitic structures (e.g. Dharwar, Bundelkhand). 
The growth of these granitic masses, because the space-accommodation 

problems, gave origin to the formation of high compressional environments, 
mainly in the graben-rift structures. Along these graben-rift structures (e.g. Son-
Narmada) sialic matter at high temperatures is released from the granitic basement. 

Current ideas about the Indian rifts (three pericontinental rifts) are that they 
were originated between the early Jurassic and Tertiary during the northward drift 
of the Precambrian Indian continental mass after the break up of Gondwanaland 
(Biswas, 1982; Tewari et al., 1995). We believe however that the Indian rifts were 
produced on a non mobile continental mass, from early Paleozoic times and 
developed in several stages on a growing-uplifting Precambrian sialic basement. 
They were formed at first by grabens related to the formation of triaxial-extensive 
structures created during the domal uplifting within a regional compressive regime. 

During the upper Paleozoic and mainly during the Mesozoic the graben-rift 
structures of great length and width (400-500 and 50-100 km) were suitable places 
for an abundant sedimentation of marine to continental type that can exceed 4 km 
in thickness Sheth (1999). Although these graben-rift structures were at first 
extensive, this does not mean that such an extension is a consequence of crustal 
thinning as they are currently interpreted. The apparent subsidence-thinning was 
due to the uplifting of a big domed mass, which is similar to that defined by Cox 
(1989). During uplifting and of a triaxial fragmentation this great dome produced 
three great structures that in turn were arranged as secondary domed-oval 
structures, e.g. the Dharwar protocontinent of southern India that in part extends 
through the western coast (Naqvi, 1981). The other smaller Precambrian, broadly-
oval protocontinents, correspond to the Singhbhum and Bundekhand 
protocontinents (Verma & Banerjee, 1992). 

Some authors (e.g. Tewari et al., 1995; Bhattacharji et al., 1996) think that the 
rift-graben structures in Deccan are formed by three-linear tectonic-rift-graben 
structures, known as the Narmada-Tapti rift, the Cambay graben and the west 
Coast rift (or Bombay rift). All these dynamic structures exhibit the following 
features: 
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− They present strong linear structural features. 
− They correspond to active seismic zones. 
− High heat flow with abundant thermal waters. 
− Zones with positive gravity anomalies. 
− Great sedimentation. 
− Diverse volcanic rocks, from basalts to carbonatites. 

All the geological and petrological features can be easily understood within a new 
geological global model related mainly to domed-sialic thickening, the formation 
of graben (rifts), great marine sedimentation, creation of high compressional 
environments, thermal-chemical sources, formation of Baking Places (magmatic 
chambers), etc. All these processes were developed in Deccan, in graben-rift 
structures with a granitic basement under high compressional environments, mainly 
between 70 and 60 Ma. 

The existence of high compressional environments in such a geological epoch 
turns contrary to the current assumption that considers the geological environment 
during the origin of the Deccan igneous rocks to be extensional. As mentioned 
before, this stems from the need to create a suitable route for the eruption of mantle 
magmas. 

From the abundant geological literature that deals principally with the main rift-
grabens in Deccan, it is very difficult to obtain conclusive arguments on the 
existence of extensional environments in such active dynamic zones. All the works 
that describe the ever present sialic Precambrian basement indicate the existence of 
abundant compressional environments instead of extensional e.g. shearing-
frictional zones (e.g. Chandrasekharam & Parthasarathy, 1984; Rao et al., 1992).
 From the structural study of some basaltic dikes near Bombay, Hooper 
(1990) deduced that the geological environment during the basaltic eruption was 
not extensional. 

Many structural data on the graben-rifts in the Deccan indicate that they were 
affected by vertical movements under compression (Devey & Stephens, 1992), and 
that such structures already existed before the time of the Deccan basalts (Verma & 
Banerjee, 1992). 

In Precambrian times when the crust was thin, the three main graben-rifts of the 
Deccan (Narmada, Cambay and Coast rifts) could have been similar to some 
present oceanic rifts such as the Rodriguez “triple junction” of the Indian ocean. 
The growth of the crust from an “oceanic” type to a continental one throughout 
geological time converted these anomalous-rifted oceanic crusts into a domatic 
continental one, as appears to have occurred with the Deccan graben-rifts. 
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In order to understand my proposed petrogenetic model for the Deccan basalts it 
is very important to know the materials associated to the main Indian grabens (e.g. 
Narmada). According to Rao et al. (1992) and Verma & Banerjee (1992), they 
correspond to: 

− Archean basement. 
− Lower Proterozoic (Bijawar Group). 
− Upper Precambrian (Lower Vindhyan). 
− Lower Paleozoic (Upper Vindhyan). 
− Lower Carboniferous to Permian (Lower Gondwanas). 
− Triassic-Jurassic (Middle Gondwanas). 
− Lower Cretaceous (Upper Gondwanas). 
− Paleocene-Eocene (Trap volcanics). 
− Post trap sediments. 

The Archean basement is mainly formed by gneisses, with oval granite intrusions, 
various schists and some phyllites. This basement is affected by polyphasic 
dynamic-petrogenetic processes, manifested by the presence of abundant shear 
zones, mylonitic rocks and in general the presence of horst-compressional 
structures. 

The Bijawar Group is mainly formed by limestones and quartzites. The 
Vindhyan formation, lower and upper, is formed by about 2 km of sediments, 
formed by shales, sandstones and limestones which are typical of shallow-water 
environments. The Vindhyan materials are highly sheared and brecciated along 
southern and western zones, and are affected by several episodes of vertical 
movements. In certain zones, some plugs of kimberlites and carbonatites, about 
1140 Ma, are present but associated to the most dynamic-brecciated zones. 

Above the Vindhyan groups are the thick wide Gondwana deposits, that 
embrace from Permian to Cretaceous sedimentary materials, being abundant in the 
Narmada and Cambay graben-rifts. The thickness and composition of the 
Gondwana sediments is better known today through geophysical data and mainly 
from abundant drillings in oil exploration (Biswas, 1982). So, geophysical data 
(e.g. Singh & Meissner, 1995) can, in many cases, be enough to differentiate 
Cenozoic sediments (Vp 1.6-3.8 km/s); Deccan basalts (Vp 4.7-5.2); Gondwana 
sediments (Vp 3.2-4.0) from the sialic basement (Vp 5.7-6.3); Lower crust (Vp 6.5-
6.9), an underplated lower crust layer (Vp 7.2-7.5), and upper mantle (Vp 7.8-8.2). 

The presence of sediments (mainly Gondwana) beneath the trap basalts can also 
be deduced in some cases from the presence of negative gravity anomalies (Negi et 
al., 1989; Singh & Meissner, 1995), where these sediments can reach a thickness of 
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2-5 km. But the most valuable tools for demonstrating the presence of sediments 
beneath trap basalts are the drillholes carried out in oil explorations, mainly in the 
Cambay graben (Biswas, 1982; Peng & Mahoney, 1995). Almost all of them 
confirm structural-geological data in the sense that below trap basalts are sediments 
of the Gondwana formation, though Tewari et al. (1995), in basis to the 
interpretation of various deep seismic soundings (Kaila et al., 1990), state that the 
presence of Gondwana sediments beneath basalts is still unclear. 

In some zones the basalts rest on the gneissic Precambrian basement. In these 
cases it is not difficult to suppose that such basalts come from other sources, where 
together with a dynamic-sialic basement, abundant Gondwana sediments are 
always present. 

˗ The Meaning of Gravity Highs in the Origin of Deccan Basalts 

Abundant works exist that indicate the presence of gravity high anomalies in 
many places mainly associated to the three main graben rifts of the Indian 
peninsula. These gravity highs are relatively abundant along the Narmada-Tapti 
composed rifts, although they are also present in the Cambay and West Coast rifts 
(Hooper, 1990; Verma & Banerjee, 1992; Mishra, 1992; Bhattacharji et al., 1996). 
According to the cited authors and others, the gravity high values mean the 
presence of rocks with 2.97 to 2.7 g/cm3 of density. These denser igneous rocks are 
deduced to be about 4.6 km below the surface. Similar interpretations are suggested 
by other geologists (Mishra, 1992; Verma & Banerjee, 1992), that is, they 
correspond to basic rocks placed at different depths of the crust. Almost all 
geologists consider these mafic plutonic rocks to be at shallow levels of the crust 
(e.g. 4.6 km), on the contrary, Mishra (1992) states that such basic rocks are at 12-
13 km depth. 

From a statistical point of view, (abundance) it is difficult to suppose that the 
gravity highs in the Indian grabens are produced by the presence of kimberlites and 
also carbonatites, of Precambrian age, that appear in scarce points of graben rifts. 
The presence of plutonic mafic bodies in the upper crust, at depths that can 
correspond to the presence of Gondwana sedimentary levels is very important for a 
better comprehension of the volcanic phenomenon, in this case the trap basalts. So, 
from geology, geophysics and mainly from drilling, together with our interpretation 
of many mafic-ultramafic rocks it is quite easy to see that such mafic plutonic 
bodies at such crustal levels can represent the final stages of crystallization of 
magmatic chambers active 70-60 Ma ago, for example in the form of gabbroid 
rocks. In this sense it can be also supposed that such magmatic chambers (“Baking 
Places”) are placed in certain suitable structural-petrological levels of the 
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Gondwana sediments. The most favourable places correspond to “soft” materials, 
mainly formed by marly-evaporite materials, covered with thick carbonate 
sediments, all lying on a basement formed by frictional gneissic-granitic rocks 
possibly covered by shales, sandstones and other sedimentary materials. 

Due to the lack of information on the nature of the different stratigraphic levels 
of the ample Gondwana stratigraphic column, of mainly Carboniferous-Permian 
sediments, an ideal place for the formation of magmatic chambers (Baking Places) 
and later mafic rocks is the Triassic-Jurassic transit. This lithological sequence is 
the most favourable in many parts of the world for forming igneous petrogenetic 
processes. 

Although the Permian sediments in many zones exhibit relatively abundant 
marls and carbonate rocks, their more discontinued presence and thickness does not 
appear to favour the formation of Baking Places and later Magmatic Chambers. On 
the contrary, the Triassic-Jurassic-Cretaceous sediments are always present in the 
Indian grabens, with thicknesses that can exceed 5 km. 

The lack of gravity highs and “roots” of basaltic magmatism on the Precambrian 
basement appears to support our petrogenetic model on the origin of mafic-
ultramafic rocks, in this case for the trap Deccan basalts, which is why such rocks 
are formed in the upper crust. 

˗ Main Geological-Petrogenentic Episodes in the Formation of Deccan 
Basalts 

As cited, the first mechanism necessary for forming Deccan basalts, and many 
other geological processes is sialic thickening, which took place in several episodes 
from Precambrian to later Alpine times. This crustal growth both took and is still 
taking place according to dome structures, that at first can be partially present in 
the form of arc structures. Several of these domes outlined certain grabens. On 
these long wide grabens a great marine sedimentation took place, with continental 
intercalations, during the Gondwana period (Permian-Cretaceous). Together with 
this sedimentation, wide troughs were formed which were arranged in three arms. 
The origin of these troughs or grabens is related to the developing of triaxial 
longitudinal extensional basins produced during the domed sialic growth of the 
crust in the pre-Deccan area. This produced a differential uplifting of the three 
great Precambrian blocks, arranged in oval structures, that delimitate these grabens.  

