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Preface

Metamorphic Rocks as the Key to Understanding Geodynamic Processes provides a
snapshot of current advances in metamorphic geology research. As a traditional
field-based geology subject, metamorphic geology has evolved dramatically in the
last decades. This book offers thorough overviews of some key aspects of metamor-
phic geology, including geothermobarometric methods and metamorphic processes
such as metasomatism and ophiolite belts. In general, metamorphic geology research
is strongly represented in the literature, with a steady stream of publications appear-
ing within bibliometric databases such as Scopus. Keyword searches within titles,
abstracts, and keywords for “metamorphic geology” and “metamorphism” yielded
2602 publications (as of 27 February 2024) since 1906, with marked step-like
increases in the early 2000s and around 2019. Earth and planetary sciences are still
the main disciplines where metamorphic geology research outputs are classified,
indicating its strong standing as a basic geological subject of research (Figure1).

Chapter 1 provides an introduction to new advances in metamorphic geology.

Chapter 2 offers a comprehensive overview of garnet, one of the most common miner-
als used for geothermobarometry within metamorphic petrogenesis. This seemingly
narrow subject, according to bibliometric data, occupies a wide segment of metamor-
phic geology research, indicating the valid claim of the chapter in which it is discussed
that the use of garnet in geothermobarometry should be included as an important
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Figure 1.
Subject areas of published papers identified under metamorphic geology and metamorphism search categories
in Scopus (1909-2024).



research field within metamorphic geology. The chapter is based on direct research
experience and provides critical summaries.

Chapter 3 discusses the formation of sillimanite minerals in the Fennoscandian
Shield, a segment of the Earth’s crust.

Chapters 4 and 5 examine the geodynamically important subject of ophiolites. While
ophiolites are considered thrust sheets of ancient oceanic crust and the upper part of
mantle rocks that have been uplifted and exposed above sea level and often emplaced
on top of the continental lithosphere, they represent important geotectonic belts
with diverse and unique rock assemblages associated with metamorphic processes.

In this sense, ophiolite belts are commonly associated with specific zonation of rock
units formed in various types of metamorphism, such as those recorded in iconic
locations in Oman. Within these unique rock zones, there are economically significant
areas with specific mineralization as well as formation of rocks such as various types
of “greenstones” that also play key roles in geocultural developments such as the
pounamu in New Zealand.

Overall, this book offers insight into developments across the broad and diverse field
of metamorphic geology. Although the variety of trends and major research directions
are far larger than represented within this book, we hope that this volume is useful
and will inspire future research.

This book would have not been possible without the support of many individuals. I
would like to thank the staff at IntechOpen as well as my colleagues who provided
expert advice.

Karoly Németh
Massey University,
Palmerston North, New Zealand

Saudi Geological Survey,
Jeddah, Kingdom of Saudi Arabia

Institute of Earth Physics and Space Science,
Sopron, Hungary

The Geoconservation Trust Aotearoa Pacific,
Opotiki, New Zealand
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Chapter1

Introductory Chapter: Introduction
to New Advances in Metamorphic
Geology

Kdroly Németh

1. Introduction
1.1 Metamorphic geology as the core of traditional field geology

Metamorphism in the context of geology (https://opengeology.org/petrology/
9-intro-to-metamorphism/ — accessed on 25 February 2024) is a process that changes
the mineralogy, microstructure, texture, and chemical compositions of any rocks, nor-
mally over long time scale (millions of years) and in a dominantly solid state [1]. Fluid-
driven transition of rock textures and compositions are commonly viewed as a special
part of metamorphism (or not even included at all within metamorphism) normally
associated with some fluid migration controlled by magmatism such as metasomatism
on a sea floor in small or lithospheric scales, including ophiolites [2-7]. In general, meta-
morphism is understood as a process that forms rock assemblages directly in response
to gradually changing physical and chemical conditions. Metamorphism can be con-
sidered to begin when the original rock (protolith) faces new and persistent physical
or chemical conditions markedly different from its original environment, or better to
say the difference can be considered in a significant scale (https://geologyglasgow.org.
uk/minerals-rocks-fossils/metamorphic-rocks/ - accessed on 25 February 2024). The
classical view on metamorphism is based on the physical-chemical parameters to define
the metamorphic environment including the temperature and pressure being the most
important ones (https://www.geolsoc.org.uk/ks3/gsl/education/resources/rockeycle/
page3576.html — accessed on 25 February 2024). In contrast, fluid availability and
nature as well as the nature of the tectonic stress field are other aspects to view meta-
morphism [8, 9]. These categories almost automatically determine the main approaches
metamorphic geology follow. Most importantly and traditionally, the most abundant
method is the chemical characterization of the processes (e.g., petrography and petrol-
ogy), following geochemical methods such as bulk chemical study of the metamorphic
products or mineral-level documentation of the chemical (and textural) changes [10].
These methods are the most obvious ones one can think of about metamorphic geology.

2. Advances in scale to track steps of metamorphism

The main advances in this field are centered around the application of new
chemical systematics to follow mineral phase changes and link them to a geologi-
cal process. High-resolution microchemistry is commonly performed to lower the
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potential resolution of time scales of the metamorphic events recognizable; hence, a
strong drive is visible for developing new techniques to determine the ages of vari-
ous metamorphic events in the micromineralogy level [11-14]. As metamorphism
may occur over a wide range of temperature and pressure conditions, the applicable
chemical techniques to define these conditions have formed a great variety of research
avenues over the past decades. In this perspective, there is a clear and gradual transi-
tion from experts focusing on the primary rocks such as sedimentary successions spe-
cialized to recognize the early stages of solid phase transition of the original mineral
constitutes of sediments and sedimentary rocks to experts clearly dealing with the
metamorphic products from the sedimentary protoliths [15-20]. It is also a common
approach that the metamorphism starts when the diagenesis completed. While this
sounds a trivia, to “capture” the distinct line between diagenesis and metamorphism
is not simple. This fuzzy boundary between diagenesis and metamorphism naturally
generated various schools following different distinctive parameters since the early
70s in the dawn of metamorphic geology. As in regional sense, these boundaries fol-
low some temperature-pressure conditions, and it is not a surprise that the boundaries
are also not fixed as they are also heavily dependent on the actual region geothermal
gradients; hence, the limits are different in regions with high geothermal gradients
such as orogenic belts [21-23].

3. Temperature-pressure concept of metamorphism

In the other end of the temperature-pressure spectrum, a similar problem exists as
great variations known among suggested barriers. In extreme high temperature and/
or pressure, the rock starts to behave as melt and shows similar features expected with
igneous rocks. Melting itself in this context is not considered to be a metamorphic
process, and we are entering to the unsharp boundary between metamorphic and
magmatic processes. However, as melting considered in a rock when the temperature
exceeds its wet solidus that is normally around 650°C for most metasediments and
metabasites, the beginning of melting does not mean the end of metamorphism.
There is a stage when potential melting through the metamorphic grades can take
place, but it is hardly ever occurred in en mass and large scale; instead, following
stages and pulses is likely associated with some external forcing mechanism as
tectonism. Some research groups hence favor to delineate a fine line between meta-
morphic melting and igneous melting. The extracted melts form purely igneous
intrusions within the crust normally shallower than the melting anomaly. In contrast,
in situ restites that are the solid mineral assemblages after melt segregation may form
gneisses or granulites of high metamorphic grade, or form migmatites [24] together
with the locally segregated melts [25, 26]. Thermobarometer revealed that igneous
intrusions at shallow crustal level indicate much lower temperatures from high-grade
metamorphic rocks in the source region. The highest measured granulite formation
temperatures suggest about 1000-1100°C considered to be the highest metamorphic
temperatures [27]. It is obvious that metamorphic geology advanced significantly in
recent years to refine these boundaries, or better to say look at metamorphic pro-
cesses withing the broader geological context without implying the need to follow
strict boundaries among processes. To explore the spectrum of pressure conditions
within metamorphic processes opened new research directions and recognition of
characteristic diagnostic minerals to look for. Ultra-high pressures of metamorphism
[28, 29] have been recognized from rocks suspected to be subducted over the depth of
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300 km followed by rapid uplift and preservation. These findings determine also new
research directions to locate rocks that can be viewed as messengers of extreme and
long sustained conditions.

4. Texture recognition techniques from micro to landscape scale

New techniques and modeling are also emerged just as more refined textural
analysis of metamorphic fabric. The new mineral phases generated by metamorphic
processes on the expenses of original minerals generate typical metamorphic textures
extensively studied. The recognition of major textural changes is characteristic for the
major physical-chemical condition changes. This means that, in metamorphic geol-
ogy, the recognition of rock textures, such as metamorphic fabric, is a critical aspect
of research and a field where new advances achieved due to the rapid development

167°E 168°E 169°E 170°E 171°E
—— —

42°6

Alpine Fault

43°S

44°5

45°5

46°5

Figure 1.

Thge South Island of New Zealand 1 to 1 million scale geological map overlaid on the 8 m resolution digital terrain
model (LINZ) demonstrating well the connection between the structural elements and morphology of the region.
The metamorphic grade increases toward the main active fault (Alpine Fault) within the Permo-Triassic Eastern
Provinces Rakaia Terrain. Higher grade greenschist zones marked by purple grades ave alveady part of another
terrain, the Triassic Eastern Provinces’ Caples Terrain. For clarity, large lakes are marked with black fields.
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and availability of advanced technologies such as image analysis and remote sensing
techniques of microlevel identification of various phases [30-32]. The combination
of remote sensing techniques, Geographic Information Systems (GIS), modeling with
microanalytical techniques successfully applied within classical igneous petrology,
but in recent times, metamorphic geology also follows these trends to benefit from the
seemingly distant disciplines.

Metamorphic geology is also closely linked to structural geology (Figure 1).
Most of the metamorphic textures are the most complex 3D textural and structural
assemblages from landscape to microscales (Figures 2 and 3). While traditional
mapping is still the key for recording and interpreting such complex textures in micro
to landscape scales, the fusion of various high resolution digital elevation modeling,
including LiDAR and structure for motions (SfM) photogrammetry tools allowing us
to reach mm-scale resolution of 3D models capable to capture fine details earlier, was
nearly impossible [33-35]. While the combination of metamorphic and structural
geology is still in its infantry by application, the advanced technologies, the direc-
tion is clear. Other than visible light sensors, multispectral analysis or laser scanning
are just among few main tracks, and high-resolution structural analysis is possible.
Combining the high-resolution spatial data from micro to landscape scale with
the advanced chemical tools through machine learning and Al will clearly provide
a revolution within metamorphic geology to understand the evolution of various
lithosphere segments and identify key patterns.

Metamorphic geology is also just in the first steps to be more known within
geoheritage and geodiversity research [36-38]. As our planet facing with global
and planetary changes, metamorphism is one fundamental aspect of geology that
produced numerous geoheritages where dedicated metamorphic geology heritage
sites should be systematically explored. We will likely experience an explosion of the

Figure 2.
Higher grade greenschist along the Alpine Fault in the South Island of New Zealand.
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—

Figure 3.

Strong deformation along the Alpine Fault in the outcrop scale offering perfect opportunity to use high-resolution
advanced technologies including applied remote sensing of mapping the link between structural patterns and
metamorphic zones.

number of such research in the future. Overall, metamorphic geology has experienced

dramatic advances in recent times, and the recognition of these steps is important in
recurrent scientific report such as this InTech book.
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Chapter 2

An Evaluation of Garnet -
Clinopyroxene Geothermometer

Havel Thomas and Harvitabh Rana

Abstract

The garnet-clinopyroxene pair commonly found in upper amphibolite, granulite,
and eclogite facies assemblage, as well as in garnet peridotites serves as a basic tool to
estimate the equilibrium temperature for these metamorphic rocks. Several empirical
and experimental calibrations for garnet-clinopyroxene thermometers have been pro-
posed in the last four decades. Due to several calibrations for this pair, scholars often
find difficulty in choosing the most optimum and valid thermometer. In the present
study, eleven garnet-clinopyroxene thermometers formulated since 1972 have been
evaluated to find the most valid thermometer checked on 89 sample data collated
from the published global literature and processed through Gt-Cpx.Exe software. The
authors used the relationship of LnKD versus the inverse of temperature and regres-
sion values. Out of the eleven geothermometer models, five models showing highest
regression values with clustering of data at smaller ranges and less deviation for the
collated data have been considered the best one: Raheim and Green (Contributions to
Mineralogy and Petrology 48: 179-203, 1974); Mysen and Heier (Contributions to
Mineralogy and Petrology 36: 73-94, 1972); Jun Lui (International Geology Review 40:
579-608, 1998); Ganguly and Saxena (Minerals Rocks 19: 1-291, 1987) and Ganguly
(Geochimica et Cosmochimica Acta, 43: 1021-1029, 1979).

Keywords: exchange reaction, garnet, clinopyroxene, thermometry, high-grade
metamorphism

1. Introduction

Since the advent of thermodynamics in petrological studies, geothermobarometry
has played a vital role in deciphering metamorphic conditions and understanding the
evolution of the crust. In the last fifty years, several geothermobarometers have been
proposed for rocks ranging from greenschist to eclogite facies, such as garnet biotite
and garnet cordierite thermometer by Thompson 1976, garnet hornblende thermom-
eter by Ravna 2000, and many more.

Valid geothermobarometry is a fundamentally important tool in deciphering
metamorphic conditions and understanding the evolution of the crust as it provides
information about the pressure-temperature conditions at which the rocks have
formed, serving as a window into the lower continental crust. To determine the
metamorphic conditions of rocks from greenschist to eclogite facies, and at a range of
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pressures, several geothermometers and geobarometers have been proposed in the last
few decades that serve as pressure-temperature sensors helpful in decoding the
chemical evolution of the rocks.

Several thermobarometric studies have been undertaken over the years, which led
to the development of a range of thermometers and barometers, such as garnet-
clinopyroxene thermometry [1, 2], garnet-orthopyroxene thermometry [3], garnet-
biotite thermometry [4, 5], garnet-hornblende thermometry [6], garnet cordierite
thermometry [7], and two pyroxene thermometry [8].

The study of garnet-clinopyroxene geothermometry has a long history, and we
now have several versions of the geothermometer. As the assemblage of garnet-
clinopyroxene occurs in an array of rock types ranging from eclogites to albite-epidote
amphibolites and amphibolites to granulites to garnet peridotites, this potential
underscores the need to carefully evaluate the accuracy and precision of the ther-
mometer. The Fe-Mg substitution in the garnet-clinopyroxene system along with the
effect of Xc, garnet and Xy, clinopyroxene are not fully understood. Although few
models have tried to understand the effect of these substitutions, still there has been
less work done on the assessment of these thermometers. To recommend the best
calibration for geologists, the authors have compared eleven garnet-clinopyroxene
thermometer models proposed since 1972, the first equation proposed by Mysen and
Heier [9]. Quantification of garnet-clinopyroxene Fe-Mg equilibrium is a widely
applied thermometer for high-grade upper amphibolite, granulite, and eclogite facies
assemblages, as well as garnet peridotite, where the distribution of the Fe** and Mg
between coexisting garnet and clinopyroxene is expressed by the exchange reaction:

1/3Mg3A125i3012 + CaFeSi,0O¢ = 1/3Fe3AIZSi3012 + CaMgSizO6 (1)

Pyrope + Hedenbergite = Almandine + Diopside (2)

The partitioning of Fe** and Mg, expressed by the distribution coefficient between
coexisting garnet and clinopyroxene, has clearly shown that this distribution is a
function of both physical conditions, as well as compositional variations of the phases
involved [9-20]:

- (Fe2+/Mg) ot
D — Cpx (3)
(Fe**/Mg) ™

A brief description of various models of garnet-clinopyroxene geothermometers
considered for this comparative study is summarized as follows:

2. Mysen and Heier (1972)

Mysen and Heier [9], studied the Hariedland eclogites of Western Norway and
justified K = f (T) as a basis for the genetic classification of eclogites. They used the
equation proposed by Banno [21] to calculate the distribution coefficient Kp"*** &
for the calculation of temperature. Banno [21] also suggested that the effect of pres-
sure and variable chemical composition on the distribution coefficient was found to be

10



An Evaluation of Garnet — Clinopyroxene Geothermometer
DOI: http://dx.doi.org/10.5772 /intechopen.1004094

negligible. The pressure range used for calculation is large enough (6-36 kbar) so that
the effect of pressure on the distribution coefficient Kp"*** ™8 for the calculation of
temperature is found to be negligible. Their formulation is:

2475

T(K) = InKp + 0.781

(4)

3. Raheim and Green (1974)

Raheim and Green [15] conducted an experimental study of eclogites using (a) a
mineral mix, (b) a glass of typical tholeiitic composition, and (c) a series of glasses of
tholeiitic composition. They calculated the distribution coefficient keeping Fe**and
Mg in consideration while assuming other variables Na/Ca and Ca/Al values constant.
Also, the effect of Fe,03 values was found to be negligible. They formulated the
equation as:

(3686 + 28.35*P)

T(K) = (InKp + 2.33)

5

4. Ellis and Green (1979)

Ellis and Green [11] carried out an experimental study on a series of basaltic
compositions and compositions within the simple system CaO-MgO-FeO-Al,05-Si0,
on the effect of Ca on garnet-clinopyroxene Fe-Mg exchange equilibrium in the range
of 24-30 kb pressure and 750°-1300°C temperature. Their formulation is as follows:

3104* Xc,% + 3030 + 0.01086* (P-1)

T(K) =
(1) In Kp + 1.9034

(6)

X% has been used as a parameter in the equation. The authors opined that the Ca
effect is believed to be the nonideal mixing of Ca and Mg in garnet and clinopyroxene.
The previous inconsistencies of temperature dependence on Kp, are proposed to be
reconciled and resolved in this model. To check the effect, the graph of InKp, versus
X" has been plotted as shown in Figure 1, showing a very gentle positive slope and
X6 values scattered for a range less than 0.3, which means as the value of InKp
increases, Xc,°" values increases very gently.

5. Ganguly (1979)

Ganguly [12] critically evaluated all the available thermodynamic mixing data of
garnet and clinopyroxene proposed till 1979 and integrated these with the thermo-
chemical and selected experimental data to express the Fe-Mg in distribution coeffi-
cient giving the equation as:

11
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4801 + 11.07* P(kb) + 1586 * X, " + 1308 * X ")

T(K) = In Kp + 1.9034

@)

The application of the proposed model is said to be restricted to Na-poor bulk
compositions due to a lack of sufficient data on the mixing properties of jadeite with
hedenbergite and diopside. The error estimation of this model is said to be £25°C. X,
and X, of garnet have been used as a factor in the formulation. The graph of InKp
versus Xuy, ~* has been plotted as shown in Figure 2 where Xy, values are clustered at
a very low range less than 0.02. Both X, (Figure 1) and Xy, of garnet show the same
behavior concerning InKp,

6. Wells (1979)

Wells [16] tried to explain the formation of granulite facies rocks in Southern West
Greenland using thermometers calibrated against the result of phase equilibrium
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experiments. Assuming that the departures from the ideal mixing in the pyroxene and
garnet phases are mutually canceled out, Wells gave the following equation:

((24440 + 0.06524* (P — 1))

T(K) =
(K) 13.41-3*R*InKp

(8)

7. Dahl (1980)

Dahl [10] showed estimates of the analysis of thirteen mineral pairs, stating that
the regressed parameters for Ca and Mn agree well with those calculated by Ganguly
[12] and his formulation is as follows:

170 + 0.01107* (P-1) + 759.44 " (Xpe " — Xug®") + 1414 X, + 1437 Xy ™

T(K) = In Kp

)

The graph of InKp, versus Xz shown in Figure 3 shows a positive correlation
with InKp as the values of Xzt increase with the increase in InKp. The graph of InKp
versus Xy "', Figure 4 shows a negative correlation with InKp, as the values of X"
increase with a decrease in InKp.

8. Ganguly and Saxena (1987)
Ganguly and Saxena [13] modified the equation given by Ganguly [12], providing
an updated calibration on composition and the Fe-Mg distribution between garnet and

clinopyroxene with the modified equation as follows:

4100 + 0.01107* (P-1) 4 1510* (X, + Xmn ™)

T(K) (10)
In Kp
3.5
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9. Krogh (1988)

Krogh [14] reinterpreted the existing experimental data on the partitioning of
Fe'? and Mg between garnet and clinopyroxene [11, 15, 22] to construct a new
expression including a curvilinear relationship between InKp, and X¢," giving
expression as:

((~6173" (Xea™)” + 6731 X, + 1879 + 10" P(kb) )
InKp + 1.393

T(K) = (11)
The proposed model shows that the grossular content of garnet have the major
compositional effect on Fe-Mg partitioning of garnet and clinopyroxene. This model is

expected to give optimum results for X, values ranging between 0.1 and 0.5.

10. Yang (1994)

Yang [18] carried out an experimental study of the compositional dependence of
the garnet-clinopyroxene Fe*?/Mg partition coefficient. The Mg number of garnet was
found to have a significant effect on the Kp and his formulation is as follows:

[1987.98 + (0.01766* P)—(1629* Xc, * Xca) + (3648.55* Xca)—(6.59* MgNo)]

T(K) = (In Kp + 1.076)

(12)

11. Jun Lui (1998)

Jun Lui [19] gave a new formulation using new experimental data measured at 600
to 950°C, 0.8-3.0 GPa, and f(O,) defined by the fayalite-quartz-magnetite buffer in
the basalt-H,O system as:
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3820

T(K) = ((1.828 + InKp(1 +a(2.2 — P))

(13)

The model is opined to be in excellent agreement with the low-temperature end
amphibolite to high-temperature end granulites of crustal P-T conditions.

12. Krogh Ravna (2000)

Krogh Ravna [20] gave an updated calibration through multiple regression analysis
on an extended dataset to refine the relationship between temperature, pressure,
composition, and the Fe-Mg distribution between garnet and clinopyroxene. The
formulation is as follows:

( (1939.9 +3270* X, 921396 (X, %) + 3319* Xpi & — 3535(Xpin %) ” + 1105 XMg#Gt_)

3561 (Xnigs ©1)” + 2324* (Xuigs &)’ + 169.4" P(GPa)

T(K) = (In Kp + 1.223)

(14)

This calibration is said to be unaffected by the sodic variations of clinopyroxenes in
the range of Xy,=0.051 giving optimum results for variegated rock types.

13. Valid garnet-clinopyroxene geothermometry in granulites

Granulites are typical rocks of the Earth’s middle to lower crust formed under
high-temperature conditions. They are found as xenoliths in basaltic volcanic rocks,
mainly within continental rifts, but most granulites occur as complexes or terranes in
orogenic settings that have suffered significant erosion and exhumation where we can
access directly the deep crustal assemblages. Orogenic granulites display a wide com-
positional range [23] and are known from a variety of collisional belts such as Aldan
Shield, Adirondack highlands, Southern granulite terrain, and Rajasthan, India, Ruby
Range, Montana, USA, Antarctica, and many more that formed during different
episodes, including the Archean, since granulites are very common here. Determina-
tion of bulk rock and mineral compositions, calculation of peak equilibration condi-
tions, and dating of orogenic granulites are known to have important constraints on
the thermal and chemical structure of the Earth’s continental crust throughout Earth's
history. Harley [23] showed that equilibration conditions deduced from orogenic
granulites cover a wide range. In particular, pressures are highly variable, and the
granulite field may be divided into low-pressure, medium-pressure, and a high-
pressure facies [24]. Peak temperatures for many granulites scatter around 800°C
[25], but an increasing number of ultra-high temperature granulite complexes (900-
1100°C and 0.7-1.3 GPa) are being recognized [26, 27].

To test the validity and applicability of garnet-clinopyroxene thermometry, we
have collated 89 samples from the literature all over the world (supplementary sheet
attached). Samples were selected to fit the following criteria [3, 4]:

a. There is a clear description of textural equilibrium between garnet and
clinopyroxene.
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b. There are detailed and high-quality electron microprobe analyses of the
minerals involved at least SiO,, TiO;, Al,O3, FeO, MnO, MgO, CaO, Na,0, and
K50, and the stoichiometry of the analyzed minerals was confirmed.

c. The core composition of garnet and rim composition of clinopyroxene have
mostly been used. If there is growth zoning in garnet, only the rim composition
was used, and accordingly, only the rim composition of matrix clinopyroxene
has been used.

d. Data are used where elemental oxide totals for the minerals analyzed were
100+1.5%.

e. The effect of Fe,O5 on garnet and clinopyroxene has been considered negligible
for the calculation of temperature.

14. Effect of Fe**, Na in clinopyroxene and Ca, Mn in garnet

While proposing several experimental and empirical calibrations of garnet-
clinopyroxene thermometer, various assumptions have been made regarding Fe**, Na,
and Ca content of pyroxenes, such as Raheim and Green [15] Na/Ca and Ca/Al content
and [11] effect of Ca. In this contribution, the authors have considered quaternary
parameters Fe?*, Mg, Ca, and Mn of garnet and Fe?*, Mg of clinopyroxene. Fe3*
content of garnet and clinopyroxene has been considered negligible. The collected
samples are of granulitic terrain having high Fe, Mg content and low Mn content in
garnet due to which the effect of Mn has been reduced profoundly. A very less amount
of Na-Cpx is present in the collected samples, mostly falling in the range of 0-0.2. The
89 samples listed in the table (See supplementary data) fall in the mineral composition
range: Xp.= 0.06-0.61 (mostly between 0.2 and 0.4); Xy, = 0.32-0.95 (mostly
between 0.6 and 0.9) in clinopyroxene; Xg. = 0.07-0.79 (mostly between 0.45 and
0.60); Xpig = 0.009-0.70 (mostly between 0.1 and 0.3); Xy, = 0.004-0.13 (mostly
between 0.01 and 0.03) and X, = 0.01-0.89 (mostly between 0.10 and 0.20) in
garnet.

15. Results and discussion

The total of 89 pairs of data have been processed for the different models of
garnet-clinopyroxene pair by the software Gt-Cpx.EXE [28, 29]. A comparison of the
calculated InKp and 1/T for different geothermometric models has been undertaken.
The plots of InKp, vs 1/T are shown in Figures 5-15. The data selected in this way were
used to check the temperature dependence of the distribution coefficient:

The Raheim and Green [15] Figure 5 graph of InKp, vs 1/T has been plotted as
InKp, = 1870/ T(°C) - 1.024 with R” = 0.995.

Mysen and Heier [9] Figure 6 InKp = 1165/ T (°C) + 0.068 with R? - 0.988.

Jun Lui [19] Figure 7, as InKp, = 1435/ T (°C) - 0.380 with R* =0.988.

Ganguly and Saxena [13] Figure 8, as InKD = 2395/ T (°C) -1.145 with R? - 0.847.

Ganguly [12] Figure 9, as InKp =2825/ T (°C) -1.551 with R* = 0.843.

Krogh [20] Figure 10, as InKp = 1007/ T (°C) + 0.256 with R? = 0.601.

Wells [16] Figure 11, as InKp = 1760 / T (°C) - 0.468 with R” = 0.582.
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Figure 5.
Reciprocal relation of temperatuve (1/T) versus InKp for Raheim and Green [15] model.
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Reciprocal velation of temperature (1/T) versus InKp for Mysen and Heier [9] model.
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Figure 7.
Reciprocal relation of temperatuve (1/T) versus InKp for Jun Lui [19] model.
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Reciprocal relation of temperatuve (1/T) versus InKp for Ganguly and Saxena [13] model.
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Reciprocal velation of temperatuve (1/T) versus InKp for Ganguly [12] model.
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Figure 10.
Reciprocal relation of temperature (1/T) versus InKp for Krogh [20] model.
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Figure 11.
Reciprocal velation of temperatuve (1/T) versus InKp for Wells [16] model.
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Reciprocal velation of temperature (1/T) versus InKp for Ellis and Green [11] model.
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Figure 13.
Reciprocal velation of temperature (1/T) versus InKp for Krogh [14] model.
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Figure 14.
Reciprocal velation of temperature (1/T) versus InKp for Dahl [10] model.
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Figure 15.
Reciprocal velation of temperatuve (1/T) versus InKp for Yang [18] model.

Ellis and Green [11] Figure 12, as InKp =1397/ T (°C) —0.025with R? = 0.562.

Krogh [14] Figure 13, as InKp = 966.7 / T (°C) +0.415 with R? = 0.546.

Dahl [10] Figure 14, as InKp, = 730.7 / T (°C) +0.774with R? = 0.525 and

Yang [18] Figure 15, as InKp, = 852.7 / T (°C) + 0.476with R? = 0.458.

From the very beginning, proper evaluation of metamorphic temperatures has
been a matter of discussion. Various methods are applied for determining precise
temperatures. Some researchers determine temperature by averaging the results from
all applicable thermometers. Few also use consensus peak temperature in which a
temperature is chosen where the spread in temperatures from each thermometer
overlap. The averaging of results from different thermometers can be unjustified
yielding an approximate estimation of temperature. Although, the use of consensus
temperature can be found fissible for evaluation of temperature variation within a
terrane. With the above considerations in mind, we have attempted to evaluate the
accuracy of eleven models taking each separately and checking the regression and
scattering of temperature values. In eleven models used despite the use of the compo-
sitional effect of Xg., Xmg, Xca, and Xy, of garnet on InKp, in various models, the
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accuracy of models has not been resolved to a large extent. Raheim and Green [15], as
well as Mysen and Heier [9], have given the best precision, followed by Jun Lui [19]
which used an iteration method giving a confined range of temperature and less
scattering. Ganguly [12] and Ganguly and Saxena [13] have used the compositional
effect of Xc, and Xy, of garnet in their equation, although the scattering of tempera-
ture is a little more as compared to Raheim and Green [15], Mysen and Heier [9] and
Jun Lui [19] leading to less regression values. The box plot in Figure 16 shows the
temperature range of the best five models. The model of Raheim and Green [15] has
shown the clustering of temperature at a shorter range leading to the highest regres-
sion followed by Mysen and Heier [9] model giving the widest range of temperature
as compared to other best models. Ganguly [12] and Ganguly and Saxena [13] models
have yielded high-temperature values as compared to other best models, still cluster-
ing for a short range resulting in high regression values. The rest of the models have
given a wide spread in the data leading to fewer regression values.