The growth of the great Indian domed structure, placed approximately after 
Cox’s (1989) dome, continued during Creataceous and later times. But during 
Alpine times, the growth (uplifting) of the Himalayas-Tibet took place. I think that 
the growth of this great chain-plateau took place in situ by the episodic 
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“segregation” of sialic matter from the upper mantle at the base of the previous 
crusts (Sánchez Cela, 2004) (Fig. 12). The growth of this great mass of Himalayas-
Tibet, together with the presence of a thick stable Precambrian block in the South 
(Dharwar protocontinent), made the Indian grabens pass from an extensional to a 
compressional environment, mainly in the upper Cretaceous and later times (e.g. 
about 70 Ma).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: The Deccan basalts within a new model of global geology (Sánzhez Cela, 1999b, 
2004) from 80 m.y. ago. 

During this epoch, the Deccan basaltic-trap volcanism began; the grabens would 
already be emergent lands filled up with thick sediments of the Gondwana period, 
where the influence of marine sedimentation was dominant. Diverse carbonate 
marls and marly-evaporitic rocks, together with other sediments would be present. 

216



Geological and drilling studies confirm the presence of such sequences in a partial 
manner because they were altered by later tectonic-petrogenetic processes. In the 
formation of many chemical sediments, together with the paleogeographic and 
climatological factors, the thermal anomalies of endogeneous origin which were 
present during the origin and evolution of the grabens, were considerably 
significant. 

During later stages of expansional granitic growth the grabens suffered a great 
N-S compression. This causes many old faulting dynamic zones to be reactivated 

together with the formation of other younger ones. The result is the formation of 

profuse shearing with the formation of abundant frictional zones and important thermal 

and chemical implications. 
About 70 Ma ago the geological environment of the Deccan trap basalts can be 

pictured, when, with their pyroclastic edifices, they were set in line along the 
grabens of Narmada, Cambay and Coast. At such time the “factories” (Baking 
Places) were very active producing abundant basalts. 

The thermal and chemical sources of endogeneous origin were produced during 
the differential vertical movement of the sialic basement. During faulting-friction-
mylonitization and the production of thermal energy abundant sialic matter was 
released from such dynamic zones. At moderate-high temperatures this chemical 

matter is stored in the most favourable places for the petrogenetic processes, that is, 

where marly-evaporite materials covered by thick carbonate sediments are present. 
In my interpretation, the great volume of basalts in trap eruptions depends on 

the permanence of efficient dynamic-thermal-chemical processes developed on the 
sialic compressional basement and the existence and permanence of thick suitable 
sedimentary sequences on such active basements. Therefore, in the Deccan traps, a 
volume of basalts of about 0.5·106 km3 could have taken place between 68.5 and 
66.7 m.y. ago (Duncan & Pyle, 1988).  

4.7.3 Paraná Basalts 

˗ Some Geological data and Origin 

The Paraná volcanism covers about 70-75% of the Paleozoic-Mesozoic basins, 
extending mainly through Brazil, but also into Paraguay, Northern Argentina and 
Western Uruguay, within the Paraná Basin. The volcanics cover about 1.2·105 km2 
of this basin, their volume being about 0.8·106 km3. The thickness is about 350 m at 
the border of the basin, reaching 1000 m or more at the centre (Melfi et al., 1988). 
Although the age of this volcanism ranges from 165 to 75 Ma (Amaral et al., 
1966), the major volume of volcanism took place between 140-120 Ma. According 
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to Turner et al., (1994) from 137 to 127 Ma; Renne et al. (1996) from 132 to 133 
Ma; Stewart et al. (1996) considers 10 to 12 Ma for the duration of the main 
volcanic episodes. 

The basement of the volcanism is formed by a thick sialic crust, 30-45 km 
formed mainly by granite-gneissic rocks of Archean-Proterozoic age, affected by 
several structural processes, doming, rifting, with abundant mylonitic rocks and 
faulting formed in compressional environments. According to Cordany et al. 
(1984) this basement is formed by a cratonic nucleous delimited by mobile belts. 
According to some geologists, this cratonic basement covered by thick Paleozoic 
sediments, up to 4000 m thick, was stable from the early Paleozoic (Asmus, 1975; 
Asmus & Baisch, 1983). On the contrary, Fúlfaro et al. (1982) consider it to be 
unstable owing to the abundant rift-type tectonic control during sedimentation. The 
extensive structural data affecting the Paleozoic and Mesozoic cover demonstrate 
that this “cratonic” basement was affected by several structural and igneous 
processes even in Later Alpine times e.g. uplifting, doming, formation of arches, 
faulting, etc , (e.g. Almeida, 1981). 

Covering the Paleozoic sediments, mainly Devonian, Permian-Triassic-Jurassic-
Cretaceous sediments are also present in many cases below the Paraná basalts 
(Zalan et al., 1987). These sediments, that are present in the continental-oceanic 
margins, outcrop in some places within the Paraná basin though they were proven 
mainly by boreholes in hydrocarbon exploitation and by seismic-gravity data 
(Molina et al., 1988). Within the Jurassic-Creataceous (pre Basalt) sedimentary 
sequence carbonate rocks are the dominant materials, though marls, evaporites 
(halite, anhydrite) and some sandstones and conglomerates are also present. The 
Paleozoic-Mesozoic sedimentary materials generally reach up to 5 km thick 
(Magnavita & da Silva, 1995; Mohriak et al., 1995). 

According to Almeida (1981) four stages can be differentiated in the evolution 
of the Paraná basin, where the first and second comprise sedimentation in a 
subsiding synform basin, and the third and fourth include the uplift and extrusion 
of volcanics. So, in the first and second stages (Devonian-Lower Carboniferous) 
together with some epirogenic movements, faulting and the formation of some arch 
structures (e.g. Asuncion and Ponta Grossa) a great marine sedimentation (Paraná 
Group) took place. In the third stage, (Upper Paleozoic-Jurassic), several uplifting 
episodes occurred together with a continental to evaporitic carbonate sedimentation 
in a desertic environment. In the fourth stage, (Upper Jurassic to Lower 
Cretaceous), important tectonic events took place with uplifting, rifting, faulting, 
and the formation of antiforms (archs) in the Paraná basin, within compressional 
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environments. During the Lower Cretaceous, and related to an extensional regime 
abundant tholeiitic basalts extruded first followed by rhyolitic rocks: Serra General 
Formation. 

According to Cordani & Vandoros (1967) the extrusion of volcanics took place: 
− In axial regions of Rio Paraná and Rio Uruguay. 
− Along the Torres-Posadas lineament. 
− In the eastern Sao Paulo and northeastern Paraná states. 

Santero et al. (1988) consider that the main volume of volcanics (basalts) is 
associated to arch structures during Upper Jurassic-Early Cretaceous, as occurs in 
the Ponta Grossa and the Paraguayan arches. 

Following statements by various authors (e.g. Belliene et al., 1984; Comin-
Chiaramonti et al., 1988), approximately 90% of volcanics correspond to basalts, 
5-7% to andesitic rocks, and 3-5% to rhyolitc rocks. In the northern Paraná basin 
the dominant volcanics correspond to tholeiitic basalts, which are overlain by 
scarce rhyodacites and rhyolites (Chapecó type). In the southern Paraná basin the 
tholeiitic basalts are also the most abundant volcanics. The later rhyodacites and 
mainly rhyolites are more abundant here (Palmas type). Some intermediate-
andesitic rocks are also present. Between the northern and southern Paraná basin, 
the “central” zone, is also characterized by the abundant presence of tholeiitic 
basalts, with scarce rhyolitic and extreme scarcity of intermediate rocks. 

As occurs in other basaltic provinces, the Paraná basalts are interpreted as 
having been produced by the partial melting of an ultramafic upper mantle. The 
generally high 87Sr/86Sr ratios (e.g. 0.703 to 0.711), high contents in incompatible 
elements together with other chemical features are explained by diverse processes: 
source heterogeneity, degrees of partial melting, fractionation from low to high 
pressure conditions, together with a major or minor crustal participation  (e.g. 
Bellieni et al., 1984; Piccirillo et al., 1988, etc). 

On the contrary, in the origin of rhyolites no general agreement exists, since 
there are authors who consider a crustal origin (e.g. Harris et al., 1990) and others a 
mantle, by fractional crystallization of a basaltic magma (e.g. Garland et al., 1995). 

A great number of geologists relate the eruption of the Paraná Trap Basalts to 
the Tristan da Cunha Plume related to a hot spot whose mantle plume today is 
located several hundred kilometers to the East (Morgan, 1981; White & McKenzie, 
1989, 1995; Peate et al., 1990; Gallagher & Hawkesworth, 1994; Turner et al., 
1996) and associated in many cases with rifting (Harry & Sawyer, 1992). On the 
contrary, there are also geologists who relate the Paraná basalts and associated 
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igneous rocks to a hotspot whose thermal mantle anomaly (plume) is static 
(Thompson & Gibson, 1991). 

The contribution of asthenosphere or lithosphere to the basaltic magmas is 
under discussion. So, White & McKenzie (1995) consider the asthenosphere; 
Garland et al. (1996) suppose a lithosphere and Peate & Hawkesworth (1996) a 
lithosphere and asthenosphere contribution. 

Hawkesworth et al. (2000) consider that Paraná basalts were produced by the 
partial melting of dry asthenosphere or hydrous lithosphere peridotites where the 
tectonic control (extensional rift), and the presence of mantle plumes were 
important in its origin. 

My view is that the Paraná basalts and rhyolites, as in many other zones of the 
world, were formed in the upper crust when suitable geological conditions were 
present. 

˗ Basis for a New Model for Basalts and Rhyolites in the Paraná Basin 

In a similar way to the Deccan basalts, the Paraná basalts and rhyolites were 
formed under several favourable conditions: 

− The existence of a Precambrian sialic basement affected by several 
compressional frictional episodes from Precambrian to Alpine times, with the 
formation of incipient domes and rift structures. 

− The presence of thick sediments, many of marine nature, in the Paraná 
basin. 

− The reactivation of old structures in Alpine times: domes, rifts, and 
mainly arches, developed on Precambrian dynamic sialic basements. 

− The release of thermal energy and sialic matter related to the reactivation 
of old mylonitic-frictional zones developed on the sialic basement. 

− The formation of suitable structures (domes, arches), formed by thick 
carbonate-marly-evaporites covering dynamic and active sialic basements. 

The basement of the Paraná basalts and rhyolites is formed by granite-gneissic 
rocks and other minor rocks affected by several tectonic and igneous-metamorphic 
events during the Brazilian cycle (700 to 400 Ma) (Almeida et al., 1981; Melfi et 
al., 1988). The crystalline basement outcrops in the Northeast of Brazil, where 
neither basalts nor Mesozoic sediments are present. Neves et al. (1996) consider 
this Archean to Late Proterozoic basement to be highly affected by a geological 
environment of compression, where abundant shear zones and mylonites are 
present. 

In relation to such high compressional dynamic zones abundant igneous 
processes took place, mainly the formation of granites (Neves et al., 1996). Some 
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of these shear mylonitic zones are often over 300 km long and 10 km wide. These 
shear-mylonitic zones constituted important chemical and thermal sources during 
their reactivation in Alpine times, for example from 140-120 Ma. This reactivation-

uplifting of the Precambrian granite-gneissic basement whith many old-mylonitic rocks 

can be deduced from the formation of doming, arch and rift structures associated with 

thick Upper Paleozoic-Mesozoic sediments (Zalan et al., 1987; Molina et al., 1988). 
The abundant shear zones and mylonites are related to magmatism, as occurs in 

northeastern Brazil, e.g. plutonism from 560 to 500 Ma (Neves et al., 1996). In 
such a zone igneous rocks from 175 to 160 Ma and 140 and 130 Ma, related to 
Middle Jurassic and Lower Cretaceous rifting, are also present (Bellieni et al., 
1992). The EW to N.E.-S.W. tholeiitic dikes there are associated to a Precambrian 
basement, affected by shear-mylonitization processes and the presence of a 
Phanerozoic sedimentary basin. Many mylonites, mainly at the margins, show a 
loss of silica and alkalis, which by the presence of a fluid phase were mobilized 
towards lesser compressional zones (Hippert, 1998). 