To observe the effect of Xg. and Xy, of clinopyroxene and Xge, Xnmg, Xca, and Xy
of garnet on Kp, we have plotted the graphs between Xg. and Xy, of clinopyroxene vs
Kp and Xge, Xmg, Xca,and X, of garnet on Kp (supplementary figures associated with
this article can be obtained from the journal), respectively.

In the case of Xg, and Xy, of clinopyroxene, it is observed that Xg.(CPX) is
showing a horizontal trend as Xg.(CPX) =2E-5/Kp, + 0.275 with R? = 2E-07, having a
compositional range of 0.0692-0.6183 (mostly between 0.2 and 0.4) showing a scat-
tering of values of Xg.(CPX); while Xz (CPX) = -0.00/Kp, + 0.724 with R? = 6E-05, is
showing gentle negative slope having a compositional range of 0.324-0.9591 (mostly
between 0.6 and 0.9) showing clustering of Xy;,(CPX) at higher range.

Despite the spread in the data of Xy, (GT), it shows a negative slope as Xy (GT) =
-0.018/Kp, + 0.39 with R” = 0.21, having a compositional range of 0.0099-0.7058
(mostly between 0.10-0.30) shows clustering of data at intermediate range, inferred
as to be a tendency for more magnesium bulk composition to yield lower Kp, [2].

Based on the regression values and clustering of temperature ranges calculated for
each model, it is evident that Raheim and Green [15], Mysen and Heier [9], Jun Lui
[19], Ganguly and Saxena [13], and Ganguly [12] model show very good relation
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Figure 16.
Box plot showing the best five models with their calculated temperature range.
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between InKp, vs 1/T with the maximum number of points (values of temperature)
providing best fit lines with high regression values and shorter range of temperature
variation.

16. Conclusion

We emphasize that our testing of eleven versions of the GCPX thermometers to
the empirical data collected from the literature for this comparative study applies only
to rocks containing garnet and clinopyroxene whose compositions can be well
described by (Fe-Mg-Ca)3Al,Si;04, and (Ca-Fe-Mg)Si,Og, respectively. The result of
this study may not apply to rocks of greatly different thermal regimes and/or mineral
chemistry.

We conclude that the following five GCPX thermometers [9, 12, 13, 15, 19] are
almost equally valid. These models show the highest regression values and maximum
numbers of points (values of temperature) are providing the best fit lines Figures 5-9.
Therefore, these models can be considered as the most appropriate ones to be used for
the calculation of temperature. The other calibrations gave highly erratic results, and
hence are not recommended.

However, Raheim and Green [15] are the best among them as the regression
correlation coefficient value; R? is close to 1, which indicates that the maximum
number of points defines the best fit line. Therefore, the temperature value obtained
by Raheim and Green [15] model is more precise compared to the others.

Although it is always necessary to do further experimental work to refine the
calibration of the GCPX thermometer using garnet and clinopyroxene with chemical
compositions comparable to natural minerals, it is equally important to improve our
knowledge of the various chemical interactions within minerals, such as garnet and
clinopyroxene, so that we can improve the activity models for these minerals.

Acknowledgements

The authors thank the Head, Department of Applied Geology, Doctor Harisingh
Gour Vishwavidyalaya, Sagar (M.P.), and the Department of Science and Technology,
New Delhi, India for providing facilities as including PURSE- Phase-II for conducting
present research work.

Supporting information

Additional supporting information may be found in the supporting information
tab for this chapter: https://bit.ly/3tL7FKI
Supporting information description:

1.Table S1: Data of KD, InKD, XFeCpx, XMgCpx, XFeGt, XMg Gt, XCaGt and
XMnGt of different rocks samples by different authors

2.Table S2: Data of the Calculated Temperature (°C) of different rock samples by
different authors.

22



An Evaluation of Garnet — Clinopyroxene Geothermometer
DOI: http://dx.doi.org/10.5772 /intechopen.1004094

&
e
>
Figure S1a.
KD vs Xg, ™.
a
o
2
=
Figure S1b.
KD s Xag, P~
8
&
>
Figure Sic.
KD vs X,

23

10
s KD versas X Fe Cpx
Piot 1 Regr
08
.
0.6 . E:
0.4 .
- -
-
. =
024 o
0.0 T T T
o 15 20 25 30
KD
12
1.0 4
.
.
028 - e
s .
-
s *
06 =
U ..
.'D -
.
04 4 L i
02 » KD verses X Mg Cpx
Piot 1 Regr
0.0 T T T T T
o 5 10 15 20 25 30
KD
10

= KD verses X Fe Gt
Plot 1 Regr

0.0 T T T

KD

20

25 ac



Metamorphic Rocks as the Key to Understanding Geodynamic Processes

Figure Sad.
KD vs Xp, ™.

Figure S1e.

KD vs Xpp,“".

Figure Saf.
KD vs X,

24

X Ca Gt

10
« KD s X Mg Gt
Plot 1 Regr
0.8
.
- - -
.
. 0864 4
1G]
=]
= .
b = . .o .
04 L . -
& - . -
.- Say .
. -
.
02 5w
SEG :
“'. . L -
o o ..
00 T 2t T T T
o 5 10 15 20 25 ac
KD
0.16
* KDwsXMnGt
0.14 1 3 Piot 1 Regr
0.12
0.10
5 .
c 4
= 0.08
= .

1.0
9, L]
05 - + KDvsXCaGt
—— Plot 1 Regr
06 -

0.0 ¥

15 20 25 30



An Evaluation of Garnet — Clinopyroxene Geothermometer
DOI: http://dx.doi.org/10.5772 /intechopen.1004094

3.Supplementary data:

a. Figures S(1a-h): Graph of KD versus XFE, XMG, XCA, XMN of garnet and
XFE, XMG of Clinopyroxene respectively.

b. Appendix S1: Reference list of published journals whose data have
been used.

Author details

Harel Thomas* and Haritabh Rana

Department of Applied Geology, School of Engineering and Technology, Doctor
Harisingh Gour Vishwavidyalaya, Sagar, M.P., India

*Address all correspondence to: harelthomas@gmail.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

25



Metamorphic Rocks as the Key to Understanding Geodynamic Processes

References

[1] Fu B, Zheng YF, Li YL, Li SG.
Applications of garnet—clinopyroxene
geothermometers to eclogite

assemblages. Acta Mineralogica Sinica.
1998;18:145-157

[2] Johnson CA, Bohlen SR, Essene EJ. An
evaluation of garnet-clinopyroxene
geothermometry in granulites.
Contributions to Mineralogy and
Petrology. 1983;84(2-3):191-198. DOL:
10.1007/BF00371285

[3] Thomas H, Rana H, Shahid M. Garnet
—orthopyroxene (GOPX)
geothermometer: A comparative study.
Arabian Journal of Geosciences. 2018;11
(24):771. DOI: 10.1007/s12517-018-
4060-y

[4] Thomas H, Rana H. Valid garnet-
biotite thermometer: A comparative
study. Journal of the Nepal Geological
Society. 2019;58:61-68. DOI: 10.3126/
jngs.v58i0.24574

[5] Wu CM, Cheng BH. Valid garnet—
biotite (GB) geothermometry and garnet
—aluminum silicate—plagioclase—
quartz (GASP) geobarometry in
metapelitic rocks. Lithos. 2006;89(1-2):
1-23. DOI: 10.1016/j.1ithos.2005.09.002

[6] Thomas H, Rana H. Garnet-
hornblende geothermometer: A
comparative study. Journal of the
Geological Society of India. 2020;96:591-
596. DOLI: 10.1007/s12594-020-1607-9

[71 Thomas H, Rana H, Anju M.
Applicability of garnet—cordierite
(GCRD) geothermometer. Journal of the
Nepal Geological Society. 2020;60:147-
161. DOLI: 10.3126/jngs.v60i0.31271

[8] Thomas H, Shukla S, Rana H, Soni A,
Bidolya J, Batri R, et al. Evaluation of
two (opx-cpx) pyroxene

26

geothermometer. Journal of the Nepal
Geological Society. 2023;66:13-24. DOI:
10.3126/jngs.v66i01.57918

[9] Mysen BO, Heier KS. Petrogenesis of
eclogites in high grade metamorphic
gneisses, exemplified by the Hareidland
eclogite, western Norway. Contributions
to Mineralogy and Petrology. 1972;36(1):
73-94. DOI: 10.1007/BF00372836

[10] Dahl PS. The thermal-compositional
dependence of Fe2+ - Mg distributions
between coexisting garnet and pyroxene:
applications to geothermometry.
American Mineralogist. 1980;65(9-10):
852-866

[11] Ellis DJ, Green DH. An experimental
study of the effect of Ca upon garnet-
clinopyroxene Fe-Mg exchange
equilibria. Contributions to Mineralogy
and Petrology. 1979;71(1):13-22. DOL:
10.1007/BF00371878

[12] Ganguly J. Garnet and clinopyroxene
solid solutions, and geothermometry
based on Fe-Mg distribution coefficient.
Geochimica et Cosmochimica Acta. 1979;
43(7):1021-1029. DOI: 10.1016/0016-
7037(79)90091-7

[13] Ganguly ], Saxena S. Mixtures and
mineral reactions. Minerals and Rocks.
1987;19:1-291

[14] Krogh EJ. The garnet-clinopyroxene
Fe-Mg geothermometer—a
reinterpretation of existing experimental
data. Contributions to Mineralogy and
Petrology. 1988;99(1):44-48. DOLI:
10.1007/BF00399364

[15] Raheim A, Green DH. Experimental
determination of the temperature and
pressure dependence of the Fe-Mg
partition coefficient for coexisting garnet



An Evaluation of Garnet — Clinopyroxene Geothermometer

DOI: http://dx.doi.org/10.5772 /intechopen.1004094

and clinopyroxene. Contributions to
Mineralogy and Petrology. 1974;48(3):
179-203. DOI: 10.1007/BF00383355

[16] Wells PRA. Chemical and thermal
evolution of Archaean sialic crust,
southern West Greenland. Journal of
Petrol. 1979;20(2):187-226. DOI:
10.1093/petrology/20.2.187

[17] Pattison DRM, Newton RC. Reversed
experimental calibration of the garnet-
clinopyroxene Fe-Mg exchange
thermometer. Contributions to
Mineralogy and Petrology. 1989;101(1):
87-103. DOI: 10.1007/BF00387203

[18] Ai Y. A revision of the garnet-
clinopyroxene Fe2+ - Mg exchange
geothermometer. Contributions to
Mineralogy and Petrology. 1994;115(4):
467-473. DOI: 10.1007/BF00320979

[19] Liu J. Assessment of the garnet-
clinopyroxene thermometer.
International Geology Review. 1998;40
(7):579-608. DOI: 10.1080/
00206819809465226

[20] Ravna K. The garnet-clinopyroxene
Fe2+ - Mg geothermometer: an updated
calibration. Journal of Metamorphic
Geology. 2000;18(2):211-219. DOL
10.1046/j.1525-1314.2000.00247 x

[21] Banno S. Classification of eclogites in
terms of physical conditions of their
origin. Physics of the Earth and
Planetary Interiors. 1970;3:405-421. DOL:
10.1016/0031-9201(70)90083-X

[22] Mori T, Green DH. Laboratory
duplication of phase equilibria observed
in natural garnet lherzolites. The Journal
of Geology. 1978;86(1):83-97. DOL:
10.1086/649657

[23] Harley SL. The origins of granulites:
a metamorphic perspective. Geological

27

Magazine. 1989;126(3):215-247. DOL:
10.1017/S0016756800022330

[24] Green DH, Ringwood AE. An
experimental investigation of the gabbro
to eclogite transformation and its
petrological applications. Geochimica et
Cosmochimica Acta. 1967;31(5):767-833.
DOI: 10.1016/S0016-7037(67)80031-0

[25] Bohlen SR. Pressure-temperature-
time paths and a tectonic model for the
evolution of granulites. The Journal of
Geology. 1987;95(5):617-632. DOL:
10.1086/629159

[26] Hokada T. Feldspar thermometry in
ultrahigh-temperature metamorphic
rocks: Evidence of crustal
metamorphism attaining~ 1100 C in the
Archean Napier Complex, East
Antarctica. American Mineralogist.
2001;86(7-8):932-938. DOI: 10.2138/am-
2001-0718

[27]1 Klemd R, Brocker M. Fluid influence
on mineral reactions in ultrahigh-
pressure granulites: a case study in the
Snieznik Mts.(West Sudetes, Poland).
Contributions to Mineralogy and
Petrology. 1999;136(4):358-373. DOL:
10.1007/s004100050544

[28] Thomas H. MPET4: A Computer
program for coexisting garnet-
clinopyroxene-plagioclase-quartz
geothermobarometry. Journal of the
Nepal Geological Society. 1998;18:409-
415. DOI: 10.3126/jngs.v18i0.32275

[29] Thomas H, Paudel LP.
Geothermobarometer based on
coexisting garnet—Orthopyroxene—
Plagioclase—Quartz equilibria. Journal
of the Nepal Geological Society. 2016;51:
1-9. DOI: 10.3126/jngs.v51i0.24083






Chapter 3

Metamorphism, Metasomatism
and Conditions of Formation
of Industrial Minerals of

the Sillimanite Group of the
Fennoscandian Shield

Vladimir Shchiptsov

Abstract

The group of sillimanite minerals includes kyanite, sillimanite and andalusite,
modifications. It is shown that high-alumina complexes are widespread throughout the
Fennoscandian Shield, but the sources (protoliths) are sedimentary-volcanogenic for-
mations of the preceding stages. Three metamorphogenic types of high-alumina forma-
tions have been identified: the Keivian (Archean), the Svekofennian (Paleoproterozoic)
and the Southwestern Gneissian (Mesoproterozoic). The connection with tectono-met-
amorphic cycles has been established. The Keivian metamorphogenic type is character-
ised by the formation of high-alumina complexes under conditions of high pressures
and average temperatures of amphibolite and less frequently granulite facies of
metamorphism. The main industrial mineral is kyanite. The second metamorphogenic
type (Svecofennian) is associated with the Svecofennian Province. The manifested
metamorphism corresponds to a metamorphic series of low and medium pressures and
medium and high temperatures. The main industrial mineral is andalusite. Two areas
are distinguished: southeastern and northwestern. The third metamorphogenic type
(Southwestern Gneissian) characterised by a wider range of PT conditions of meta-
morphism, which is reflected in the formation of industrial minerals of the sillimanite
group (sillimanite and kyanite). Polycyclic metasomatosis of the acid-leaching stage
plays the main role in the formation of deposits of the sillimanite group of minerals.

Keywords: metamorphism, metasomatism, acid leaching, palacogeodynamics,
sillimanite group of minerals, Neoarchean, paleoproterozoic, mesoproterozoic,
Fennoscandian shield

1. Introduction

The main criterion for distinguishing high-alumina rocks from other formations
is the chemical composition: AL,O; > K20 + Na,O or 2Al/2 (K + Na) + Ca > 1, ie.,
chemically, these rocks are supersaturated with aluminium [1, 2]. The most important
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factors in the formation of the sillimanite group of minerals are temperature (T) and
pressure (P), redox conditions of the environment (Eh), depending on the content

of free oxygen, chemical potentials of carbon dioxide, sulphur, fluor and some other
elements affecting the acidity-alkalinity (pH) of the mineral formation environment.
Under these conditions, depending on thermodynamic conditions, other minerals
supersaturated with alumina relative to alkali and calcium were formed - corundum,
spinel, garnets of the pyralspite group, cordierite and sapphirine. In addition, in high-
alumina rocks, there are “neutral” minerals with respect to alumina content — quartz,
hypersthene, mica, magnetite and sulphides.

The group of sillimanite minerals includes kyanite, sillimanite and andalusite,
modifications of the same composition of matter but with characteristics of crystal
structures. The Precambrian is mainly formed by areas with metamorphic high-
alumina rocks. Andalusite occurs in low and medium-pressure metamorphic rocks
(e.g., large deposits are known in South Africa, India and Australia). Sillimanite is
characteristic of metamorphic rocks of low and medium pressures and medium and
high temperatures (e.g., deposits are known in India, South Africa, the USA and
Australia). Kyanite is found in metamorphic rocks of medium and high pressures
and medium temperatures (for example, deposits are known in the USA, India,
Russia and Brasilia). High-alumina complexes are productive for forming deposits of
sillimanite-group minerals in them. Deposits of natural metamorphogenic deposits
and quartz+(kyanite+sillimanite+andalusite) associations are formed, forming
significant concentrations of the mineral sillimanite group in the stage of acid leach-
ing during postmagmatic metasomatosis.

This article gives an overview of areas with high-alumina complexes of the
Fennoscandian Shield. Three metamorphogenic types of high-alumina formations
have been identified: the Keivian (Archean), the Svekofennian (Palaeoproterozoic)
and the Southwestern Gneissian (Mesoproterozoic) with the location of deposits and
occurrences of industrial minerals of the sillimanite group on the territory of Norway,
Finland, Sweden and the Karelian-Kola region of Russia. Deposits of the sillimanite
group of minerals of the metamorphogenic series are objects of practical importance
for use in creating various industrial materials.

All minerals of the sillimanite group are characterised by the empirical formula
Al,SiOs and have the composition: Al,0; — 63.1%, SiO, — 36.9%, but with characteris-
tic features of crystal structures — coordination number 6 (for kyanite) Al,(SiO4)0O, 4
(for sillimanite) AI(AlSiOs) and 5 (for andalusite) A1A1(SiO4)O [3, 4]. All modifica-
tions are industrial but differ among themselves in the conditions of formation.

The equilibria of ALSiOs polymorpth (andalusite, kyanite and sillimanite) with
atriple point at P = 3.73 kbar and T = 506°C were calculated by using the thermo-
dynamic dataset compiled by [5, 6]. These stable fields of andalusite, kyanite and
sillimanite are used to determine the pressure boundaries between the And-Sil (high
thermal T/P gradient) and Ky-Sil (low thermal T/P gradient) metamorphic facies
series [7].

In the world practice, sillimanite-group minerals are formed in high-alumina
metamorphic rocks under favourable conditions of metamorphism, accumulations of
which are of industrial interest as sources of valuable mineral raw materials — kyanite,
sillimanite and andalusite. The conditions of metamorphism and metasomatosis play
the most important role in the formation of sillimanite-group deposits [4, 8-10].
Minerals of the sillimanite group, which are characterised by high melting point and
are acid-resistant, do not soften when heated.
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One of the essential properties of the sillimanite group is transition to mullite.
Unlike other sillimanite-group minerals, kyanite passes into mullite at lower tempera-
tures, but its volume increases more considerably. The most important application
field of mullite is the refractory industry. Mullite consists of connected crystals that
resist temperatures of up to 1800°C [9].

The United States is prevalent as to kyanite. Significant resources of andalusite are
known from China, France, Peru and South Africa. Kyanite resources have also been
identified in Brazil, India and Russia. India is the leading producer of sillimanite [11]
(Table1).

2. High-alumina complexes of the Fennoscandian shield

The formation of high-alumina complexes is associated with Precambrian
polycyclic processes under conditions of amphibolite and granulite facies meta-
morphism from low to high-pressure and medium-high-temperature series with
superposition of later metasomatic transformations of acid-leaching facies, which
caused the formation of deposits and occurrences of sillimanite group on the
Fennoscandian Shield.

High-alumina rocks on the Fennoscandian Shield include deep metamorphosed
complexes supersaturated with alumina relative to alkali and calcium. The pre-meta-
morphic nature is determined by primary sedimentary-volcanogenic deposits, among
which, in Precambrian strata, high-alumina rocks have undergone polymetamorphic
transformations, which is typical for all shields of the world [10]. The main deposits
of kyanite, sillimanite and andalusite ores in the Precambrian (USA, India, Brazil,
South Africa and Russia) were formed in the productive rocks for sillimanite-group
minerals [11, 12].

The most important factors of mineral formation include temperature (T) and
pressure (P), redox conditions of the medium (Eh) depending on the content of
free oxygen, chemical potentials of carbon dioxide, sulphur, fluor and other ele-
ments affecting the acidity-alkalinity (pH) of the mineral formation medium [4, 13].
The connection of conditions with thermal regimes, and hence with geodynamic
conditions of metamorphism and magmatism, has been established [10]. The most
important factors of mineral formation include temperature (T) and pressure (P),
redox conditions of the medium (Eh) depending on the content of free oxygen,
chemical potentials of carbon dioxide, sulphur, fluor and other elements affecting the

Country 2021 2022
United States (kyanite) 105,000 100,000
France (andalusite) 65,000 65,000
India (kyanite and sillimanite) 15,000 15,000
Peru (andalusite) 42,000 42,000
South Africa (andalusite) 170,000 160,000

The review is based on the generalised analysis of own and literature data.

Table 1.
Kyanite and velated minevals: World production (metric tonnes) [12].
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acidity-alkalinity (pH) of the mineral formation medium. The connection of condi-
tions of metasomatic petrogenesis with thermal regimes, and hence with geodynamic
conditions of metamorphism and magmatism, has been established [14].

Analytical data on the Fennoscandian Shield, in the author’ opinion, high-
alumina complexes are represented by three metamorphogenic types — Keivian,
Svecofennian and southwestern gneiss, associated with polycyclic evolution of belts
(Figure 1). High-alumina formations of the Fennoscandinavian Shield belong to the
Neoarchean and Proterozoic with overlapping acid stage metasomatism, which was
the main reason for the formation of sillimanite-group deposits. Occurrences of high-
alumina formations in Scandinavian Caledonides are noted in Norway.

0Q
TGN

Figure 1.

Distribution of deposits and occurrences of industrial minerals of the sillimanite group in pelitic rock
metamorphism on the Fennoscandian Shield. Compiler V. Shchiptsov. 1 — Phanerozoic <550 Ma; 2 — Oslo rift,
250-300 Ma; 3 — Scandinavian Caledonides, 490-390 Ma; 4 — Southwestern gneiss province (900-1700 Ma),
including the Transcandinavian magmatic belt (650-1800 Ma); 5 — Svecofenian Province, 1800~2000 Ma; 6 —
Archean and Paleo-Mesoproterozoic rock complexes (1600-3400 Ma) — Norbotten, Karelian, Belomorian; Kola
Provinces and Lapland-Kola zone; 7 — deposits and occurrences of sillimanite group; 8 — development boundaries
of high-alumina formations of I, II and Il metamorphogenic types. Note: simplified geological map based on
[15]. Deposits and occurrences of sillimanite group 1 — Keivskoe; 2 — Vorgelurta, Tavurta, Tyapsh-Manyuk; 3 —
Chervyrta, Bolshoi Rov, Vostochnaya Shyyryrta, Kirpyrta, Yagelyrta, Bezimyannaya, Shyyryrta; 4 — Kayvurta,
Nyssi, Manyuk; 5 — Khizovaara; 6 — Terbeostrov; 7 — Hokkalampi; 8 — Hirvivaara; 9 — Koli; 10 — Kivisuo; 11 —
Tetrilampi; 12— Leteensuo; 13— Hallavaara; 14 — Mutsoiva; 15 — Mantuvaara; 16 — Skjomen; 17 — Nasafjellet; 18 —
Vakhgayarvi; 19 — Rantakyld; 20 — Boliden; 21 — Siter; 22 — @yungen, 23 Tverrddalen; 24 — Fongen-Hyllingen;
25 — Areskutan; 26 — Halsjoberg; 27 — Hokensds; 28 — Romsdal; 29 — Sola; 30 — Odal; 31 — Sumadalen; Sormbrua,
Gullsteinberget, Knosberget, Kjeksberget; 32 Bample; 33 — Lesjaverk; 34 — Donnesfjord.
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The Keivian type was formed due to palaeogeodynamic processes in the Archean
(Figure 1 - Areal). This type is associated with the formation of mainly large deposits
of kyanite in conditions of kyanite type of high-baric metamorphism and accom-
panying metasomatism at later stages. This area is characterised by deeper erosion.
The Archean protoliths of the host gneisses were formed by erosion and redeposition
of Neoarchean rocks. The widespread occurrences in this zone of high-temperature
subfacies — kyanite-biotite-muscovite and garnet-kyanite-biotite-orthoclase, cor-
responding to the conditions of temperature (on average) 600°C and pressure
7.5-8 kbar, is characteristic. Kyanite and staurolite—kyanite schists and gneisses are
potential sources of kyanite.

In the western part of area I, high-alumina pelitic complexes are metamorphosed
under conditions of moderately baric kyanite-sillimanite type of metamorphism.
The formation of deposits and occurrences of kyanite, partly sillimanite and anda-
lusite (the latter, we can assume, as a result of superimposed metamorphism of
the sillimanite-andalusite type) in the western part of the Karelian Province in the
Neoarchean greenstone belts is associated with them.

The metamorphogenic high-alumina type is distinguished for area II (Figure1).
This type is widespread in the southeastern part of the Svecofennian Province and
in Sweden in the Skelefteo County area, including the neighbouring Counties, as
well as in relict remains noted in the Scandinavian Caledonides. Paleoproterozoic
metamorphic transformations of high-alumina rocks were manifested with different
intensities repeatedly under conditions of low-baric metamorphism in the range of
650-730°C, 3.8-5 kbar and 460-500°C, 3—4 kbar [16, 17]. There is no mineral para-
genesis of progressive metamorphism in the Svecofennian Province containing kya-
nite, which is an important distinguishing feature. Advanced stage metamorphism
was manifested in relatively low-temperature transformations corresponding to
andalusite-muscovite subfacies. The pattern of mineral alteration of the metapelites
is evidence of falling temperature and increasing water and alkali potential. The
conditions correspond to the stability of andalusite; sillimanite is formed much less
frequently.

The third metamorphogenic type is the southwestern gneissic type (Province
I1I, Figure 1). An important feature of this type is the presence in the Southwestern
Gneiss Province of polygenic and polychrome high-alumina formations (900-

1700 Ma), also formations related to high-alumina rocks of the Caledonian orogeny
(490-390 Ma). Several bodies of rare kyanite-bearing quartz rocks with aluminium
phosphates are formed on the border of the Svekonorwegian Province and the
Svekofennian Province.

3. Deposits and occurrences of industrial minerals of the sillimanite group
on the Fennoscandian shield

The main factors causing the occurrence of alumina deposits and occurrences
include, along with the concentration of the sillimanite mineral group, the multistage
transformation of their transformation, accompanied by the concentration of the
useful component, its separation in the appropriate mineral form with certain physi-
cal properties, crystal size, purity of the crystal lattice, etc. [18].

The mode of the leading endogenous processes, and hence the associated meta-
somatism, changed in a regular way [19, 20]. Three natural types of ores of the
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sillimanite mineral group were distinguished: metamorphogenic, metamorphogenic-
metasomatic and metasomatic.

3.1 Features of deposits and occurrences of the Keivian type (Archean)

Kyanite-bearing gneisses of the Neoarchean Keivian Formation are represented
by kyanite, quartz-kyanite and staurolite-kyanite gneisses [1]. Crystalline high-
alumina gneisses represent a unique accumulation of alumina from scientific
and practical points of view. The Greater Keivy is the world’s largest surface
area Kyanite Province. On about 2000 km?, 90% of explored reserves of high-
quality kyanite ores are easily enriched [10, 21, 22]. The main deposits and
large occurrences are shown in Figure 1, namely Vorgelurta, Tavurta, Tyapsh-
Manyuk, Chervyrta, Bolshoi Rov, Vostochnaya Shyyryrta, Kirpyrta, Yagelyrta,
Bezimyannaya, Shyyryrta, Kayvurta, Nyssi, Manyuk. The gneisses contain, on
average, 35% of kyanite. In addition, the rock-forming minerals are quartz, mus-
covite, biotite, plagioclase and staurolite. Garnet, chlorite, graphite zircon, etc.,
are present in varying quantities in the host complexes. In some parts, there are
accumulations of andalusite and sillimanite. The last accumulations of sillimanite
are marked in Figure 1 (point 1).

Three types of kyanite ores are distinguished by textural and structural fea-
tures [23]. The ore types are: (1) fibrous-needle ores, among which fine-prismatic,
parallel-fibrous, sheaf-like fibrous and radial-beam varieties are distinguished;

(2) paramorphic - coarsely paramorphic with kyanite crystals up to 12 x 3 cm and
finely paramorphic; (3) concretionary radial-structural with kyanite nodules up to
10-15 cm across.

The main crystallographic shapes of kyanite in the ore are acicular (Figures 2 and 3)
and columnar (Figure 4). Acicular or fibrous-acicular kyanite makes up 61.9% of
the deposits and columnar or paramorphic kyanite 35.7%. Kyanite crystal morphol-
ogy is largely responsible for the morphology of aggregates (Figure 4) and ore
washability.

An important feature of high-alumina kyanite gneisses of the Keivian ore field is
their carbon saturation, which affects the colour of kyanite. Most researchers accept
the primary sedimentary biogenic origin of carbon [23].

Figure 2.
The most common form of needle-like crystals in the kyanite schists Keivy [18].
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Figure 3.
Typical unit — concretion of needle-like crystals of kyanite [18].