In the Paraná basin, as in other Brazilian basins, (e.g. Maranhao and Amazonia) 
the presence of thick sediments is evident. In such basins together with a Later 
Proterozoic to Cambro-Ordovician sedimentary cover found in some places, 
sedimentary materials from Devonian to Cretaceous are more or less abundant 
(Mabesoone et al., 1981). Within this sedimentary sequence and by its petrogenetic 
basaltic implications we must cite the Triassic-Cretaceous sedimentary 
stratigraphic column, where the continental or the marine influence varies from 
West to East. So, in the interior of Brazil the presence of a greater continental 
contribution is evident, mainly in older sequences (e.g. Precambrian-Paleozoic).  
On the contrary, in eastern Brazil the Mesozoic materials are more of a marine 
environment. So, from Triassic to Upper Cretaceous, together with some detrital 
sediments (e.g. Triassic) the carbonate and the marly-evaporite sediments are more 
abundant, especially towards the Atlantic coast (Soares et al., 1974; Asmus, 1975). 

During the Lower Cretaceous, abundant tholeiitic basalts and rhyolites were 
formed. General assumption relates this volcanism to an extensional environment, 
as is generally assumed in all continental flood basalts of the world. The 
relationship between the eruption of basalts and the creation of an extensional 
environment is a consequence of the formation of a suitable way for the basalts 
from the upper mantle to be able to move through the crust and extrude. So, 
extensional tectonic environments generally associated with thinning, facilitate 
such igneous emplacement and extrusion. From the knowledge of certain basaltic 
provinces (e.g. Massif Central, Rhine graben, Olot, etc) geological data show no 

221



presence of such extensional environments, on the contrary, the sialic basement 
and its sedimentary cover show abundant features of compressional environments, 
in many cases of polyphasic character. The Paraná basin therefore is no exception, 

where on an unstable dynamic sialic basement associated to rift structures abundant 

sediments are present that date from Paleozoic to Mesozoic (Fúlfaro et al., 1982). 

There is general agreement that the main Paraná volcanics, “Serra Geral 
Formation”, are related to the presence of lineaments and arch structures. So, the 
Ponta Grossa arch is considered to be the zone with a greater production and 
accumulation of basalts (Fúlfaro et al., 1982; Melfi et al., 1988). These 
approximately NW-SE lineaments in the continent (Asmus & Baisch, 1983) are a 
continuation of the Brazilian continental margins and appear to continue into the 
interior of the Oceanic Atlantic (e.g. Flovianopolis lineament and Rio Grande Rise) 
in more W-E directions (Bonatti, 1996). Both, continental and oceanic lineaments 
could be related to structural Alpine episodes which could indicate that a thin pre-
Alpine sialic crust is present beneath the Atlantic Ocean, as occurs in the northern 
Oceanic Atlantic (e.g. in Rockall-Hatton Bank).  If this is a fact, the current model 
on the origin of the Atlantic Ocean in Alpine times could be wrong in claiming that 
the basaltic-rhyolitic volcanism in Paraná and Etendeka (South Africa) took place 
in relation to the Tristan da Cunha mantle plume (Ernesto et al., 1990; Nürnberg & 
Müller, 1991; Chang et al., 1992; Milner et al., 1995). 

I think that the Paraná and Etendeka volcanisms, though contemporary, were 
formed in different places which in the Lower Cretaceous already pertained to two 
distinct continents, contrary to the dominant theory that considers both volcanic 
zones to be related in space and time and later divided and moved away through 
the “Opening of the South Atlantic Ocean” (Nürnberg & Müller, 1991; 
Hawkesworth et al., 1992). It is very difficult to explain how the same thermal 
mantle mechanism (the famous Tristan da Cunha plume) can produce basalts 
preferentially in one place and in an adjacent one dominant rhyolitic rocks. If it is 
difficult to explain the origin of the Paraná rhyolites it is even more so to explain 
the very abundant Etendeka rhyolites, both being basalts and rhyolites related to 
the same mantle plume. 

Many of the NW-SE to W-E continental lineaments are parallel to the presence 
of basaltic dikes of 131-120 Ma associated to granite-gneissic basements and 
Paleozoic-Mesozoic sediments (Renne et al., 1996). Although some geologists 
(e.g. Piccirillo et al., 1990) relate these dikes to the flood basalts, others (e.g. 
Turner et al., 1994) consider that such dikes are younger than the greater part of the 
flood volcanism. 
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Following the study of many works on the location of the basalts and associated 
igneous rocks within the Paraná Basin, it is easy to deduce that such igneous rocks 
are preferently associated with dynamic sialic basements and the formation of 
arches, arranged from NW-SE to near W-E directions. These arches can reach 600 
km as is the case with the Ponta Grossa, Torres Pousadas and Rio Grande arches. 
Even the N-S Asuncion arch, located at the western zone, is longer (about 800 km), 
which in the southern part is divided into two or three shorter arches. This great 
arch through being outside the Paraná basin appears to be less related to basaltic 
volcanism. These arch structures could be linked to the existence of big domed-
oval masses, mainly in the southern Paraná basin (e.g. Uruguay domed-oval), 
although they also exist in the North and Northwest. Such dome structures were 
cited, among others, by Herz (1978). According to White & McKenzie (1989) 
these structures could be related to the presence of a mantle plume during the 
Paraná volcanism. 

The presence of a great-dome structure in southern Brazil, partially submerged 
in the Atlantic Ocean, has been deduced in basis to a drainage pattern by Cox 
(1989). This dome, uplifted during the Quaternary, means that the Precambrian 
crust of Brazil is still growing, and by the episodic addition of juvenile crustal 
matter from the upper mantle at the base of the previous crust, which by isostasy, 
results in uplifting (Sánchez Cela, 2000). The Rio Grande, Torres, and Ponta 
Grossa arches appear to correspond to a secondary lineal-arch-uplifting phenomena 
within this great dome structure. 

˗ The Contribution of Rhyolites to Basaltic Volcanism 

The existence in some places of abundant rhyolitic rocks associated with 
basalts, together with the presence of thick sialic basements affected by frictional-
mylonitization processes and a sedimentary cover was very important for a new 
interpretation of the basalts in Paraná. The rhyolitic rocks are defined, in basis to 
their outcrops and geochemical data, as the Chapecó and the Palmas rhyolites 
(Piccirillo et al., 1987, 1988; Harris et al., 1990; Garland et al., 1995). The 
Chapecó rhyolites are high-Ti and 87Sr/86Sr, at 130 Ma, 0.705-0.708. The Palmas 
are low-Ti, and 87Sr/86Sr, at 130 Ma, 0.714-0.727 (Peate et al., 1992). The origin of 
these sialic volcanic rocks, as happens with similar volcanics in other zones, is very 
diverse in basis to their presence in continental or “oceanic” zones and 
geochemical-isotope data. 

Piccirillo et al. (1987) suggested two alternative models in the origin of the 
Chapecó rhyolites: 1) Assimilation-fractional crystallization processes starting 
from the associated high-Ti basic rocks. 2) Melting of mafic granulites with 
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appropriate composition or of basalts trapped at the crust-mantle discontinuity. 
Harris et al. (1990) in basis to δ18O values related the Paraná and also Etendeka 
rhyolites to lower crustal Archean to Late Proterozoic materials with low and high 
δ18O values respectively. According to Garland et al. (1995) the Chapecó and the 
Palmas rhyolites were derived predominantly from underplated basaltic magma 
rather than crustal basement. The Chapecó rhyolites would be produced by the 
partial melting of high Ti basalts, whereas the more abundant Palmas rhyolites 
were produced by fractional crystallization of low-Ti basalts. Milner et al. (1995) 
related both, the Paraná and Etendeka silicic volcanics as having been produced 
together, about 135-130 Ma, by partial melting of crustal materials at high 
temperatures related to the Tristan plume. Harris & Milner (1997) related the 
Paraná rhyolites (mainly Chapecó type) to the partial melting of the Archean lower 
crust. In the particular case of the Chapecó and Palmas rhyolites, the theory which 
best agrees with the geological environment is that considered by Milner et al. 
(1995) and Harris & Milner (1997), who relate these silicic volcanics to the partial 
melting of crustal materials, where sialic protoliths are evident. 

The spatial-temporal association of many rhyolitic rocks with basalts was a 
serious setback towards a better comprehension of the origin of such igneous rocks. 
It is impossible to geochemically balance the origin of rhyolitic rocks in many 
zones (continental to oceanic) of the world by means of fractional crystallization 
processes from a basaltic magma. 

A very good example where rhyolites can be studied in the South of the Paraná 
basin is the Serra Geral and neighbouring areas, the most prominent mountain in 
southern Brazil. Great part of this mountain is formed by thick rhyolites known as 
the Palmas-type (low-Ti contents) which form the most important rhyolitic outcrop 
in Brazil. These silicic rocks occupy the highest elevations of this mountain, 
whereas the valleys and plains to the north and south, with a level difference of 
800-1000 m, are occupied by basalts. 

Although the rhyolites are always later igneous rocks in the Paraná volcanic 
episodes, time within the current models of magmatic evolution is not important in 
the Serra Geral igneous differentiation. The main factor in the differentiation of 
basalt to rhyolite in such a zone, is mainly related to the structural level reached by 
the reactivated granite-gneissic basement during the Lower Cretaceous and in 
relation to this, the type and thickness of sedimentary materials affected by Alpine 
uplifting sialic processes. 
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The basement in Serra Geral appears to be formed by a big granite-gneiss horst 
structure, which is within a great dome defined by drainage features in the 
southeastern continental to marine zone of Brazil (Cox, 1989).  

From various structural-stratigraphic works on the Paraná basin it can be 
deduced that some zones of this basin reached a high structural level (uplifting) in 
Paleozoic times. These highs appear to correspond approximately with NW-SE 
arch-lineaments. One of the most important high-arches is related to Serra Geral. In 
this arch-mountain the sialic crust must be thicker than in the valleys or plains, and 
mainly formed from top to bottom by thick rhyolitic rocks (800 or more meters) 
covering sedimentary Paleozoic and perhaps Precambrian, mainly of continental 
nature with minor marine sediments, which does not exceed 500 m in thickness. 
Beneath these sediments is the granite-gneissic basement strongly affected by 
several Hercynian-Alpine uplifting episodes and associated faulting in many cases 
with compressional features (mylonites). The result is the formation of highs, and 
arches depending on the level reached by the sialic basement. 

On the contrary, in the plain-valleys the thickness of the sedimentary materials 
covering the sialic basement can reach 5000 m or more (see previous references). 
In these zones together with continental materials there are abundant carbonate 
marine sediments and others of marly-evaporitic nature covering the active granite-
gneissic basements affected by several episodes of uplifting (sialic thickening) 
during Alpine times. In such places the formation of suitable structures affected by 
efficient thermal-chemical-basal environments can produce the formation of 
basaltic rocks. These two extreme sedimentary environments (detrital and marly-
carbonate-evaporite) are the main reason for the existence in many igneous 
provinces of both basalts and rhyolites, with a petrographic-geochemical gap 
between such rocks. In Paraná, as in many other igneous provinces, the presence of 
andesitic rocks is therefore generally scarce within the basalt-rhyolitic association. 
This “petrological gap” can be easily explained within the new proposed 
petrogenetic models for basalts and rhyolites. 