Figure 4.
The second major form of crystals of kyanite — columnar [18].

The content of rare metals and REE in concentrates of kyanite, muscovite, graph-
ite and quartz show that muscovite and graphite are enriched with La, Ce and Nd,
high contents of zirconium were identified in muscovite [24].

Formation bodies of amphibolites are widely developed among the crystalline
gneisses of the Keivian group.

The Khizovaara structure is a relict part of the North Karelian greenstone belt; in its
northern part, kyanite ores formed, forming the Khizovaara kyanite field (Figure 5).

The metaandesites underwent successive endogenous and exogenous reworking,
the source of alumina accumulation. Two horizons of high-alumina gneisses have
been identified [25]. The first horizon is represented by metaandesites, metamor-
phism of which is manifested in conditions of garnet-kyanite-biotite-orthoclase
subfacies with the transition to staurolite-jedrite-kyanite and garnet-kyanite-
biotite-muscovite subfacies of the kyanite-sillimanite facies series according to
V.A .Glebovitsky [13].

The second horizon consists of rocks of the graywacke series, in which the
signs of chemical weathering crust have been established [25, 26]. The source of
high-alumina minerals is aluminosiliceous sediments, a significant part of which
may represent poorly sorted siliciclastic material of underlying rocks of the dacite-
andesite formation.
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Figure 5.

Gef}logiml scheme of the kyanite ore deposit Yuzhnaya Lens of the Khizovaara ove field. Compiler V. Shchiptsov.

1 — amphibolites; 2 — amphibole-biotite schists; 3 — kyanite-biotite gneisses (high-alumina horizon I); 4 — mica
schists; 5 — kyanite-feldspar quartzites; 6 — amphibole-kyanite-staurolite metasomatic rocks; 7 —kyanite quartzites
(high-alumina horizon 11); 8 — graphite-kyanite quartzites; 9 — muscovitised kyanite quartzites; 10 — Severnaya
Lens (1); Yuzhnaya Lens (2); 11 — faulting; 12 —number of ore body.

The genesis of kyanite ores of the Khizovaara ore field depends entirely on the
specificity and degree of manifestation of regional metamorphism and metasoma-
tism. A favourable environment is characterised by an alumina content of at least
20% AL O; in the natural rock. Acidic and basic metasomatites are developed in
metamorphic rocks at average temperatures of 450-600°C and pressures of 5-8 kbar
[27-30]. Kyanite ore formation is shown in the example of the Yuzhnaya Lens deposit,
which is geochemically characterised as an area of acid-leaching facies (Figure 6).
The formation of primary metamorphogenic kyanite ores occurred before the acid-
leaching phase and is detached by a significant time interval. Acid metasomatites of
the Yuzhnaya Lens deposit were formed under conditions of medium temperatures
and elevated pressures with high activity of volatiles, which leads to stability of other
minerals, for example, pyrite (Figure 7). Three types of natural kyanite ores are
localised in the Khizovaara ore field — metamorphic, metamorphogenic-metasomatic
and metasomatic. The metamorphogenic-metasomatic type occupies an intermediate
position when mineral aggregates are formed by an incomplete metasomatic mecha-
nism, partially preserving the features of metamorphic rocks.
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Figure 6.
Southeast side of the pilot pit No. 4. Photo by V. Shchiptsov.

Figure7.
Pyrite veining in kyanite quartzites (open pit No. 4). Photo by Shchiptsou.

The main deposits of the Khizovaara ore field are the Yuznaya Lens, Severnaya
Lens and Vostochnaya Lens deposits. In Figure 5 the Yuzhnaya Lens deposit is labelled
by number 2, and the Severnaya Lens deposit — by number 1.

The Yuzhnaya Lens deposit consists of six deposits. Two types of kyanite ore are
identified in the main deposit No. 4 (Figure 5) [26, 28]. The first type is ores with
needle kyanite. The needles are mostly less than 1 mm in size and grey in colour with
a steel tint, but fine-needle kyanite with a delicate blue colour up to 10 cm in size has
also been noted (Figure 8a). This type contains pyrite up to 15%, which is explained
by high activity of volatiles in conditions of quite mobile behaviour of iron (Figure 7).
The second type is the ores with radial-radial kyanite and massive texture (Figure 8b).
They make up only 9%. The negative point is the relatively high content of TiO, associ-
ated with finely dispersed rutile. The results of U-Pb dating on zircons in the zones of
submeridional folding and the associated stage of metasomatic kyanite formation gave
the age of 1800 + 7 Ma [31].

Morphological parameters and compositions of the two deposits are given in Table 2.

Valence and coordination unsaturated aluminium atoms are present in kyanite
grains, the arrangement of which for kyanite of three varieties differs by different
degree of ordering. The highest-frequency part of the spectrum is close to light grey
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Figure 8.
Morphological types of kyanite ores of the deposit Yuzhnaya Lense. a — elongate thinly-acicular kyanite aggregate
(needle thickness 0.5-1.00 mm); b — vadial-beam (beam size 0.5-1.00 cm in length). Photo by V. Shchiptsov.

Deposit Yuzhnaya Lens Severnaya Lens
Number of deposits (ore bodies) 6 1
Deposit From - tom) 40-100 500
;r:rameters, Average thickness 55

Length, m 950 500

Mineral composition of ore

Two types of ores: the first type — quartz
70-85%, kyanite 10-25% muscovite 0.
5-1%, plagioclase, biotite, amphibole,

graphite, talc; pyrite 0-15%, pyrrhotite,

magnetite; rutile, apatite, titanite,
garnet, turmaline; the second type —
quartz 50-60%, kyanite 10-40%; pyrite
0-10%, muscovite, feldspar, graphite,
pyrrhotite, arsenopyrite, rutile

Kyanite 18-25%, quartz,
feldspar, garnet, biotite,
muscovite, staurolite,
sulphides

Chemical composition of ore

(average)

Si0, 54.26;Ti0, 0.74; Al,0; 32.30; Fe,0;
7.33; FeO 0.14; MnO 0.01; MgO 0.10;
CaO0 0.42; Na,0 0.15; K,0 0.16; Loi
4.34; S5.66

Si0, 69.90; TiO, 0.57;
AlL,0520.36; Fe,03 4.16;
FeO 0.43 MnO 0.01; MgO
0.31; CaO 0.63; Na,O 0.47;
K,0 0.14; Loi 2.53; S 2.62

Note: Figure 3 shows the Yuzhnaya Lens deposit under 2, the Severnaya Lens deposit under 1.

Table 2.
Characteristics of the main deposits of kyanite ores of the Khizovaara ove field.

and dark grey kyanites; blue kyanite has a significant difference in the silicate part of
the IR spectrum, is structured and has a perfect packing [30].
Highly aluminous complexes are present in the composition of the Chupa parag-
neissic complex. The formation of structural and textural features and mineral
composition of the pseudostratified complex in the modern sense. This complex

by composition and rock ratio corresponds to tectonic breccia [32]. It is in the
conditions of polycyclic high-baric metamorphism of the kyanite type [13, 33] that
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high-alumina metamorphogenic formations were formed in a favourable environ-
ment. Their areas in the White Sea Province are quite widespread, but they have no
economic importance due to the low kyanite content in these formations. Only small
deposits of kyanite ores in metamorphites of the Belomorian mobile belt are noted,
and the temperature decrease from garnet-kyanite to kyanite-muscovite subfacies is
recorded [34].

In the northwestern area of distribution of high-alumina rocks of the Keivian
type in the active tectonic zone of the Karelian Province, deposits and occurrences
of kyanite and less frequently andalusite ores have been identified, shown in
Figure 1 (Hokkalampi, Hirvivaara, Koli, Kivisuo, Tetrilampi, Leteensuo, Hallavaara,
Mutsoiva, Mantovaara) [35, 36]. A distinctive feature is that metamorphic rocks
are products of transformation or solid-phase recrystallisation of existing Archean
protoliths metamorphosed at the lowest temperatures of the kyanite facies.

The Hokkalampi, Hirvivaara and Koli deposits are associated with sericite-quartz
schists and quartzites with a more uniform mineral composition (Figure 9). The main
minerals are quartz, sericite, kyanite and andalusite; minor minerals are pyrophyllite,
tourmaline, chlorite and sometimes dumortierite. The kyanite content ranges from 4
to 25% [37]. Figure 9 shows a band of small occurrences of kyanite ores in schists and
quartzites along the shore of Lake Pielinen [37].

The Hallavaara occurrence represents kyanite formations resulting from intense
chemical weathering processes at the turn of 2.2 Ga and subsequent metamorphism

Figure 9.

Geological scheme of the Koli — Hirvivaara avea (Finland). Compiled by V. Shchiptsov on the General Geological
Map of Koli-Hirvivaara district [37]. 1 — gneiss-granites; 2 — micaceous quartgites; 3 — kyanite quartzites; 4 —
staurolite schists; 5 — conglomerates; 6 — intrusive rocks of basic composition.
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of buried kaolin clays. Between 1973 and 1981, Partek Corp. mined andalusite-bear-
ing mica schist at Mantovaara [35].

In eastern Norway, small deposits of kyanite ores (Skjomen and Nasafjellet) have
been identified in Archean protoliths in the Scandinavian Caledonides [38, 39].

3.2 Features of deposits and occurrences of the Svecofennian type
(Paleoproterozoic)

The Svekofennian Province covers an area of 800 x 800 km in Finland and
Sweden. In the east, the province borders with the Karelian Province, in the northeast
with the Norrbotten Province, and in the west with the Scandinavian Caledonides and
the South Scandinavian province [40]. In this area, deposits and occurrences associ-
ated with high-alumina complexes are noted in the southeastern and northwestern
parts of the Svekofennian Province (Svekofennian type II, Figure1).

The andalusite formation occurs in layered and thinly rhythmically layered
quartz-biotite and phyllite schists with staurolite, andalusite and garnet [41]. Under
low-pressure conditions, andalusite ore accumulations are formed in the upper parts
of rhythms that previously included a large amount of clayey material in a favourable
zone of amphibolite metamorphism under successive facies change — biotite, garnet
(epidote-amphibolite facies), staurolite-andalusite, sillimanite-muscovite, silliman-
ite-potassium feldspar with subzones of biotite-sillimanite and cordierite-garnet
(amphibolite facies) and hypersthene (granulite facies) zones [42, 43].

For example, in the Rantasalmi area, it was found that polymorphic alteration
occurs under conditions very close to those under which the decomposition of
muscovite into potassium feldspar and sillimanite occurs at a temperature of 645°C
and pressure of 3.4 kb.

The metapelites contain sub-latitudinal bands of high-alumina rocks, which were
the source for the formation, under favourable conditions, of promising lenticular
deposits, most of which were subjected to acid leaching associated with Svecofennian
activation at the turn of 1.9-1.8 Ga.

Pseudomorphs filled with muscovite and sillimanite, interpreted as melted
staurolite porphyroblasts, occur in this area. Such a process is described for an area
northwest of town Kitee, which hosts deposits of andalusite schist, labelled 18 and
19 in Figure 1. Andalusite and staurolite ores are formed in a sub-latitudinal band of
high-alumina rocks in the southeastern part of the Svecofennian Province [17, 44].

Figure 10 shows a schematic map of metamorphism, where areas with high-
alumina rocks of polycyclic formation are highlighted. In the northeastern part of the
figure, number 4 shows a band of andalusite-staurolite-mica schists in a generalised
format; it is here that the occurrences of staurolite schists shown in Figure 1 (points
18 and 19) are located. 1 (points 18 and 19), in the southwest direction the thickness
of sillimanite-staurolite gneisses, passing to garnet-cordierite-sillimanite-feldspar-
biotite gneisses, is traced, and in the southwest, the metamorphic thickness is repre-
sented by cordierite gneisses. The granitoid and gneiss-granite complexes are in fact
satellites of the Central Finland granitoid complex (age 1890-1870 Ma [40]).

The Andalusitovy occurrence, located 4 km west of the Kharlu settlement, is
a cluster of grey andalusite ores. The andalusite ores of metamorphogenic type
morphologically represent a ridge of high-alumina schists extending in the NW
direction (Figure 11). Formed xenomorphic and with prismatic outlines, andalusite
in association with staurolite is not paragenetic. Early cross-bedded staurolite is
replaced by andalusite.
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Figure 10.
Schematic metamorphic map of the southeastern part of Svecofennian Province (compiled by V. Shchiptsov on the

basis of the map of metamorphism [44]). 1 — granitoids; 2 — gneiss-granite; 3 — gabbro, 4 — andalusite-staurolite-
micaceous schists, 5 — sillimanite-staurolite gneiss; 6 — garnet- cordierite- sillimanite-K-feldspar- biotite gneiss,
7 — cordierite gneiss; 8 — fault or shear zone, 9 — the state border between Russia and Finland.

Figure 11.
Garnet-staurolite-andalusite schists (Andalusite section, northern Ladoga). Photo by V. Shchiptsov.

The band of alumina schists, stretched in the sublatitudinal direction,
experienced metamorphism of andalusite-sillimanite type, according to V.A.
Glebovitsky [13].
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Figure 12.
Andalusite-sericite quartzites at the lavge Séter occurrence (Sweden). Photo by V. Shchiptsov.

Promising andalusite occurrences, formed because of the active metamorphism
of Proterozoic supracrustal rocks, were discovered in the Skellefteo Ore Field area,
northern Sweden (Figure 1, point 20). Composition: sericite-quartz and muscovite-
sericite schist contain 30-40% andalusite.

To the west (Kristineberg area), there are also several andalusite occurrences
known from literature sources [45], among which Sdter (Figure 1, point 21;

Figure 12) is currently among the most promising [46]. Most of the fine-grained
andalusite occurs as brownish or pinkish grains in sericite quartzite. While sericite
quartzite is coarser-grained and weakly banded, andalusite is also coarser-grained.
The andalusite content is estimated to be up to 30-40 volume % at UV light and up
to 27 weight % by regulatory calculations. Andalusite is formed by metasomatosis
in association with muscovite. Quartz vein formations complete the process.

The shown occurrences of sillimanite-group minerals (Figure 1, point 25
Areskutan) is related to the Seve nappe complex of caledonite and is not related to the
Svekofennian type. Sillimanite and kyanite belong to the accessory group of minerals
according to the latest materials [47].

In andalusite schists containing up to 30-35% of andalusite in the rock (Figure 12),
two varieties of metasomatic andalusite associations are recorded in the Svekofennian
and southwestern provinces: andalusite-quartz and muscovite-andalusite-quartz. The
metasomatic columns are as follows (Table 3):

St+Bt+Pl+Qtz+Gr
Bt+Pl+Qtz

Pl+Qtz

And+Qtz

Qtz
St+Bt+Pl+Gr+Ms+Qtz
Bt+Pl+Ms+And+Qtz
Ms+And+Qtz

Qtz

Note: St — staurolite; And — andalusite; Sil — sillimanite; Qtz — quartz; Bt — biotite; Ms — muscovite; Grt — garnet;
Pl - plagioclase.