During the formation of the basalts the structural-lithological characters of the 
arch-domed cover act as barriers to the escape of the sialic matter from the 
basement. The basaltic petrogenetic model concludes when practically all the 
marly-evaporitic materials are consumed and at the same time the basement can be 
uplifted. In the rhyolitic case the sialic matter released from the basement cannot be 
modified due to the almost total absence of suitable materials to produce the 
“basification”, that is, marly-evaporite materials. The scarcity of andesitic rocks can 

be explained as intermediate temporal episodes during the uplifting of the rifted-sialic 
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basements where the sedimentary cover is of an intermediate composition between the 

detrital and the carbonate materials. 
The dynamic anatexis as a satisfactory petrogenetic model in the origin of 

rhyolites can also explain the relatively high temperatures reached by these rocks 
and other parental (e.g. ignimbrites) during eruption (e.g. 1000-1100ºC). Such high 
temperatures can be reached by efficient frictional processes during the differential 
uplifting under high compression of the sialic blocks and stored in refractory-
sedimentary places (Baking Places-Magmatic Chambers). 

˗  Summarized Petrogenetic Model for the Origin of Paraná Basalts  

In the origin of the mainly tholeiitic Paraná basalts the favourable conditions are 
very similar to those already mentioned in chapter 4.3, which are the following: 

− The sialic chemical and thermal sources are related to the reactivation-
uplifting under high compressional environments of the Precambrian granite-
gneissic basement. 

− Together with this reactivation of the sialic basement the initially thick 
horizontal sedimentary cover can form dome-arch structures because of the 
increase of volume produced by silica matter released from the dynamic 
basement (frictional-mylonitic zones) and by the fluids released at moderate-
high temperatures from the wall rocks (marly-evaporites). 

− These marly-evaporitic materials in the Paraná basin can be attributed to 
those that abound in the Upper Triassic-Lower Jurassic materials, which are in 
turn covered by thick Jurassic-Lower Cretaceous carbonate rocks. 

− Constructed stable-suitable sedimentary domes or arches above the 
endogeneous thermal and chemical sources are necessary conditions for the 
formation of Baking Places and later for the formation of magmas in the upper 
crust. 

− The suitable marly-evaporite sediments react easily at moderate-high 
temperature with the sialic matter of an endogenic origin. Depending on the 
geochemical balance and physical factors, various mafic to sialic minerals can 
be formed. 

− During the formation of various ferromagnesian minerals and feldspars in 
solid state, at moderate to high temperatures, high pressure conditions can also 
be reached mainly by the contribution of an abundant fluid phase that is 
concentrated at the top of the Baking Places. 

− If the total pressure at the Baking Places is high enough to break the 
domed-arched carbonate cover, the Magmatic Phenomenon takes place, that is, 
the partial melting of the “petrological doughy mass” created previously. 
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− Depending on the endogeneous-exogeneous mass balance, rocks from 
various basalts to rhyolites can be formed. 

4.8 Precambrian Basalts 

4.8.1 Komatiites and Mg-Basalts 

Komatiites are Archean basaltic rocks with a high percentage of MgO (>18%). 
It is the most characterictic volcanic rock of all the greenstone terranes. The 
greenstones could be defined like the ophiolites as a complex association of 
igneous to sedimentary rocks (greywackes, carbonates, evaporites, cherts) and 
others of hydrothermal origin associated to domal structures, where the granitic-
gneissic rocks make up over 90 % of the association. Good examples of greenstone 
belts, are the Barberton Mountains (South Africa), the Pilbara Block (Western 
Australia), the Belingwe Belt (Zimbawe) and Isua (Greenland). 

Most geological-petrological studies on the greenstones, show that they are 
located to the border of the domal-arc structures associated to carbonate-
calcsilicate rocks, and also marbles, and always with granitic-gneissic rocks which 
are the oldest. So, Bickle et al. (1975), in the Belingwe greenstone belt 
(Zimbabwe), describe a well-exposed stratigraphic sequence where the granite-
gneissic rocks clearly constitute the basement of the greenstone-sedimentary pile. 
The granitic rocks here are unconformably covered by stromatolite limestones, 
peridotite-basaltic rocks, komatiites with sediments, and andesite-pyroclastic rocks. 
A similar stratigraphic disposition is present in the East Pilbara Block of Australia 
(Bickle et al., 1985). 

Most models on the origin of the komatiites-Mg basalts stem from an 
unquestionable peridotitic upper mantle affected by high temperatures (e.g. 1600 
oC) or lower (e.g. 1300 oC) under hydrous conditions where high degrees of 
melting are reached. Dry or hydrous, they take place at great depth (~150 km). 

Even without considering an alternative model, the origin of the komatiites 
within current theories raise two important questions: 

− Why did komatiites not continue erupting in post Precambrian times? 
− How can the upper mantle, about 150 km in depth, reach such high 

temperatures? 
These and other questions can be answered with our proposed model on the origin 
of basalts where I must explain the origin and evolution of Ca/Mg throughout 
geological time: why the Archean basalts are very rich in Mg and poor in Ca, 
while, on the contrary, the Alpine-recent basalts are richer in Ca and poorer in Mg? 
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As cited, the main igneous rocks in the Archean are komatiites-Mg basalts with 
high-variable MgO contents. The scarce carbonate sedimentary rocks are mainly of 
dolomite-magnesite nature. 

The percentages of MgO and CaO in the upper mantle starting either from a 
pyrolitic or from a peridotitic-eclogitic models are approximately. 

MgO – 20 to 30% 
CaO – 2 to 5% 

If most of the MgO and CaO in the igneous, sedimentary, and metamorphic crustal 
rocks came from an upper mantle provenance then the percentages of these oxides, 
for example in the igneous crustal rocks, ought to have a similar composition to 
that defined as of the upper mantle (e.g. pyrolitic). 

The geological record indicates that igneous and sedimentary rocks keep 
diminishing throughout geological time at the same time as the percentages of CaO 
keep increasing. So, in Mesozoic-Cenozoic times the CaO/MgO ratios can range 
from 1 to 5 in sedimentary carbonate rocks. In igneous rocks, such as peridotites, 
these ratios, together with a “global geochemical control”, appear to be controlled 
by local dolomitization processes, in swelling domal structures which are necessary 
for the origin of the peridotitic rocks, together with high P-T, salinity, sulphates, 
etc. 

I believe that starting from a different upper mantle composition this important 
question regarding the CaMg evolution in time could be explained. As cited (ch. 
2.3) and as I have been claiming for over thirty years, in basis to many geological 
geophysical, and petrological-geochemical data the upper mantle must be defined 
as more sialic in composition arranged in denser structures, was defined as 
densialite (Sánchez Cela, 2000). So, the question is: from a densialitic upper 
mantle, how can I explain the CaO/MgO ratios throughout geological time? 

We know that Ca has six isotopes (40Ca, 42Ca, 43Ca, 44Ca, 46Ca and 48Ca). Of 
them all, 40Ca is the most abundant (96.97%). Also we know that part of this 40Ca 
cames from the radioactive desintegratiion of 40K, which has a similar atomic 
weight. 

Today the percentage of 40K is about 0.0117%; 4.5 billion years ago the 
percentage of this isotope of potassium was aproximatelly 0.1458%, that is, 12.5 
higher (DePaolo, 2004). 

In my densialitic upper mantle the total potassium is about 4.2%. Taking into 
account the other isotopes of potassium, the percentage of 40K is a minor 
component, but in a densialite upper mantle sending abundant igneous rocks 
throughout geological times, its apparent lesser contribution can be important. So, 
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starting from an average percentage in 40K of about 0.08% and from a crust-upper 
mantle section in the Earth of about 40 km thickness, a great amount of 40Ca can be 
obtained. 

The volume of the Earth’s external corona with different radious (r1-r2 = 40 
km), is. 

V=4/3π r1
3-4/3π r2

3 = 9.6 ·108 km3 

The total 40K in these 40 km is: 

9.6 ·108 x 0.08 = 6.5.106 km3 of 40K 

In recent times this would converted into a smilar amount of 40Ca. If geological 
conditions are suitable, this percentage of 40Ca, could produce a volume of pure 
carbonate rocks (e.g. calcite) of: 6.5·106 x 100/40 = 1.63.103 km3 of CaCO3. This 
singnifies that on the external surface of the Earth, a considerable amount of 
carbonate rocks could have been produced from the radioactive disintegration of 
the 40K isotope throughout geological time. 

Together with these first considerations in the Ca/Mg geochemical balance we 
must take into account: 

− The evident excess of 40Ar in the atmosphere indicates a greater amount 
of 40K in the crust-upper mantle system, and therefore a possible greater 
production of 40Ca. 

− Part of 40K was affected by spallation processes (40K→ 40Ar→ 26Al→ 
26Mg), that reduce the percentages of 40K at the same time as they increase the 
26Mg percentages. 

4.8.2 The Pilbara Block: An example of Granite-Greenstone-Komatiite 
Association 

In Western Australia two large Precambrian terranes exist, the Pilbara craton, to 
the north and the Yilgarn craton, to the south. The Pilbara craton is formed by a 
large oval structure which in turn is formed by several smaller domal-oval 
structures constituted mainly by granite-gneissic rocks, which are outlined by 
greenstones. 

According to Hickman (1983) an approximate lithostragraphic sequence from 
older to younger materials is the following: 

− Basement, formed by granites and gneisses older than 3.5 Ga. 
− Warrawoona Group, about 3.5 Ga, formed by various carbonate rocks 

(and marbles), basalts, acid volcanics, and some sulphates (barite) and chert 
veins. 
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− Gorge Creek Group, about 3.3-3 Ga, formed mainly by metasediments, 
sandstone, banded-ironstone, and basalts. 

− Whim Creek Group, about 3 Ga, formed by various volcanic rocks, from 
basalts to rhyolites, and detrital sediments. 

With this approximate litho-stratigraphic sequence in the Warrawoona Group, 
during their “emplacement” in higher crustal levels under high compressional 
environments the granites can produce important thermal and chemical 
manifestations able to affect the sedimentary cover, mainly the marly-evaporite 
materials covered by thick carbonates. It appears that the carbonates and/or marbles 
(e.g. Marble Bar) present in many zones of the Pilbara Block and their associated 
sediments are older than the mafic-ultramafic rocks present in such a zone. The 
Marble Bar consist of metamorphic rocks associated with stromatolith limestones, 
evaporites and chert (Lowe, 1983; Buick & Dunlop, 1990; Myers, 1993; Eriksson 
et al., 1994). 

Together with these large lithostratigraphic groups are other younger ones from 
2.7 to 2.3 Ga that form the cover of the previous groups. The igneous rocks from 
komatiites to acid volcanics and their associated sedimentary materials, including 
the carbonate-evaporites, are always in synform compressional zones delimited by 
domed-oval gneissic-granites. 

All the geological works on the Pilbara Block are in agreement in the sense that 
the oldest rocks in such an Archean zone are formed by domed-oval granite-
gneisses, which occupy a great volume. So, Buick et al. (1995) quote that 
substantial volumes of continental crust (granite-gneisses) existed during the first 
3.5 billion years of the Earth's history in the Pilbara craton. 

Buick & Dunlop (1990) and Eriksson et al. (1994) arrange the various materials 
of the Warrawoona Group into four associations: 1= volcanogenic sandstone; 2 = 
volcanogenic mudrock; 3 = carbonate chemical-precipitate, and 4 = sulphate 
chemical-precipitate. Due to the tecto-petrogenetic polyphasic processes it is difficult to 

establish one single litho-stratigraphic sequence from among the various sedimentary 

igneous and metamorphic rocks. 
In some zones of the North Pole Dome the carbonate-evaporite materials appear 

to be both older and younger than basalts, (Buick & Dunlop, 1990). Due to the fact 
that these sedimentary-evaporitic materials are about 3.5 Ga old, such rocks must 
be older than the associated basaltic rocks. 