Table 3.
Metasomatic columns.
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3.3 Features of deposits and occurrences of the Southwestern Gneissian type
(Mesoproterozoic)

The third metamorphogenic type belongs to the southwestern part of the
Fennoscandian Shield (type III, Figure1).

The specificity of the type consists in the fact that in this territory, promising
objects for andalusites, kyanites and sillimanites associated with Mesoproterozoic
high-alumina complexes of the Gothian (1.5-1.27 Ga) and Svekonorwegian (1.1-

0.92 Ga) tectonic-metamorphic cycles have been identified [48].

So far, geological exploration has been carried out to evaluate deposits of predomi-
nantly kyanite mica schist and some kyanite quartzites.

Until 1993, the Swedish company Svenska Kyanite AB had mined the Hélsjoberg
deposit, but as it failed to compete with American producers, mining was terminated
and the company ceased to operate.

Here, alumina-phosphate mineralisation is widespread in the kyanite high-baric
complex (Figure 1 - 26 — Halsjoberg; 27 — Hokensas), which is of great scientific
interest. Only a few areas with widespread aluminophosphate mineralisation have
been studied worldwide. Among the known ones is the Swedish kyanite complex.
This group was formed in a high-baric environment (kyanite-muscovite schist
subface) and is represented by muscovite-kyanite and kyanite-andalusite schists
[49, 50]. The genetic model proposed by Wise and Loh [51], according to which
kyanite and early phosphates were formed as a result of the impact of hydrothermal
solutions on high-alumina rocks, is accepted.

Some authors [52, 53], based on chemical data and field observations, assumed
that granitoids represent the protolith. Others argue because of field observations in
favour of a sedimentary origin [54, 55]. The answer to this question, as the Master’s
thesis [56] suggests, is still open. Although D. Larsson [53] has presented convincing
empirical evidence in favour of a granitoid origin of the protolith, controversy exists,
primarily due to field observations of distinctly sedimentary in appearance structures.

Currently, the most common hypothesis is that of a two-stage evolution of leaching
in an epithermal volcanic environment, followed by metamorphism of the amphibo-
lite facies. Although this hypothesis seems rather complicated in some respects, it
allows explaining the structure of sedimentary rocks found in kyanite-bearing rocks.

Sillimanite occurrences are most widely distributed in the Mesoproterozoic
gneisses of Southern Norway, which underwent medium- and high-gradient
metamorphism. Sillimanite-bearing metasedimentary rocks interbedded with
telsitic gneisses of the Mesoproterozoic volcanic origin of the Telemark Supergroup
(1.0-1.5 Ga) in the Bumble-Modum sector and neighbouring areas. The Bamble sector
consists mainly of supracrustal gneisses (including metapelites and metasemipelites),
quartzites and amphibolites, penetrated by gabbroic to granitic intrusions. Sillimanite
occurrences have so far been found only in pelitic strata of the Bumble-Modum sector
(Figure 1, point 32) [57, 58], which are like the strata hosting sillimanite deposits of
Bushmanland (South Africa). They contain sillimanite-cordierite rocks in the Bumble
area [57] and small bodies of massive sillimanite rocks found in mica gneisses,
Modum area [59]. Of course, these bodies are too small to attract industrial attention,
but they may serve as indicators of a suitable environment for the deposition of the
necessary aluminium protoliths.

Aluminium, silicon and oxygen form bonds with each other in large amounts.

In this respect, the three AL,SiOs polymorphs (andalusite, kyanite and sillimanite)
represent the equilibria caused by changing RT conditions during related or unrelated
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tectonic-metamorphic events. The equilibria of AL,SiOs polymorpth (andalusite, kya-
nite and sillimanite) with triple points are of great interest when considering high-
alumina rocks. Recently, rocks containing three subdimensions have been discovered
and described in Norway [60]. The presence of three minerals in the Lesjaverk deposit
(Figure 1, point 33) is a rare occurrence in nature. There are six possible crystallisa-
tion sequences established in 17 deposits studied in the world.

Polymorphic rocks with three AL,SiOs from the Lesjaverk deposit were described
by D. Whitney and W. Samuelson [61]. They interpreted the sequence as andalusite
— kyanite — sillimanite. In strata with early andalusite, the formation of andalusite
is generally not associated with later Barrovian metamorphism that formed kyanite-
sillimanite under moderate P-T conditions. This object has important petrological sig-
nificance in evaluating occurrences of sillimanite-group minerals of the Southwestern
Gneiss Metamorphogenic Type III.

It is noteworthy that Norwegian kyanite quartzites from Gullsteinberget,
Kngsberget, Kjeksberget, Sormbrua, containing 15-30% kyanite, are in the
Southwestern Gneiss Province (high-alumina formation of III metamorphogenic
type). These occurrences are labelled in Figure 1 with a generalised point under No.

31. Figure 13 shows a generalised scheme of one of the kyanite quartzite occurrences
studied by geologists of the Geological Survey of Norway. In addition to kyanite,
quartz was studied in similar metasomatites. It was found that fine-grained quartz,
which forms 70 to 85 vol.% of these rocks, generally contains less than 50 pg g™ (total
sum) of the structurally incorporated trace elements B, Li, Al, Ge, Ti, Fe, Mn, K and

P. Such analytical results allow us to define this quartz as high-purity quartz (HPQ)

for use as raw material for special applications in high-technology industries 39, 62].
These rocks can be considered as potential resources of kyanite and high-purity quartz,
which occur in Proterozoic supracrustal rock units.

The advantages of Norwegian kyanite quartzites have been shown by A Miiller
etal. [62].

Figure 13.
Simplified scheme of the geological structure of the Gullsteinberget kyanite quartzite deposit (Norway). Compiler
V. Shchiptsov. 1 — kyanite quartzites; 2 — biotite gneisses; 3 — amphibolites.
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4. Discussion

The Fennoscandinavian Shield is represented by the largest Precambrian
bedrock in Europe, covering more than a million km” throughout Norway, Sweden,
Finland and the Karelian-Kola region in Russia [40]. In Sweden and Norway, partly
Precambrian crystalline rocks are overlain by the Scandinavian Caledonides, and in
the Kola Peninsula, certain areas are occupied by outcrops of Palaeozoic alkaline mas-
sifs (Khibiny, Lovozero, Kovdor and others) and in Norway by the Oslo rift complex.
The most important events are associated with the evolution of 2800-2700 Ma,
2000-1800 Ma and 1500-1270 Ma.

In those times, continental crust was segregated from the Earth’s mantle in three
multiphase orogenies. The resultant Archean, Paleoproterozoic and Mezoproterozoic
crust divided into some areas with characteristic litologic traits [40].

As aresult of these events, the areas of distribution of high-alumina strata,
which are present in all Precambrian structures — Southwestern Gneiss Province
(900-1700 Ma), including the Transcandinavian magmatic belt (650-1800 Ma);
Svecofennian Province, 1800-2000 Ma; Archean and Paleo-Mesoproterozoic rock
complexes (1600-3400 Ma) — Norbotten, Karelian, Belomorian; Kola Provinces and
Lapland-Kola zone — were isolated (Figure1).

High-alumina rocks metamorphosed in amphibolite and granulite facies of meta-
morphism created a favourable environment for forming deposits of the sillimanite
group of minerals.

The equilibrium of AI2SiO5 polymorpth (andalusite, kyanite and sillimanite)
with triple point allows its use in characterising the fields of high-alumina strata
and identifying three metamorphogenic types of high-alumina rocks determined by
PT-parameters of metamorphism [5, 6]. The first type is the Keivian, the second is the
Svecofennian, and the third is the Southwestern Gneissian type (Mesoproterozoic).
Deposits and occurrences of kyanite, andalusite and sillimanite are associated with
these types. Deposits and occurrences of kyanite were formed in metamorphic rocks
of medium and high pressures and medium temperatures. Deposits and occurrences
of andalusite are formed in metamorphic rocks of low and medium pressures and low
and medium temperatures. Sillimanite is characteristic of metamorphic rocks of low
and medium pressures and medium and high temperatures.

In a certain way, we can conclude that for the first type, the main industrial
mineral is kyanite, the second type — andalusite, the third type - sillimanite and anda-
lusite. As emphasised above, postmagmatic metasomatosis (acid leaching) played a
major role in the formation of deposits and occurrences of the sillimanite group of
minerals, especially characteristic of the Keivian type [29, 30].

5. Conclusion

Summarising the materials on high-alumina complexes of the Fennoscandinavian
Shield, we can conclude that three types in this territory formed polycyclic and under
various geodynamic conditions. Great importance is attached to the manifestation of
processes related to acid leaching. The list of literature sources reflects the depth and
versatility of the research conducted on the Fennoscandian Shield.

Thus, these mineral assemblages are important both from geological sense and
economic geology. In the world economy, industrial minerals of the sillimanite group
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(andalusite, sillimanite and kyanite) are mined from Precambrian shield rocks. The
Fennoscandian Shield is no exception. The Keivsky type with world-class kyanite
reserves evidences this. Magmatogenic formations have low contents of sillimanite-
group minerals, e.g. pegmatites. Magmatogenic minerals of the sillimanite group
belong in practice to the class of gemstones, and samples of these minerals can be
found in many mineralogical museums of the world.

The Kola Peninsula has large reserves of kyanite ores in the Keiv Province (kyanite
as a non-traditional metallic raw material) Khizovaara kyanite ore field (kyanite as an
industrial mineral for multi-purpose use).

In Sweden, there are still prospects for the development of the Halsjéberg and
Hokensas kyanite deposits. Significant andalusite occurrences exist in the Shellefted
area of Boliden, Mangfallberget and Siter, Nyborg.

Norway is a promising area for discovering large deposits of kyanite and
sillimanite.

Finland market research on the global andalusite, kyanite and sillimanite trade is
carried out. The end of 2022 report shows the trend of Finland’s participation in the
global andalusite, kyanite and sillimanite market and estimates the country’s foreign
trade in andalusite, kyanite and sillimanite during 2011-2021 [63]. It can be concluded
that an in-depth analysis of the prospects of the country’s foreign trade in andalusite,
kyanite and sillimanite has been carried out, and a forecast of the development of the
andalusite, kyanite and sillimanite market until 2026 has been given.
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Chapter 4

Sol Hamed Ophiolitic Complex,
Southern Eastern Desert, Egypt:
Petrological, Economic Potentiality
and Structural Implications

Tavek Sedki, Haroun A. Mohamed, Shehata Ali and Rafat Zaki

Abstract

The Sol Hamed (SH) area is a part of the Arabian-Nubian Shield (ANS) ophiolites
occurred within Onib-Sol Hamed suture zone in the southern Eastern Desert (SED)
of Egypt. The ophiolitic assemblages in this area are represented by serpentinite,
metagabbro and arc assemblages represented by metavolcanics. They later intruded
by gabbroes and granites. Geochemically, the compatible trace elements enrichment
in SH serpentinites indicate derivation from a depleted mantle peridotite source.
They show affinity to the typical metamorphic peridotites. The Cr and TiO, contents
indicate supra-subduction zone (SSZ) environment. Their Al,03/SiO, and MgO/

SiO, ratios support the SSZ affinity and are similar to ANS peridotites with fore-arc
setting. Structurally, the area represents four deformational events can be well-known
in the Neoproterozoic rocks (D;, D,, D3 and Dy4); There is major three fault sets
affected the area. Magnesite in SH serpentinites are cryptocrystalline. It is occurring
as snow-white veins and stock-works. These characteristics are typical of Kraubath
type magnesite deposits. Gold is confined to malachite-bearing quartz veins, smoky
quartz veins and alteration zones. Malachite-bearing quartz veins trending NW-SE
cut through gabbroic rocks. The barren quartz veins are vertical with E-W direc-
tions. Alteration zones with NW-SE trend and vertical dip intrude metagabbros and
metavolcanics.

Keywords: ophiolites, supra-subduction zone, serpentinites, magnesite,
mineralization, gold deposits

1. Introduction

The Arabian-Nubian Shield (ANS) crustal growth occurred during the
Neoproterozoic Era [1]. The ANS represents a combination of well-preserved
tectono-stratigraphic terrains characterized by well-defined suture zones which
are marked by ophiolite assemblages [2-4]. During mid-Neoproterozoic, Juvenile
arc terrains formation around Mozambique Ocean margins and collision occurred
producing the ANS [3, 5, 6]. In late Neoproterozoic (~630 Ma), arc accretion
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terminated once East and West Gondwana fragments collision occurred closing

the Mozambique Ocean and generating the East African-Antarctic Orogen [7, 8].
Therefore, ANS suture zones are classified to older arc—arc suture zones which
separated ~700-870 Ma arc terrains and younger arc—continent suture zones formed
at ~630 Ma [2, 9-12]. It is generally accepted that most of the ANS ophiolites were
generated in supra-subduction zone (SSZ) environment [13-18]. They formed due
to seafloor spreading above active subduction zones. Several tectonic scenarios were
attributed for the ANS ophiolites formation: (1) NMORB setting (i.e., fragments

of normal oceanic crust [19]: (2) remnants of back-arc basins (e.g., [9, 20, 21]);

or (3) fore-arc setting due to seafloor spreading during initiation of subduction
process [4, 13-15, 17, 22]. Various ophiolite complexes may possibly be generated in
diverse SSZ tectonic settings. In order to contribute to resolve this existed debate, we
introduce new geochemical data on Sol Hamed serpentinites in the southern Eastern
Desert to better constraint their tectonic setting. The Egyptian Precambrian belt
which is the NE part of the ANS is consisted of an Upper Proterozoic assemblage

of volcano-sedimentary succession, scattered over thrusting mafic-ultramafic

rocks (i.e., ophiolite complex) and intruded by syn- to late-tectonic granitoids and
mafic-ultramafic intrusions. Later, Precambrian peralkaline granites and Tertiary
alkaline ring complex intrude the country rocks of the area. The Sol Hamed ophiolitic
complex is a part of Allaqi-Heiani-Onib-Sol Hamed-Yanbu arc-arc suture (Figure 1;
[23, 24] which represent one of the two longest and most complete Neoproterozoic
ophiolite suture in the Arabian Nubian Shield [25].

2. Materials and methods
2.1 Field study

For this purpose, field trip was carried out during the period of 20-27 April 2019
by using the Landsat image and the available geologic maps (scale 1:50000) were
used. About 15 rock samples were collected representing the exposed serpentinites in
the mapped area (Figure 2). Thin sections were prepared for each sample.