I think that one of the most extensive works on the Pilbara craton was made by 
Van Kranendonk et al. (2002). These authors differentiated a granite-greenstone 
basement where the granitic rocks span from 3720 to 2850 Ma, and the greenstones 
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from 3.5 to 3.0 Ga. Covering this basement are sediments and metamorphic rocks, 
mainly formed by a stromatolite chert-barite sequence, of about 3490 Ma, and a 
Marble Bar chert, of about 3460 Ma. According to Van Kranendork et al. (2002) 
the Pilbara craton was built in four great petro-structural stages from 3.72 to 2.85 
Ga. 

1st stage, 3.72-3.52 Ga, formation of an early crust in the eastern Pilbara 
constituted by granite-greenstone association. 

2nd stage, 3.53-3.31 Ga, manifested by an abundant volcanism from mafic to 
felsic nature. 

3rd stage, 3.3-3.07 Ga, formation of plutonic (granites) and volcanic rocks, 
mainly of felsic nature. 

4th stage, 3.15-2.93 Ga, manifested by diverse geologic events, tectonic-
petrogenetic. 
To propose a new tectonic-petrogenetic model for the Pilbara craton the major 

volume of igneous rocks must be formed by the granitic rocks, which appear to 
reach 14 km in depth as seems deducible from gravimetric data (Wellman, 2000). 
Together with this it is also important to emphasize that in such a craton there once 
existed and still does today carbonate and evaporite sediments as old or older that 
the associated mafic-ultramafic igneous rocks (e.g. Lowe, 1983). 

According to Smithies et al. (2005) the east Pilbara granite-greenstone 
association contains the oldest basaltic rocks, which were accumulated over a ca. 
300 m.y., from ca, 3.53 to ca. 3.24 Ga, associated with an “Archean mantle event”. 

Some authors (e.g. Sandifort et al., 2004) deduce that the greenstone and 
basaltic sequence can reach a great thickness of 12 to 18 km, and was produced 
about 3335 Ma. I believe this thickness to be mistaken and that it was apparentely 
produced by polyphasic tectonic processes that converted thin horizontal sequences 
(e.g. 1-4 km) into vertical ones with a consequent repetition of several sequences. 

Within the main theories on the origin of the great domal-oval structure of the 
Pilbara craton and of its oval granite-greenstone minor structures, there are more 
authors who defend “vertical tectonics” than those that defend “horizontal 
tectonics”. Among the first I must cite Myers (1993) and Van Kranendonk et al. 
(2002), who defend vertical doming tectonics under compression. Others, e.g. 
Collins (1989) and Wellman (2000) defend vertical tectonics by diapirism. Within 
diapirism, Collins et al. (1998) differentiated three episodes; the reheating of a pre-
existing sialic crust, a thermal softening that produces a decrease in density, which 
promoted the diapirism in a third episode. Among the authors that consider a 
horizontal tectonics I must cite Krapez (1993) and White et al. (1998). These 
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authors state that the horizontal movements have played a significant role in the 
tectonics of Eastern Pilbara, where the solid-state diapirism has had only a 
secondary effect. 

In the Pilbara craton, as occurs in many continental crusts, the tecto-
petrogenetic processes are related to the growth of domal granitic masses in several 
episodes from early Archean times to post Archean. As we have said this growth 
took place mainly in a vertical sense, although lateral-thrusting processes were 
produced due to the increase in volume involved in our proposed Petrogenetic 
model for the origin of the granitic rocks and its growth-emplacement mainly in a 
solid state. It is between two adjacent domal granitic batholiths where the tectonic 
and petrological polyphasic processes are more evident. 

In a simplified manner I could reconstruct the evolution of the Pilbara craton in 
four ample episodes: 

A) I suppose the initial stage to be, about 3900 Ma, when the crust in the Pilbara 
area, and perhaps over all the Australian continent, was thin, which could be 
defined as oceanic (6-10 km thick) submerged at about 6 km below the 
oceanic waters. 

B) About 3800 Ma an important episode of crustal-granitic growth took place 
mainly appearing only as slight but in fact a very large swell-domed 
structure. On this structure high thermal environments were favourable for 
the precipitation of chemical sediments of a carbonate-evaporitic nature. At 
the end of this first ample episode of granitic growth the “oceanic” crust 
could have been 10 to 15 km thick, as occurs with many zones defined today 
as anomalous oceanic crusts (e.g. swells, plateaus, ridges, and in general 
“highs”). Evidence of these carbonate-evaporitic rocks shows itself today in 
the form of metamorphic rocks (e.g. marbles). 

C) In subsequent Precambrian episodes of crustal-granitic growth, 3800-3200 
Ma, the most important petrogenetic and structural processes took place. 
Both interrelated processes were produced by the juvenile addition of 
granitic rocks at the base of the previous crust, and also as accretional-arc-
granitic growths at the border of dome-oval structures under high 
compressional environments. On this large oval structure several smaller 
domal-oval granitic masses began to be differentiated (e.g. initial Mt. Edgar 
and Shaw batholiths). Associated to the border zones of these initial 
batholiths abundant Mg-carbonate and marly sediments were deposited, 
forming arch structures. If favourable physical-chemical conditions are 
reached (e.g. high P-T conditions and a great mobility of silica matter) 
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various Mg-igneous rocks can be formed. So, peridotitic, Mg-basaltic and 
komatiitic rocks can be produced by the transformation of Mg-sedimentary 
rocks (e.g. Mg-gabbros) and later partial melting of these previous igneous 
rocks (e.g. Mg-basalts). In all petrogenic models, the release is necessary of 
silica matter at high temperatures from the dynamic-granitic basement. This 
basement is formed today by blastomynolitic-gneisses with lower Si-K-Na 
contents in relation to the granitic-wall rocks. 

D) Post Precambrian episodes of granitic growth that produce an increase in the 
thickness and uplifting of the crust. The result was the formation of 
polyphasic dynamic-petrogenetic processes which in many cases masked the 
original geological location of the various materials. So, the uplifting under 
high compressional conditions at the border of dome-ovals disturbed the 
original situation of most Mg-igneous rocks in relation to the sedimentary 
materials or their metamorphic products (e.g. marbles). In these episodes, the 
formation of a complex association of diverse igneous rocks and associated 
sedimentary-metamorphic rocks has taken place. In many cases the old 
granitic rocks are seen thrusting upon younger greenstone rocks and 
associated sedimentary-metamorphic rocks. 

4.8.3 The Midcontinent Rift: An example of Proterozoic Mg-Basalts 

As an example of Proterozoic basaltic rocks in the world worth nothing are the 
basalts of Midcontinent Rift (USA), where they are associated to other igneous 
rocks, mainly gabbros (e.g. Duluth gabbros) and also rhyolites. The basalts and 
associated rocks (gabbros) occupy a great extension within the rift: length and 
width of 2000-2300 km and 100 km respectively. According to personal 
interpretations the abundance of Midcontinent Rift basalts and associated igneous 
rocks ranges, from 3·105 km3 (Green, 1983) to 1.3·106 km3 (Hutchinson et al., 
1990), although Cannon (1992) considers an even greater volume (1.5·106 km3). 
The volume of basalts varies according to the estimated thickness in the central 
graben or sag basin. In basis to seismic-gravimetric data a thickness of about 20 km 
has been considered (Cannon, 1994). An intermediate thickness from 8 km (Green, 
1982) to 15 km (Behrendt et al., 1988) has also been considered. 

Although phyllonian rocks are also present, the dominant igneous rocks in the 
Midcontinent Rift system are olivine tholeiites and transitional basalts with 
subordinate tholeiitic basaltic andesites (MgO 9-10%). Locally, is an abundance of 
later rhyolites in some of the plateaus that are very difficult to explain by the 
fractional crystallization of basalts (Green, 1982, 1983). In western Lake Superior 
(Mamainse Point) there are high MgO basalts, up to 23% (Berg & Klewin, 1988). 
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Besides these volcanic rocks there are also intrusives, the famous Duluth Complex, 
considered as a layered complex formed mainly from troctolites to gabbro-
anorthosites. The Mellen Complex, considered to be cumulate bodies, and some 
alkaline rocks represent minor igneous rocks within this Midcontinent Rift. 

Together with the greater volume of igneous rocks (basalts-rhyolites and 
gabbros) rifting took place between 1109 and 1087 Ma. All these igneous rocks 
made intrusion through a thick sialic basement, mainly formed by Late Archean 
(3.5 to 1.5 Ga) granitic-gneissic rocks and some greenstone belts covered by 
abundant sedimentary rocks mainly of clastic nature (Van Schmus, 1992). 

The Midcontinent Rift in the Lake Superior area is a complex of grabens and 
half-grabens filled with abudant sediments (Weiblen & Morey, 1980). The 
formation of this arcuate structure was coeval with the Grenville orogeny to the 
east (Cannon, 1994). This structure was active through several orogenies, from 
3500 to 1000 Ma, that affected the Archean gneissic basement under compressional 
environments in volcanic arcs (Sims et al., 1989; Cannon, 1992; Cannon & Hinze, 
1992). At first the geological environment of the Midcontinent Rift was extensional 
but later became compressional (Hinze et al., 1992). According to Cannon & Hinze 
(1992) the Midcontinent Rift was caused by forces generated in the asthenosphere 
by a mantle plume, about 1000 km in diameter, under high compression at the time 
of rifting and related volcanism. 

Some of main theories on the origin of basaltic volcanism in the Midcontinent 
Rift are the following: 

− Decompressional melting and rapid extrusion of igneous rocks during 
lithospheric extension above a thermal anomaly, “the Keweenaw hot spot” 
(Hutchinson et al., 1990) related to a mantle plume. 

− Related to a mantle plume with heterogeneous lithospheric and crustal 
contribution (Klewin & Shirey, 1992; Nicholson et al., 1997). 

− Decompressional melting beneath the rift induced by a hot mantle plume 
(White, 1997). 
In an interesting work Soofi & King (1999) consider that the Midcontinent Rift 

was affected by lateral compressive forces that caused post-rift thrusting along the 
MCR, although they suggest that a simple compressive event may have affected 
both the arms of the MCR. 

I think that the origin of Mg-basaltic rocks of the Midcontinent Rift is very 
similar to that of many other basalts of continental and “oceanic” zones, that is, 
they were formed in the upper crust under favourable conditions, as follows: 
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− The presence of an active-frictional sialic basement about 1100 Ma ago, 
that released sialic matter at high temperature. 

− The existence of Mg-carbonate-marly evaporite rocks covering this active 
sialic basement. 

− The creation of suitable structures “Baking Places” which remained 
stable for a long time. 

− Formation in a first episode of gabbroid-troctolite-anorthosite rocks at 
high P-T conditions (Baking Place episode). 

− The partial melting of these previous gabbroic rocks due to the 
fracturation of the domed-carbonate cover (Sibley Group) and the rapid escape 
of fluids stored at high P in the Baking Place. (Magmatic-basaltic episode). 

The generally later rhyolitic rocks can be explained as products stored at shallower 
“magamtic chambers” produced by dynamic anatexis of the granitic basement at 
frictional compressional zones and where the sedimentary contribution is 
practically absent. The diverse gabbroid rocks of the Duluth Complex can be 
explained as having been produced by the transformation of carbonate-evaporitic 
rocks at high P-T conditions in the upper crust where partial melting processes at 
the Baking Places did not occur. The structural distribution and types of these 
interesting gabbroid rocks are mainly conditioned by the composition of carbonate-
evaporite sedimentary rocks which are present in the Rift. 

˗ The Contribution of Geophysical Data 

From certain geophysical data (e.g. Behrendt et al., 1988; Hinze et al., 1992) 
interesting data can be obtained on the type and thickness of the crust, structures, 
and mainly the possible mafic-ultramafic rocks present in the sag basins or 
grabens. From geophysical data, it is difficult to understand the arguments which 
deduce a thickness of 15 to 20 km for the basalts in the Midcontinent Rift. It would 
be an exceptional case in the world (see Fig. 3 of Hinze et al., 1992). 

The presence and thickness of igneous mafic rocks beneath sediments depends 
on the interpretation of seismic, gravity and magnetic data. The geophysical data of 
Behrendt et al. (1990) and Hinze et al. (1992) can therefore be interpreted in the 
following way: 

− The upper levels where Vp 3-4 km/s can be formed by various volcanic 
rocks and sediments. 

− The rocks with Vp 6.9 km/s, that can reach 20 km depth, can correspond 
to granitic-gneissic rocks in high compressional zones instead of mafic igneous 
rocks. 
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The existence of gravity highs in some zones along the arc structure in the 
northwestern Midcontinental Rift could be due to the presence of mafic bodies 
below. But this can also be produced by the presence of high P-T gneissic-
granulitic rocks, as occurs in many zones of the Earth. So, in Duluth there are 
gneisses with Cord-Sill-Hyp-Sp and other minerals, in many cases beneath the 
gabbroid rocks that could produce these gravity anomalies. Magnetic anomalies 
exist when mafic-ultramafic igneous rocks are present. On the other hand there is 
no correlation between gravity highs and magnetic anomalies (Chandler et al., 
1989; Hinze et al., 1992).Therefore gravity highs (Vp 6-6.9) could correspond 
perfectly to granulitic-gneissic rocks, that are somewhat denser than the the typical 
gneisses, or also granites in high compressional zones as occurs at the border of 
many domal-arc structures on the Earth. 

The presence of these granulitic gneisses below gabbroid rocks is paramount 
since, as already mentioned, they are very important in the origin of mafic to 
ultramafic rocks if suitable sedimentary rocks are present. The Cord-Sill-Hy 
gneisses crustal rocks, which can reach over 50 km thickness along rifts (e.g. Hinze 
et al., 1992), are very frequent beneath many mafic-ultramafic rocks arranged in 
arch structures throughout world. 

Some important geophysical features of the crust in the Midcontinent Rift are 
the presence of abundant arcuate-reflective structures mainly in the middle crust, 
that could correspond to the presence of mafic intrusives (e.g. Hinze et al., 1992). 
As cited these arcuate-reflective structures could be interpreted as cross-sections of 
new domal sialic masses from the upper mantle during the growth-emplacement 
(ch.3). 

˗ Presence of Carbonate-Evaporite Materials 

In all the studies I have made on different geological zones and in almost all the 
works consulted that include mafic ultramafic igneous rocks, together with the 
existence of a dynamic-frictional-granitic basement, carbonate-marl-evaporite 
rocks are always present. The Midcontinent Rift is no exception. 

Many geologists know that during Middle Proterozoic thick sedimentary 
sequences from continental to marine environments were formed where thick 
carbonate rocks, sulphates and even solute salts are present (Hamblin, 1961). In the 
Midcontinent Rift these sedimentary rocks are mainly associated with the Sibley 
Group, about 1339 ± 33 m.y. old, formed by dolomites, marls and shale-detrital 
sediments (Green, 1983). 

Due to the great alteration of many sedimentary rocks, the presence of salts can, 
in many cases, be deduced from mineralizations. So, sulphide mineralizations in 
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the NW of the Duluth Complex are related to sulphide argilites of the underlying 
Virginia Fm (Mainwaring & Naldrett, 1977; Ripley, 1981; Thériault et al., 1997). 
These sulphide mineralizations appear to come from old transformed sulphate-
evaporite sediments. From certain drill holes the presence has been revealed of 
older sediments beneath igneous rocks (e.g. basalts). From a 2577 m drill hole Van 
Schmus (1992) obtained an upper level (1397 m) of igneous rocks (basalts + 
plutonic), and a lower level (1180 m) of sediments. Geologists must surely 
recognize the presence of sedimentary materials through their products, from 
mineralizations to metamorphic rocks. So, through the Grenville Province the 
considered upper mantle igneous rocks are almost always associated with various 
sulphide mineralizations, carbonate hornfels and skarns, which are evidence of the 
presence of previous sedimentary materials. 

˗ Simplified Petrogenetic Model for Gabbroid and Basaltic Rocks of the 
Midcontinental Rift 

In a new petrogenetic view, the main mechanism that governs the origin of the 
basalts and gabbroid rocks in the Midcontinental Rift is the origin and growth of 
the sialic crust under frictional-compressional environments covered by suitable 
sediments. This growth, that generally took place according to domal structures, 
could correspond to the Goodman Swell defined by Peterman & Sims (1988), 
which is defined by the cited authors as an uplifted swelling, about 800 km radius 
at the time 1128 ± 20 Ma. The origin of this great swelling was attributed by such 
authors as being caused by flexural loading from the rift volcanic and sedimentary 
rocks. Although there are other alternatives to explain the origin of this great swell 
structure (e.g. Hutchinson et al., 1990), we think that it was produced by the domal 
sialic growth of the crust that produced the rift-arc structures in the Midcontinent 
Rift. 

This great domal structure is better developed in the south, through the Superior 
Province, Central Plains Orogen, Eastern Granite-Rhyolite Province and Grenville 
Province. Within this great swell-dome three or more smaller domal structures 
could be differentiated. 

The polyphasic-sialic thickening of this great domal sialic mass, from 1880 Ma 
ago (Sims et al., 1989), was more chemical and thermal efficient at the border than 
in the interior. In relation to the growth of this great structure, manifestated by 
several secondary arcs that could suggest the existence of triple junctions (Cannon 
& Hinze, 1992), several favourable rifting-graben structures were built. In relation 
to these structures, various igneous rocks generally filled by thick sediments, were 
formed about 1100 Ma ago. 
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For Lake Superior, two main petrogenetic environments can be defined: the 
gabbroid and the basaltic models. The formation of anorthosites, troctolites and 
related rocks must be included within the gabbroid model. Together with these two 
main petrogenetic environments, the formation of other igneous rocks, such as 
andesites, rhyolites, and intrusive minor rocks, can defined other petrogenetic 
environments. 

The gabbroid model, that includes anorthosites, is defined by a dynamic-
growing-arc basement and a sedimentary cover formed by carbonates and marly-
evaporites, where sulphates are generally abundant. The basaltic model is defined 
by a frictional granitic basement, covered by marly evaporite materials and a thick 
carbonate cover. In this model two petrogenetic stages are necessary, the first 
defined as a Baking Place where previous doughy mafic rocks were formed and a 
later one where a rapid decompression produced the partial melting of the previous 
rocks followed by eruption (Magmatic episode). So, in application to a particular 
zone of the Midcontinent Rift such as the Duluth Complex, the following could be 
the suitable petrogenetic environments for the formation of the gabbroid-
anorthositic intrusive rocks and for the basaltic rocks of the North Shore Volcanic 
Group: The Duluth gabbros were formed in the NW external part of the Penokean 
dome in relation to the presence of an active gneissic basement covered by 
carbonate-marly-evaporite sediments. During their reactivation about 1100 Ma, 
these gneissic rocks, which can be interpreted as partial external compressional 
manifestations of the Penokean granites, released sialic matter at moderate 
temperature which, under moderate pressures created in suitable-domal structures, 
transformed the marly-evaporite sediments. 

The stratiform disposition of the sedimentary materials is the main cause of the 
formation of lopolith-like structures where various gabbros and anorthosites appear 
to lie in a stratiform manner. In relation to the formation of these diverse plutonic 
rocks, abundant sulphide mineralizations of Cu-Ni-Pt-group element (PGE) are 
present, mainly in the NW contact zone of the Duluth Complex (Ripley, 1981; 
Thériault et al., 1997). 

In practically all the petrogenetic transformations in the origin of diverse 
gabbroid-anorthositic rocks, the sulphates and carbonates have participated 
together with the associated pelitic sediments. 

Sulphides released from many petrological transformations must have played a 
significant role together with other inorganic to organic contribution, in the 
formation of the mineralizations associated to the gabbroid rocks. 
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Some possible petrogenetic reactions in the origin of plutonic rocks of the 
Duluth Complex could take place in the following manner: 
The formation of a theoretical anorthositic rock (50% Ab-50% An) could to be 
related to the transformation at high P-T conditions of marly-evaporite materials by 
silica: 

KAl 3Si3O10(OH)2 + CaCO3 + NaCl + 2 SiO2  → 
              marly evaporite                   

→  NaAlSi3O8+CaAl2Si2O8 + H2O + CO2 + K+ + Cl-      
            “anorthosite”            

This transformation was firstly suggested by Gresens (1978) as a metasomatic 
process in the origin of anorthosites. 

In Adirondacks (NE New York), one of most important massifs of anorthosites, 
without associated mafic-ultramafic rocks, the origin of anorthosites could be 
related to sialic matter released at high T from the gneissic basement and the 
creation of high P at the core of carbonate domes that transformed marly-evaporitic 
materials. 

The formation of the associated troctolites appears to be associated with the 
transformation of dolomitic marls: 

 2 CaMg(CO3)2 + 2 KAl3Si3O10(OH)2 + NaCl + 2 SiO2  → 

        dolomite                         “muscovite”       

 →  Mg2SiO4 + NaAlSi3O8+2CaAl2Si2O8 + 4 CO2 + 2 H2O + K+ +  Cl-             

           forsterite                         plagioclase              

The origin of the various minerals of the Mg-gabbroid rocks depends not only 
on the physical conditions reached in suitable arch-domed Mg-carbonate rocks, 
together with the formation of previous dolomitization and chloritization processes. 

So, in the origin of gabbros a schematized global transformation could be: 

Mg(Ca, Fe) carbonates + sulphates + chlorites + illites + SiO2→ Plag + 
Opx + Cpx + acc. + H2O + CO2 + SO2 

The Duluth area can therefore be pictured 1100 Ma ago when Mg-gabbroid 
rocks were formed at the border of the domed structure on an arc-gneissic 
basement, and almost simultaneously further inwards and associated with a granite-
frictional basement covered by marly-evaporites and thick carbonate rocks, basaltic 
rocks were formed and extruded after the formation of Baking Places. The later 
rhyolitic rocks of the Midcontinent Rift can be explained, as occurs in other places, 

239



as produced by the dynamic anatexis of the granite-gneissic basement at high 
frictional-compressional zones where sedimentary contribution is rather scarce. 

In basis to new petrogenetic interpretations in other igneous provinces with 
similar petro-structural characters, a schematized petro-structural evolution in the 
Midcontinent Rift from about 2000 Ma (in four episodes), could be the following: 

− Several episodes of Precambrian sialic thickening manifestations 
according to domal-arc structures in high compressional environments. 

− Thick carbonate-evaporite sedimentation, mainly controlled by these 
structures. 

− Formation of active-frictional granitic zones, mainly following these 
domal-arc structures. 

− Creation of suitable structures “Baking Places” which remained stable for 
a long time. Formation of gabbroid-troctolite-anorthositic rocks by the 
transformation of the suitable sedimentary rocks. 

− Partial melting of these igneous rocks by rapid decompression due to the 
fracturation of the domed-carbonate cover (Sibley Group) and the rapid escape 
of fluids stored at high P in the Baking Places. 