2.2 Laboratory work

For this purpose, petrographic investigation of 15 thin sections and 4 polished
sections were prepared. The petrographical study was achieved using MEIJI ML
9000 Polarizing Microscope equiped with automatic photo micrographic attache-
ment ToupCam Digital Camera XCAM1080PHA. Chemical analyses of 10 samples
were carried out at the Central Laboratories of the Geological Survey of Egypt. The
selected samples represent the best aerial coverage of the examined area. Before
bulk rock chemical analyses were carried out, the samples were cleaned and grinded
in an electric agate mill, homogenized, dried on the oven for 60 min at 105 degree
then mix with 50% from wax polyvinyl meta-acylate additives. Determination of
the chemical composition of both major and some trace elements was performed by
using a Philips X-ray fluorescene technique model PW/2404, with Rh radiation tube
and eight analyzing crystals. Crystal (LIF-200) was used for estimating Ca, Fe, K,
Tiand Mn, while crystal (TIAP, PX-1) was used for estimating Mg and Na. Crystal
(Ge) was used for estimating P and Crystal (PET) was used for estimating Si and Al
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Figure 1.

Map showing the distribution of ophiolites in the central Eastern Desert (CED) and southern Eastern Desert
(SED) of Egypt (Modified from [23]). The location of Sol Hamed (SH) ophiolites is also indicated. The inset
map shows the general map of Egypt.

The concentration of the analyzed elements was determined by using software
Super-Q with accuracy 99.5% and confidence limite 95.6%. Ten samples of these
rocks were also analyzed to determine their REE contents using the simultane-

ous inductively coupled plasma emission spectrometer (720 ICP-OES, Agilent
Technologies), with accuracy 96%. Nine samples from SH magnesites were analyzed
for major elements by the same technique of XRF mentioned above. All analytical
results are given in Tables 1 and 2.
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Figure 2.
Geological map of SH (after EMRA, 1995, [26]).

3. Geologic setting

Sol Hamed area located in north of Gabal Elba in the southern Eastern Desert. Its
rock units consist of mainly ophiolitic assemblage and arc-related metavolcanics and
granitoids.

Ophiolite complex contains three NE-SW trending sub-vertical lithological zones,
ultramafic in the NW side, gabbros in the middle and pillow lava in SE (Figure 2).
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1 2 3 4 5 6 7 8 9
SiO, 0.70 0.68 040 1.30 0.23 0.30 0.90 0.30 0.30
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALO; 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Fe,05 0.04 0.05 0.10 0.32 0.03 0.06 0.05 0.05 0.06
Fe 0.03 0.03 0.07 0.22 0.02 0.04 0.03 0.04 0.04
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 42.70 42.30 42.60 41.10 45.50 43.00 45.10 43.40 41.10
Ca0 5.80 518 5.50 5.18 1.60 5.30 2,60 418 5.30
Na,O 0.40 0.15 0.18 0.15 0.50 0.01 0.01 0.15 0.01
K0 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P205 0.02 0.02 0.02 0.02 0.02 0.07 0.02 0.02 0.02
LOI 49.10 49.30 50.10 49.00 49.30 50.30 49.50 50.50 51.01
Total 98.89 97.82 99.07 9740 97.30 99.19 98.31 98.74 9794

Table 2.
Magnesite chemical analysis.

This belt signifies the north-eastern outlet of the Hamizana Shear Zone (Figure 1).
The ophiolitic ultramafics include both sheared and massive varieties. Serpentinites
show low to medium relief. They cropped out in the central and eastern parts.
Furthermore, they are transformed along NE-SW trending shear zones to talc,

talc- and quartz-carbonates, and magnesite particularly in the eastern parts. Most
quartz carbonates present in the area sideways the contact between serpentinites and
metavolcanics. Magnesites fill the cracks and fissures creating stock-work within the
serpentinite (Figure 3a).

The massive ultramafic complex comprises serpentinized dunite, peridotite
and pyroxenite. The serpentinized dunite swarm few chromite pods [27]. The
complex is net-veined with white-blue gray magnesite filling the fractures due
to hydrothermal alteration. Serpentinite is geologically bounded in NW and
SE by schistose basic to intermediate metavolcanics and ophiolitic metagabbro,
correspondingly.

Metagabbros occur as large masses of low to medium relief. They are serene in
the southern part of the study area, separated by basic dykes (Figure 3b) and quartz
veins. They current SE of the serpentinites with a perfect tectonic contact trending
NE-SW and dip to NW (Figure 2). They are locally layered, sheared and warped as
flaser structure (Figure 3d). They are cut by acidic dykes of apogranite (synonym
of Albitized granite) (Figure 3e) and metagabbro-diorite dykes forming parallel
and nearly vertical NE-SW trending dykes (Figure 3b). They are also intruded by
post-tectonic granitoids (i.e., tonalite and monzogranite) at SE of Gabal Sol Hamed
(Figure 3f).

Basaltic pillow lavas situated NW to W of Gabal Qash Amer and related with
the volcaniclastics. The original pillow customs are easily familiar and dip to the
SW. They have gone through constrain deformation designated by the lineated and
stretched pillow volcanics.
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Figure 3.

Field photographs show a) the stock-work in magnesite bearing serpentinites, b) Bas basic dyke cutting the
ophiolitic gabbro, c) Brecciated quartz-vein, d) Flaser structure of metagabbro, ) acidic dykes of apogranite and
) post-tectonic granitoids intruded within metagabbro.

The arc assemblages comprise basic to intermediate metavolcanics and their
pyroclastic rock varieties. The acidic metavolcanics display schistose structure with
main direction of 500 and dip 600 SE. The meta-rhyolites showing at the northeastern
and western part of the area, wounding by quartz veins and enclosed by sand dune
particularly in the north central part. The massive basic to intermediate metavolcanics
produce out at the northern part. In the western side of Wadi Diit, a small belt of mas-
sive and schistose metavolcanics is observed (Figure 2). These rocks are slightly foli-
ated and comprise thin beds of fine laminated volcaniclastics and tuffs. There are also
lapilli tuffs with plagioclase and quartz clasts of lapilli size. Gradational connection
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with gabbroic rocks existing south of the volcanic rocks. North of this volcanic belt,
there is a sharp intrusive contact with tonalite rocks.

The arc granitoids with low to medium relief crop out at the NW part of the area
and are characterized by presence of dioritic xenoliths.

Granitic rocks befall in Qash Amer and El Sela area. Qash Amer muscovite granites
signify the highest peak in the area. They are categorized by fractures, exfoliation,
and weathering boulders. The El Sela younger granites take place as high-relief remote
and dispersed granitic masses vacating the southern East part of the mapped area
(Figure 2). They are characterized by cavernous weathering and exfoliation. They
interrupt younger metavolcanics and are occupied by different types of trachytic
dikes and quartz. These granites show joints and fractures that are occupied by iron
oxide containing radioactive minerals.

Numerous basic and acidic dykes separated the area. Acidic dykes are detailed in
Wadi Diit, where they cut tonalite and metavolcanics. Generally, they are trending
either NE-SW or N-S. They include rhyolite, apogranite and dacite. Basic dykes are
abundant and trend mainly either NE-SW or NW-SE. They changed through all the
rock units described above particularly tonalite, metavolcanics and ophiolitic gabbro
(Figure 3b). They comprise andesite and dolerite (Figure 3b) with N-S trend.

The veins can be subdivided into three main types, quartz, and ankerite and
pegmatite veins. The studied area is rich in quartz veins with different thickness
trending mainly N-S and NE-SW particularly in the metavolcanics. It is white color
and sometimes rich with iron oxides and copper minerals. Other types of quartz are
brecciated, cemented by iron oxides (Figure 3c). Sometimes, smoky quartz detailed
especially in the gabbroic rocks. Quartz veins cut through all the rock units. The
veins are brecciated, stained red with iron oxides and may comprise pyrite crystals
(Figure 3c). Many quartz veins are supplementary with hydrothermal alteration
zones in the metavolcanic rocks. Ankerite veins befall as big veins at junction of Wadi
Diit with Wadi Badbari. They changed the schistose metavolcanics, trending either
NE-SW or E-W with a vertical dip.

4. Petrography
4.1 Serpentinites

Serpentinites recorded in SH. They are fine-grained and light green to dark
green in color and essentially consist of serpentine minerals (>80%) together with
variable amounts of carbonates, magnetite (Figure 4a), and brucite as well as
chromian spinel. In few samples, talc is observed and Olivine is completely altered
to serpentine and opaques along its irregular fractures. Clinopyroxenes are partially
and/or completely altered to tremolite and chlorite. The rocks exhibit pseudomor-
phic (Figure 4b) and interpenetrating textures. Antigorite is the main serpentine
mineral together with lesser chrysotile and Lizardite Antigorite occurs as large plates
and fibrous and scaly aggregates (Figure 4b). Chrysotile occurs as fibrous veinlets
that commonly transformed into carbonate and traversing the antigorite matrix
(Figure 4a). In some parts, bastite texture is associated with schiller structure
where magnetite defines cleavage planes of the original orthopyroxene (Figure 4a).
Chromian spinel in the serpentinites occurs as both subhedral to euhedral crystals
(Figure 4a) and irregular grains, while in the sheared varieties spinel is mostly brec-
ciated. Carbonates occur as sparse crystals, patches, and fine aggregates.
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Figure 4.

Ph%tomicrogmph showing a) Serpentinites with fine-grained and light green to dark green in color and

consist of serpentine minevals organized with variable amounts of carbonates, magnetite, b) Pseudomorphic

and interpenetrating textures of serpentinites, carbonates as an alteration product of serpentine minerals, c)
Tremolite-talc rocks composed of tremolite and talc together with olivine and orthopyroxene velics, d) Metagabbro
with fine crystals of plagioclase and is variably alteved to tremolite, actinolite and chlovite. The secondary
amphibole are highly abundant and mainly vepresented by actinolite commonly pale green and moderately
pleochroic, often simply twinned and occurs as fibrous prisms and tablets. Augite occurs as irvegular shreds and
remnants within the pseudomorphic amphibole, e) Andestic and basaltic composition of metatuffs, f) Crystals of
plagioclase and Hornblende in metagabbro-diorite, g) Plagioclase and Hornblende in diorite and h) Plagioclase,
K-feldspars, quartz, muscovite, biotite in syn-tectonic granite
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4.2 Carbonate serpentinite

Carbonate serpentinites are composed of serpentine minerals and carbonates as
the main components. Carbonates occur as an alteration product of serpentine miner-
als (Figure 4b) whereas; opaques represent the main accessories. Carbonate samples
are mostly stained with iron oxides, whereas some appear as veinlets corroding rock.

4.3 Tremolite-talc rocks

Tremolite-talc rocks are composed of tremolite and talc together with olivine and
orthopyroxene relics (Figure 4c). Accessory minerals are represented by carbonates
and opaques. Talc and tremolite are formed as alteration products of olivine and
orthopyroxene. Tremolite forms fibro-lamellar sheaves piercing talc, orthopyroxene
and olivine.

4.4 Ophiolitic Metagabbros

These metagabbros are massive, holocrystalline, medium to fine-grained with a
grayish-green to dark green color. They show ophitic to sub-ophitic textures, and mainly
consists of plagioclase (60-50%) and amphibole (40-30%), together with rare fresh rel-
ics of clinopyroxene. The secondary minerals are chlorite, zoisite, clinozoisite, epidote,
sericite and calcite, while the accessories are sphene, apatite and opaque minerals.

Plagioclase crystals are euhedral to subhedral and many exhibit albite twinning.
Variable alteration of plagioclase to epidote, zoisite and clinozoisite, as well as seric-
ite, is observed. Zoning of plagioclase occurs, but is generally uncommon. Primary
magmatic hornblende is less abundant and when observed it occurs as prismatic and
bladed aggregates that poikilitically encloses fine crystals of plagioclase (Figure 4d)
and is variably altered to tremolite, actinolite and chlorite. The secondary amphibole
is highly abundant and mainly represented by actinolite commonly pale green and
moderately pleochroic, often simply twinned and occurs as fibrous prisms and tablets
(Figure 4d). Augite occurs as irregular shreds and remnants within the pseudomor-
phic amphibole (Figure 4d). Chlorite is present as flakey and fibrous aggregates and
is closely associated with amphibole, epidote and calcite. Epidote occurs as anhedral
granular aggregates replacing plagioclase and amphibole. Accessory minerals such as
apatite occurs as fine laths embedded in plagioclase and amphibole.

4.5 The metavolcanoclastic rocks (meta-tuffs)

The meta-tuffs are encountered in the western part of the mapped area but with
restricted extension. They are massive, fine-grained, bedded, laminated and some-
times associated with thin bands of brownish opaque minerals. Microscopically, they
are composed essentially of metamorphosed ash and lapilli tuffs, containing mineral
and rock fragments. The mineral fragments are represented by plagioclase and
quartz, whereas the rock fragments are andesitic and rarely basaltic in composition
(Figure 4e).

4.6 Metagabbro-diorite

Microscopically, these rocks consist mainly of plagioclase, amphibole together
with subordinate amounts of pyroxene and opaques. Few samples contain very small
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amounts of quartz. Opaques, sphene and apatite are the accessories, while calcite,
actinolite, chlorite and epidote represent the secondary products. Ophitic and
sub-ophitic textures are common, whereas the porphyritic texture is rarely observed.
Plagioclase ranges in composition from labradorite to oligoclase and generally occurs
as subhedral to anhedral crystals, partly saussuritized. Amphiboles are represented
by less abundant primary, prismatic crystals of brownish green color and politi-
cally enclosing minute crystals of plagioclase (Figure 4f). Secondary hornblende is
predominating and form pseudomorphs after pyroxene. It commonly occurs as pale
green subhedral crystals sometimes enclosing small crystals of plagioclase. Pyroxene
occurs as relics of altered greenish blue crystals. It is commonly an augite altered to
secondary hornblende as indicated by the presence of the original pyroxene in the
core mantled by secondary hornblende (Figure 4f).

4.7 Diorite

Mineralogically the diorites are composed mainly of plagioclase and hornblende
(Figure 4g). Locally, chlorite partially replaces hornblende and quartz is a minor
constituent. Hypidiomorphic texture is characteristic, Apatite, zircon and Fe oxides
are common accessories.

4.8 Syn-tectonic granite

These rocks are represented by micro-granite. It is medium-grained and shows
granular to granular porphyritic in texture. It is made up of plagioclase, K-feldspars,
quartz, muscovite, biotite (Figure 4h), accessory minerals (zircon, opaque miner-
als), and secondary minerals (chlorite, sericite and calcite). Plagioclase constitutes
about 40% of the granite. Crystals are anhedral and equant, and albite twinning
is ubiquitous. Plagioclase crystals are usually un-zoned. Potassium feldspar con-
stitutes up to 20% of the rock. It occurs as small irregular crystals, often totally or
partially enclosed by plagioclase; in some instances, plagioclase with myrmekitic
intergrowths appears to invade the adjacent orthoclase. Quartz constitutes about
30% or the granite. It occurs as medium-sized, anhedral crystals, sometimes with
sutured margins, and also as small, drop-like inclusions in either feldspar. It gener-
ally has undulous extinction. Muscovite constitutes up to 10% of the rock. It occurs
as euhedral isolated laths, sometimes with small rounded quartz inclusions, and
sometimes occurs as ragged intergrowths with quartz. Occasional ragged crystals
of biotite occur, which may be partially replaced by chlorite. Calcite occurs as fine
interlocked crystals commonly form micro-bands or filling the polygonal spaces
among the plagioclase laths.