4.9 PLANETARY IMPLICATIONS: MARTIAN BASALTS  

If I draw the conclusion that the Earth’s basalts were formed in the crust 
according to my petrogenetic model, I could also believe that basalts in other 
planetary bodies, such as Mars, could be formed as on the Earth, and conditioned 
by: 

1st The presence of active granitic basements, in some geological episodes, 
but mainly in the Noachian-Hesperian. 

2nd Covered by thick marine sediments, in suitable stratigraphic sequences. 
3rd The release of thermal energy and sialic chemical elements from the 

basaments through frictional-compressional environments developed on graben-
rift zones. 

4th The formation, at first, of gabbroid rocks in the places defined as “baking 
places”, and later the partial melting of these rocks, by rapid decompression, 
with the formation of the true “magmatic episode”. 

The first and second conditions are supported by geological information, the third 
and fourth conditions form part of my petrogenetic view on the Earth’s basalts, and 
are therefore my personal views. 
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4.9.1 Some General Features 

The red planet Mars has, in comparison to the Earth, a radius of 0.53 and a mass 
of 0.1074. Its gravity is 3.72 m/s2, and its density 3.94 g/cm3. Its axial rotation is 
very similar to the Earth’s (24 hours, 40 minutes). 

From Carr and Head (2010), and other works, we know that the origin of the 
planet Mars, differentiated into crust, mantle and core, took place more than 4.1 Ga 
ago. In basis to structural-impact data, the Martian surface is divided into three 
geological periods: Noachian, Hesperian and Amazonian, where the Noachian-
Hesperian (4.1-3.0 Ga) were the periods of greater geological activity. 

One most important structural datum on the Mars surface, is the hemisphere 
dichotomy (Ninmo and Tanaka, 2005; Carr, 2006), with a northern hemisphere of 
oceanic type and a southern of continental type. The origin of this crustal Martian 
dichotomy is not clear: endogenic and exogenic causes are proposed. As we know 
this crustal dichotomy is also manifested in many Earth crustal zones, as occurs 
between the American continent and the Atlantic and Pacific oceans. I think that 
this dichotomy could be explained, like on the Earth, within a new origin of the 
continents formed in their major parts by granitic rocks which have grown 
practically in situ and today are occult by dust-eolian materials and thick marine 
sediments. On the Earth, due to current geological activity, enormeous volumes of 
granitic rocks are manifested in the crust (Sánchez Cela, 2000). 

Nimmo and Tanoka (2005) consider that an important dichoforny manifestation 
on the Martian surface is the Tharsis rise. This rise is formed by a broad (5000 to 
8000 km) topographic uplift with several large (~25 km high) volcanoes. Among 
them, the Olympus Mt must be cited. On this Tharsis structure radial grabens exist 
that Wilson & Head (2002) interpret to be surface manifestations of plume related 
dike intrusion complexes. On the contrary Hauber et al. (2010) interpret them as 
rift systems. I think that the Tharsis structure, as occurs in many on the Earth 
formed by great domal structures, are associated to granitic doming processes, 
which developed radial grabens, generally three-arm-grabens. On the Earth they 
were produced by the growth of great domal granitic structures by the physical 
transformation of a densialite upper mantle into a granitic crust (Sánchez Cela, 
2000). This physical transformation could be the cause of the existence of gravity 
anomalies and isostatic uplifting that Sleep & Phillips (1979) consider to be 
produced by a low-density upper mantle beneath Tharsis.  

According to Nimmo and Tanaka (2005) there are three sources of in formation 
lead to knowing the composition of the Martian crust: 

1st SNC Martian Meteorites. 
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2nd In situ analyses by the two Viking missions, Mars Pathfinder (MPF) and 
MERs, and 

3rd By remote sensing observations, especially infrared (IR), gamma-ray 
(ER), and neutron emission. 

An additional important datum, according to these authors, is the existence of a 
crust rich in silica and potassium chemical elements. Together with this chemical 
compositon we must take into account the presence of granitic rocks (Bandfield et 
al., 2004, Christensen et al., 2005) and of ignimbritic rocks (Scott & Tanaka, 
1982), which could be of a great importance in the origin of crustal strctures (e.g. 
Tharsis), and in the origin of basaltic rocks considered as on the Earth, to be from a 
Martian-mantle provenance. 

4.9.2 Basis for a New Orign of Martian Basalts 

Martian basalts can be originated by a petrogenetic model similar to that of the 
Earth, developed in the chapter 4, but in the first geological times (Noachian-
Hesperian) when geological activity was important. 

As mentioned, this new petrogenetic model is mainly based on the presence of 
granitic rocks that were active in early geological times, covered by thick marine 
sediments formed by carbonates, sulphates, and argillaceous-evaporite materials. 

˗  Presence of Granitic-Ignimbritic Rocks. 

Therefore, my challenge for the application of my Earth’s basaltic petrogenetic 
model to planet Mars lies mainly on the presence of granitic rocks on Mars. The 
presence of abundant suitable sedimentary materials is widely cited by diverse 
authors. Bandfield et al. (2004), and Chirstensen et al. (2005), from Thermal 
Emission Spectometer (TES), and Thermal Emission Imagin System (THEMIS) 
studies on two 30 km diameter craters in northern Syrtis Major deduce the 
existence of quartz-feldspathic materials with high-Si glass and/or sheet silicate 
component. According to Bandfield et al. (2004) the occurrence in the two adjacent 
craters of quartz-feldspathic material may imply a granitoid pluton of considerable 
extent. The origin of these granitic rocks, according to the cited authors, through 
the partial melting of a mafic Martian melting, formation of basalts, and fractional 
crystallization, is influenced by the old idea on the orign of the granitic rocks on 
the Earth. I think that to consider this theory for the Earth’s granitic rocks can 
hardly be serious today. 

My view is that the presence of granitic rocks on Mars could be also deduced 
from the existence of domal-oval structures, covered by dust-eolian and sediments, 
affected by compressional features, as occurs in Alba Patera of the Tharsis region 
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(Watters, 1993). These domal compressional structures are abundant in the Earth’s 
continental crust, and always associated to domal-oval granitic-gneissic rocks, as 
occurs in the Eastern African domal-rift structures from Ethiopy to Zimbabwe. 

I could also deduce the presence of abundant domal granitic rocks on Mars 
through geological simulations on the Earth. So, if we consider the cessation of 
geological activity on the Earth about 100 my ago, for example in the Tibet region, 
I dare to say that this structure, though thick, would be thinner than today, and 
covered by sedimentary-metamorphic-mafic-ultramafic rocks, and also, like Mars, 
by an uppermost dust-eolian cover. The presence of some granitic rocks, associated 
to arc structures, is not ruled out. As I have been saying for many years (Sánchez 
Cela, 1981-2011), these arc structures are partial-marginal-dymanic manifestations 
of domal granitic rocks during its growth-emplacement. Associated to these arc 
structures a great diversity of igneous rocks, mainly andesites, took place. 

˗ Presence of ignimbritic rocks in relation to the presence of abundant 
granitic rocks. 

Scott & Tanaka (1982) mapped abundant pyroclastic-ignimbritic rocks in the 
Amazonia, Memnonia and Aeolis quadrangles of Maras in the western Tharsis 
region. Here the Olympus Mt. (25 km high) is interpreted as having been formed 
by pyroclastic materials in an arc-domal structure. According to these authors the 
main ignimbritic outcrops occupy a roughly circular area some 700 km across, with 
a more acidic and less dense central zone than an adjacent one. A more probable 
cause, according these authors, might be an intrusive silica body or magma 
chamber at depth that was also a source for the ash flows. 

I think that the origin of the abundant ignimbritic rocks on the Martian crust can 
easily be explained within a new physical-chemical upper mantle, very similar to 
that which we have defined by for the Earth, densialite, but where the granitic 
rocks outcrops are hidden by dust-eolian materials. This occurs on the Earth where 
the existence of abundant granitic rocks is deduced to be present beneath many 
deserts (e.g. Australia, North Africa, Central USA, etc.). I think that the origin of 
ignimbritic rocks on Mars, like on the Earth, is related to the growth under high 
compression of granitic rocks and the release of silica-alkalis at high temperatures 
produced at frictional zones (Sánchez Cela, 1999 b, 2000, 2004). In the Olympus 
Mt. the origin of the pyroclastic and basaltic rocks in relation to an active granitic 
basement, in Noachian-Hesperian times, is presumable. 

I think that the great dispersion of the Martian pyroclastic rocks is mainly 
produced by the low gravity of the planet together with high volatile contents at 
high temperatures. Many dust-eolian-sandy materials of the uppermost crust could 
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be produced by the reworking of the pyroclastic rocks. These materials together 
with the almost non-geological activity after Noachian-Hesperian times is, in our 
opinion, the main cause of the non-outcropping of extensive granitic masses on the 
Martian crust. 

˗  Sedimentary silica and its mobility on Mars. 

The presence and mobility of silica on Mars has been considered by several 
authors from experimental field, theoretical studies and mass-balance arguments 
(e.g. McLennan, 2003). These studies were made in basis to considering the basalts 
as the parent rocks from where the silica is released. According to McLennan 
(2003) silica is released from the alteration of forsterite, fayalite, diopside and 
plagioclase as H4SiO4. I think that silica can be released from the alteration 
ignimbrites and granites that appear to be present on the surface of Mars. These 
sediments were securely transported by the high hydrodynamic environment during 
Noachian-Hesperian times (Phillips et al., 2001), giving origin to many 
sedimentary structures (Lewis et al., 2008). 

My belief is that from the presence of granitic rocks (more ignimbrites) the 
alteration processes can produce a part of a sandy-SiO2 and argillaceous minerals, 
and a part of solute K-Na that goes to the oceans. Together with the presence of 
abundant chemical sediments are, in my model (ch. 4), very important in the origin 
of basalts. 

˗ Silica-glassy inclusions in SNC Meteorites. 

Though not solid argument, the presence of silica in the Martian materials could 
also be deduced from the glassy inclusions in SNC Meteorites with a granitic 
composition. Bonin and Bebien (2005) made a compilation of some works on 
granitic inclusions in lherzolitic shergottites, where the compositon of inclusions, 
in a pyroxene varies from 65 to 95 wt % SiO2, and in an olivine from 71.5 to 93 wt 
% SiO2. As these authors say, these silic inclusions could be produced by: a) 
residual liquids formed as end products of differentiation, and b) liquids 
compositionally in equilibrium with their mantle host rocks. I think that another 
could be added, c) silic remains after the formation of olivine+pyroxene and other 
supposed mantle minerals. 

˗ Structures typics of granitic rocks. 

On the Martian surface there are many structural and volcanic features that 
could be related to the origin and growth of the granitic rocks. The most important 
structure is the “Tharsis Rise”, that can be defined as a broad-domal-shield 
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structure, of about 5000 km wide, that hosts some large volcanoes (Nimmo & 
Tanaka, 2005). Among these volcanoes we must cite the Olympus Mt., 25 km high 
volcano. 

I think that these broad-high abrupt structures, like the Tharsis Rise, cannot be 
built by basaltic rocks. They, could however, can be built of sialic rocks of 
granitic-rhyolitic nature if we take into account similar Earth structures and also 
because of the lower gravity on Mars. As cited, the lack of outcropping granitic 
rocks is due to the lack of recent activity of these rocks together with the recent 
dust-eolian cover. This cover could be formed by pyroclastic rocks (Morris, 1982). 

˗ The presence of water and suitable sediments 

On Mars, like on the Earth, and mainly in old geological times, there was a 
thick marine sedimentation with argillaceous-salts sediments associated to the 
existence of oceanic waters, mainly in the Noachian-Hesperian period, that covered 
more or less active granitic rocks. This stratigraphic disposition was necessary for 
the formation of basalts and other supposed Martian mantle rocks. 

Today, abundant data are available on the existence of water on the surface of 
Mars, though frozen today, in old geological times (e.g. Noachian) it was in a 
liquid state, mainly in the equator-warm zones, which were possibly forming 
oceanic zones (McEwen et al., 2011). The presence of oceanic waters in ancient 
times is very important in the formation of marine sediments, and also in the 
possible presence of some form of life on Mars.The presence of liquid water on 
Mars in ancient times can be deduced from the morphological-structural features in 
some Martian zones which can be interpreted as valleys and channels formed by 
running water (e.g. Carr, 1996). Squyres et al. (2004) bring forward evidence of 
ancient water in the Mars Meridianum Planum, with structures typical of their 
deposition in water environments. Lewis et al. (2008) interpret the existence of 
thick bedding sedimentary rocks, formed by siliclastic-argillaceous-sulphates, 
deposited in oceanic zones under periodic gravitational cycles. I believe that the 
existence of oceans on Mars in old geological times can be easily deduced by the 
presence of thick wide carbonate-evaporite sedimentary sequences, which were 
necessary for the origin of the igneous basaltic rocks in my petrogenetic model. 

The composition of the Martian upper crust is masked by the presence of a more 
or less thick dusty cover which together with the eolian deposits prevent, in mainly 
cases, our knowing the true nature of the inmobile basement rocks. According to 
Taylor (1992) the dust deposits should provide an excellent integrated global 
average compositon, except in the cratered terraines. The eolian deposits, as occurs 
with the Burns formation of the Meridiani Planum, can be divided into lower, 
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middle, and upper units with different facies of eolian materials (Grotzinger et al., 
2005), where sandstones and evaporites, mainly sulphates, are present. McLennan 
et al. (2005) also cite the presence of evaporates in the same Martian zone. These 
authors interpret the reworked evaporitic sandstones as mixtures of roughly equal 
amounts of altered siliclastic debris, of basaltic provenance (40 ± 10% by mass), 
and chemical constituents, dominated by evaporitic minerals (jarosite, Mg-, Ca-
sulphates ± chlorites ± Fe, Na-sulphates), hematite and possibly secondary silica 
(60 ± 10 %). 

Carbonate minerals were identified by several authors on Mars’ surface 
(Bandfield et al., 2003; Ehlman et al., 2008; Morris et al., 2010). From thermal 
infrared spectra, Bandfield et al. (2003), indicate the presence of small 
concentrations (~2 to 5 wt%) of carbonates mainly magnesite on the Martian 
surface, and widely distributed in the Martian dust. From geochemical models, 
Ehlmann et al. (2008) predict carbonate rocks during aqueous alteration. These 
rocks had not previously been detected on Mars’ surface. Reconnaissance Orbiter 
mapping indicates that these carbonate rocks are mainly magnesian in the Nili 
Fossae, where they are closely associated with both a low phyllosilicate level, and 
an upper olivine-rich-rock level, that forms the uppermost-cap level in Martian 
zones, mainly in the Nili Fossae region. Morris et al. (2010), using the Mars 
Exploration Rover Spirit, have identified outcrops rich in magnesium-iron 
carbonate (16 to 34 wt %) in the Columbia Hills of Gusev crater. 

I think that the low Ca/Mg percentages in Martian carbonates could be 
produced, like in the Earth, throughout geologic time, that is, considering the main 
productor of calcium (40Ca) to come from the radioactive disintegration of 40K 
released from the upper mantle. Magnesium hardly increases through geological 
time. The low increase in magnesium comes from the disintegration of 26Al into 
26Mg. On the contrary we know that the percentage of calcium increased greatly in 
time. This increase is not only evident in the sedimentary rocks, but also in the 
igneous rocks from komatiites →Mg basalts →basalts. This Ca/Mg geochemical 
evolution took place over a long time, about 4 Ga. 

On Mars, the main geological activity took place in a shorter period, mainly in 
Noachian times. If we consider a Martian upper mantle similar to that of the Earth 
(densialite) we could understand the lower production of 40Ca and therefore the low 
percentages of Ca-bearing rocks. 

The presence of sulphates on Mars is deduced from different studies by several 
authors (e.g. Squyres & Knoll, 2005; Greenwood and Blake, 2006; Papike et al., 
2006). From the Mars Exploration Rover Opportunity in the Meridiani Planum, 
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Peterson and Wang (2006) show sulphate-rich rocks containing plate-shaped voids 
with tapered edges that are interpreted as crystal molds formed after a late-stage 
evaporite mineral that has been removed. From experimental studies of the 
MgSO4-H2O system at low T, these authors reveal that the triclinic phase MgSO4 
·11 H2O exhibits a crystal morphology that matches the shape of these evaporite 
molds. This hydrated sulphate above 2º C melts incogruently to a mixture of 70% 
epsomite (MgSO4 ·7 H2O) and 30% H2O by volume. 

Like on the Earth, I believe that the presence of hydrated sulphates on Mars is 
very important in two ways: 

− As the supplier of Mg and other minor components (Fe, Ca, K, Na) in the 
formation of diverse silicates when these sulphates are affected by granitic 
chemical elements releaed from the granitic basement, or from the Martian 
upper mantle. 

− By the abundance of water released during its incongruent melting. This 
water goes to activate the petrogenetic processes, and perhaps could also be the 
main cause in the formation of structures defined from impacts to explosive 
volcanic origin. 
Other important mineralogical components on Mars’ surface are the hydrated 

argillaceous minerals. They were identified in some places on Mars, mainly in the 
Nili Fossae area (Mustard et al., 2008; Ehlman et al., 2008). From the Compact 
Reconnaissance Imagin Spectrometer, Mustard et al. (2008) identify diverse 
phyllosilicate minerals, mainly kaolinite, chlorite, illite or muscovite, smectites, 
and a hydrated silica. In the Nili Fossae area the clear contact of the unaltered 
olivine-bearing unit with the physollicate-bearing unit indicates that the 
argillaceous minerals were not produced from the alteration of the olivine-bearing 
unit (see fig. 3c, Mustard et al., 2008). I think that these argillaceous minerals 
could be an alteration product of granitic rocks, only exposed in scarce Martian 
zones (Bandfield et al., 2004). 

4.9.3 Martian Basalts in the Nili Fossae region 

In basis to several Martian works, but mainly to the paper by Ehlmann et al. 
(2008), I can build a stratigraphic formation very similar to many that exist on the 
Earth. So, in the Nili Fossae, and from fig. 4 of the cited authors, we see that the 
basaltic rocks (mafic unit) occupy the uppermost level (cap. unit). This mafic level 
rests on a carbonate unit, and this, in turn, on an argillaceous unit. The carbonates 
are mainly magnesian with some Fe components, associated to sulphates (e.g. 
jarosite), and minor solute salts. 
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In relation to my petrogenetic Earth model, on Mars there appears to be a lack 
of an important stratigraphic level, the presence of an active granitic basement. 
Although I cannot prove the existence of granitic rocks, for example in the Nili 
Fossae region, it is evident that these rocks are present on Mars surface (e.g. 
Bandfield et al., 2004). In the Nili Fossae region I think that beneath the 
argillaceous-evaporitic level, covered by the dust-eolian materials and the “olivine 
bearing dunes” granitic rocks are present, as occurs on the Earth. With this 
stratigraphic column I can build a petrogenetic model very similar to that of the 
Earth. 

Apparently my model on the origin of mafic igneous rocks in the Earth and 
Mars has two important faults: 

1st Granitic rocks do not appear to be present in the Nili Fossae of Mars 
beneath the dust-olivine dunes. 

2nd Most geologists consider that the diverse igneous mafic rocks, on the 
Earth and Mars, have an evident mantle provenance. 

The fisrt fault will be not proved until drill samples can be obtained from Mars’ 
crust. The second fault could be mainly understood if my petrogenetic models on 
diverse igneous rocks of a supposed Earth upper mantle provenance were accepted. 
The Martian mafic rocks are richer in Mg than in Ca. Like on the Earth the main 
cause could be due to the fact that most basalts were originated in ancient times 
when the percentages of calcium were low and most Martian geological activity 
had ceased after Hesperian times; so the time of formation of 40Ca from radioactive 
transformation of 40K on Mars was shorter than on the Earth (see ch. 4 evolution of 
komatiites to basalts). 

4.9.4 Duration of the Geological Activity and Petro-Structural 
Evolution 

Most geological processes on Mars took place during Noachian times (4.1 to 
3.7 Ga), except in some places where they can extend up to 3.0 Ga, as appears to 
have occurred in some crustal zones, like the Tharsis rise with its Olympus Mt. 

Although some authors extend these geological processes up to “recent” times 
(e.g. 100 Ma) most of them took place in Noachian-early Hesperian times, 
therefore today Mars must be defined as a dead plantet. My question is: why did 
this planet die? This important question could be understood if we consider the 
mantle of Mars like that of the Earth, that is, formed by silicate minerals not very 
different to the crustal ones but packed in denser structures. So, a densialitic Mars 
could explain not only many petrological-structural processes on the Martian crust 
but also the duration for the geological processes on Mars. I think that the duration 
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of the geological activity depends mainly on the size of this planet, and of the 
cosmological gravitational forces acting on the Martian upper mantle. Today these 
gravitational forces do not appear to be enough to activate the Martian physical 
changes in the Upper mantle, and therefore to start the geological processes, such 
as occurs on the Earth. 

From the abundant geological data on Mars and taking into account our 
structural-petrological deductions on similar Earth structures, I dare to propose a 
geological petro-structural evolution for the planet Mars in the Tharsis region. This 
geological activity starts, like on the Earth, from a “densialitic” upper mantle, since 
this dense-sialic upper mantle can explain two very important questions in the 
geological processes: the origin of the energy, and the upper mantle-crust 
geochemical balance throughout geological time. 

In basis to the Martian geological data (structural-petrological relationship 
between various rocks) and our data on different igneous-sedimentary rocks on 
Earth, a crustal evolution for the Tharsis region could be summarized in the 
following manner: 

A) On Mars, after its origin, about 4.5 Ga, the first geological episodes took 
place from 4.1 to 3.8 Ga, with the formation of some thin domal structures 
in relation to granitic rocks covered by oceanic waters, where sandy-
argilloceous and some Mg-evaporites were sedimented. 

B) Between 3.8 Ga and 3.0 Ga geological activity was significant where the 
domal structures were manifested because of crustal thickening and 
uplifting, as appears to have occurred in the Tharsis region. At the same 
time as several oceanic basins were formed, various carbonate, sulphate, 
salt, phosphor, and sandy-argillaceous sediments were concentrated. 

C) About 2.5 Ga and linked to the formation of graben-rift and uplifting 
related to episodes of granitic growth, abundant basalts were formed, in a 
similar manner to the Earth’s basalts, and widely developed in chapter 4. 
Several episodes of crustal growth took place, which the Tharsis region, 
were mainly manifested by the Olympus Mt. and the Valles Marineris 
canyon. This latter structure could be interpreted as an inverse-subduction 
zone created erroneously as produced by the existence of Martian Plate 
Tectonics until 2.5 Ga ago. 

D) About 2.0 Ga the geological activity practically ceased. Only a sporadic-
low activity was present in some zones in younger times (200-50 Ma). 
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We shall never cease insisting on the need to change certain geological 
paradigms which can be more easily understood and related to within a 
New Model of Global Geology, our next challenge… 
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