5. Results

Major oxides recalculated on an anhydrous basis and plotted volatile-free to
reduce the variable element dilution effects resulting from serpentinization pro-
cess. The studied serpentinites have relatively higher loss of ignition (LOI) values
(10.34-13.92 wt. %). The MgO content is hardly affected by serpentinization process
and its elevated values in SH serpentinites (MgO = 43.83-45.71 wt. %) reflect highly
depleted mantle source [28, 29]. Their high Mg# (89.94-92.85) are like modern
oceanic peridotites [30] indicating a limited mobility of Mg and Fe. Their very low
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Na,O (0.00-0.28 wt. %) and K,0 (0.00-0.06 wt. %) contents are comparable to
those from the Eastern Desert supporting this study [13, 15]. The serpentinization
processes possibly increased the LOI contents without significant modification of
the major element composition [31]. The Ca-metasomatism is a common issue in
Egyptian serpentinites [32], however the very low CaO contents (0.05-0.75 wt.%) in
the serpentinites indicates restricted effect of carbonate metasomatism. So, we sug-
gest that the protolith major element compositions must have been preserved during
the hydration processes and that the geochemistry of the studied serpentinites display
mostly the original nature.

SH serpentinites display affinity to the typical metamorphic peridotites on the
AFM diagram [33]; Figure 5a. The bulk-rock Al,O; content is relatively unaffected
by serpentinization and therefore retains its original primary signature [30].

The studied serpentinites have Al,O; contents (0.05-1.02 wt. %) comparable to
oceanic and active margin peridotites and fore-arc and Pan-African serpentinites
Figure 5b; [13, 15, 18, 34, 35]. Like other Eastern Desert ultramafites, the SH
serpentinites have SiO,/MgO ratios and Al,O; contents analogous to ophiolitic
peridotite [13, 15, 17, 19, 36, 37] Figure 5c. The serpentinites the nature of perido-
titic komatiite by using of Jensen’s cation plot after [38], Figure 5d. The Al,0; and
CaO depletion is typical of fore-arc peridotites, Figure 6a;[39] and characterizes
ED ophiolitic ultramafites [15, 17, 19, 37]. In terms of Al,03/Si0, and MgO/SiO,
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1 2 3 4
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Figure 5.

a) AFM diagram for SH serpentinites after [33], b) Bulk-rock Al,O; (wt. %) contents of SH compared with those
from other tectonic settings from [34] and the Pan-African serpentinites [18, 35], c) SiO,/MgO ratios vs. AL,O;,
diagram. Ophiolitic peridotite, ophiolitic gabbro and MORB are from [36]. Data from Eastern Desert (ED) are
shown for comparison [13, 15, 17, 19, 37] and d) Jensen’s cation plot after [38].

67



Metamorphic Rocks as the Key to Understanding Geodynamic Processes

ratios, they are like Arabian-Nubian shield and fore-arc peridotites (Figure 6b;
[13, 15, 29, 44, 46], low value of Al,05/SiO, (fore-arc field), suggesting that these
rocks were derived from a mantle source with high degrees of partial melting.

The studied serpentinites have enriched compatible trace elements (Cr = 2426-
2709 ppm, Ni = 1657-2377 ppm and Co = 117-167 ppm) suggesting derivation from
a depleted mantle peridotite source.

The SH mantle rocks are highly depleted in incompatible trace elements relative
to the primitive mantle (Figure 6c). They are variably depleted in Nb consistent
with SSZ geochemical characteristics [47] similar to abyssal and fore-arc peridotites
[45, 48]. Moreover, the positive Pb-anomaly on spider diagrams resembles abyssal
and fore-arc peridotites [45, 48] (Figure 6c). This specific positive Pb-anomaly may
proposes a protolith origin or reflects the result of fluid percolation during serpentini-
zation processes [49, 50]. The serpentinites has low concentrations HFSE such as Nb,
Hf, Ta, Ce, U and Th, comparatively high concentration of LILE such as Ba and Sr.
Subduction zone trace element signatures are clear due to the enrichment of LILE (Sr
and Ba) over HFSE (Nb, Ti, Y, Ce, U and HF) and negative Ta anomaly [22]. The REE
diagram displays HREE enrichment and LREE depletion. The Av.XREE contents of
serpentinites is 1.33 ppm.

Chondrite normalized REE patterns show very low fractionated patterns (La/

Yb) = (1.398). The LREE of the studied ultramafic show a low degree of fractionation
(La/Sm = 1.24). The degree of fractionation of HREE is also low (Gd/Yb = 0.998),
(Figure 6d).
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Figure 6.

a) CaO vs. AL, O, diagram showing SH serpentinites compared with fore-arc and MOR peridotites after [39], b)
MgO/SiO, vs. Al,0,/SiO, diagram. Primitive and depleted mantle values are after [40] and [41], vespectively.
The “terrestrial array” vepresents the bulk silicate Eavth evolution [42, 43]. Abyssal and fore-arc peridotite fields
are after [29, 44, 45]. ANS ophiolitic peridotite field is after [13, 46], c) Primitive mantle-normalized trace
element patterns, and d) Chondrite-normalized REE patterns for the SH mantle section. Normalizing values ave

after [40].
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6. Discussion

Metamorphism ranging from low-grade greenschist to medium-grade amphibolite
facies usually influenced the ophiolitic ultramafites of the Egyptian ED forming
serpentinite and/or mixtures of serpentine, talc, chlorite, carbonates and magnetite
e.g., [13, 15, 51-53]. The time and source of carbonate metasomatism that commonly
affected the Egyptian ultramafites still debated. [32] adopted mixing between man-
tle-derived CO,-rich fluids and remobilized sedimentary carbonate. [54] suggested
pure CO,-bearing mantle source based on stable isotopes (i.e., O, C). Moreover,

CO, input from mantle and metamorphic-degassing was proposed to explain the
origin of the magnesite veins in serpentinites from the ED e.g., [55, 56]. Even with
changes occurred during serpentinization in the mineral compositions of peridotites,
geochemical data of serpentinites suggest negligible modification of major elements
(except for Ca) at the hand-specimen scale e.g., [31, 50, 57]. Therefore, the low CaO
contents (0.05-0.75 wt. %) in the serpentinites indicate restricted effect of Ca-meta-
somatism. The CaO contents are not correlated with LOI further confirming this
implication. Moreover, the trace element compositions (except U and Sr) are not sig-
nificantly modified during serpentinization e.g., [45, 50, 58]. Accordingly, the major
and trace element data reflect the primary signature of the serpentinites protolith in
subduction zones [50, 59, 60]. LOI reach up to 10.34-13.92 wt. %, which supports the
role of hydrothermal alteration. In the MgO-Fe203T-A1203 ternary diagram of [61], all
samples plot in the metamorphic metasomatic field (Figure 7a). The MgO/SiO, and
AL O;/Si0; ratios of serpentinites agree with SSZ peridotites from fore-arc setting,
Figure 6b; [29, 44]. In the Hf-Th-Nb diagram [63] used to regulate the tectonic
character of ultramafic rocks, all samples plot in the destructive field of plate margins
(Figure 7b). Generally, the Al,0; and CaO depletion characterizes fore-arc peridotites
(Figure 6a) [30, 39]. The Cr vs. TiO, diagram also supports the SSZ setting for the SH
serpentinites, Figure 7c; [64].

The studied rocks show low AL,O; content reflecting depleted upper mantle
source [30]. Their high Mg#, Cr and Ni are consistent with a depleted mantle peri-
dotite source [15, 69]. The MgO/SiO, and Al,05/SiO, ratios (Figure 6b) accord with
peridotites generated from subduction-related magma source. It is supporting by
using Zr vs. Nb binary diagram [65], all samples plot in the depleted mantle sources
(Figure 7d). Comparing SH ophiolites with other ophiolites such as, Troodos in
Cyprus, [67], Gerf ophiolite in South Eastern Desert [15] and Wadi Ghadir ophiolites
in Central Eastern Desert [22]. Using the criteria in [64], we conclude that the chemi-
cal signature, the crystallization arrangement and mantle residue of SH ophiolites are
similar to supra-subduction zone ophiolites formed in fore-arc basins based on the
Ti-V variation diagram [66], (Figure 7e).

Numerous geochemical studies demonstrated restricted mobility of major ele-
ments during serpentinization and protolith primary signature were retained e.g.

[50, 57, 70]. The SH serpentinites have low CaO contents comparable to ophiolitic
peridotites [36]. Moreover, their low AL,O;/ SiO, ratios (mostly <0.03) are similar

to fore-arc mantle wedge serpentinites suggesting that their protoliths had experi-
enced partial melting before serpentinization which has no effect on this ratio e.g.,
[50, 58, 71]. Also, their low MgO/SiO; ratios (< 1.1) resemble serpentinised lherzolites
and harzburgite [50]. They have low TiO, contents (0.01-0.06 wt. %) compared to
depleted mantle composition but like subduction zone serpentinites [41, 50]. Their
major element data consistent with harzburgitic source (Figure 7f).
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a) MgO—FeZO3T—Al203 ternary diagram for the ultramafic rocks. Zone after [61] and lines after [62], b) Hf/3-
Th-Nb/16 ternary diagram of [63], ¢) Cr vs. TiO, plot to discriminate SSZ and MORB ophiolites after [64], d)
Zr vs. Nb diagram after [65], e) Ti-V discrimination diagram [66], where Sol Hamed (SH) ophiolites (Red )
compare with forvearc/arc ophiolites, Troodos (blue) ophiolite from [67], Gerf (Green) ophiolite from [15] and
Wadi Ghadir ophiolites (Pink) from [22] and f) Ol-Cpx—Opx diagram [68].

7. Structural setting
7.1 Deformation history

The structure of the SH area is complex, and partially agreed [27], the area
situated in a supra-structural position between three major Pan-African terranes
(SE Desert, Gabgaba, and Gebeit terranes). Four deformational events can be distin-
guished in the Neoproterozoic rocks [72-75];

* D1 event: E-W thrust faults and related E-W (F1) folds which considered as
early stages of collision of Gerf and Gabgaba arc terranes.
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¢ D2 event: NW-SE thrust faults and related NW-SE (F2) folds were formed,
characterized by local high-P, low-T metamorphism and reflected as late stages
of collision of Gerf and Gabgaba arc terranes. The mineralization in this stage is
described as remobilization of Cu-Ni-Pt sulfides in ultramafic rocks, alteration
talc/serpentinites and listwaenites; Talc carbonate, gold-bearing quartz veins.

* D3 event: conjugate NNW-trending sinistral and NNE-trending dextral
transpression, as well as N-trending tight folds (F3). NW-SE shear zones and
open folds, crenulation cleavage, SC fabrics, sigmoidal foliation patterns that
defined in late- to post-tectonic granitoids. This stage characterized by local
contact metamorphism. The mineralization in this stage is styled as kaolinitized
alteration zones along D3, shear zones; ferregination and silicification of copper
sulfide zones and gold-quartz veins. Shortening connected to collision of east
and west Gondwana; tectonic escape toward oceanic free face to N along WNW
striking Najd faults.

* D4 event: E-W dextral strike-slip and dip-slip normal faults striking NNW-SSE
to N-S and E-W may be related to Red Sea rifting. This stage characterized by
dike swarms along faults. The mineralization in this stage is styled as dissemi-
nated secondary uranium and anomalous secondary concentrations of Pb, Zr, Y,
Nb, Ta, in late dikes.

7.2 Faults and structural analysis

The SH complex is characterized by flat-lying and steeply dipping ductile shear
zones trending ENE and associated thrust sheets (Figures 2 and 8a). The strike-
slip shear zones which surround the SH to the N and S show tectonic transport to
the ENE where SH mass movement in this direction generated over thrusts of the
SH on the volcanic-sedimentary succession. The ENE tectonic direction transport
is inferred from moderately-plunging WSW-directed mineral lineation, rodding,
minor fold axes and from long axes of the deformed pillows. Shears and thrust
planes are characterized by either siliceous mylonites or talc iron rich schists and
ankerite-carbonates.

There are three major faults on the investigated area (Figure 8b).

* The first is NE-SW trending faults and is mainly present in the volcanic-sedi-
mentary assemblage and Gabal SH.

* The second is E-W faulting affects all the basement rocks and disturbs the
NE-SW trending faults.

* The third is N-S faults are probably related to some stages of the Red Sea rifting,
and affected all the rock units including sandstone and Quaternary marine sedi-
ments of the Red Sea coast.

The direction of the shear zone on the investigated area has NE, the principal
stress access has WNW to EW (Figure 8a). The associated structural features are
signified by:

¢ NNE-SSW normal faults,
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Structural analysis of Sol Hamed area.

¢ N'W-SE reverse faults,

* NE-SW, NW-SE, WNW-ESE, NNE-SSW and EW quartz veins (Figure 8c).

The mineralized structures (Figure 8d), are represented by

* Quartz veins have mainly NE-SW and NNW-SSE trends

* Faults have mainly NE-SW trends

* Breccia and alteration have mainly NW-SE trend

El Sela shear zone is separated by two main faults in the direction of ENE-WSW
and NNW-SSE (Figure 2). The earlier trend associated with the major shear zone
is injected by quartz veins. This shear zone is dissected into three parts by two strike
slip faults trending NNW-SSE. Field observations indicate that the granites are

affected by different stages of alteration, mainly at El Sela shear zone. These granites
are invaded by ENE-WSW quartz veins. These veins caused hydrothermal alteration
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associated with radioactive mineralization in the fine-grained granites. Secondary
uranium mineralization is observed as canary-yellow thin layers deposited along
small cracks and micro-fractures.

7.3 Kinematic indicators

Various kinematic indicators are used to fix the sense of movement with the
common settled in the brittle-ductile system. The most common kinematic indicators
on the SH area are mylonites (Figure 9a) and quartz fish (Figure 9b) shows dextral
sense of movement. Mylonites take place in extraordinary strain zones (mylonite
zones) and are understood as exhumed ductile shear zones. The sense of replacement
on a shear zone is usually expected to lie subparallel to striations, stretching and
mineral lineations.

8. Ore mineralogy

The opaque mineral content in the studied rock types from 2-6% of the rock
volume. They are represented by sulphides, magnetite, hematite and gold.

Sulphides minerals are mainly represented by arsenopyrite, pentlandite, pyr-
rhotite and pyrite. Minor crystals of chalcopyrite and bornite are observed in few
samples. Arsenopyrite occurs as subhedral to euhedral rhombic crystals either
independent or associated with pyrrhotite (Figure 10a). It shows white color and
displays strong anisotropism of blue color. Pentlandite occurs either as homogeneous
or zoned grains (Figure 10b). Pyrrhotite forms irregular grains with bluish shade
and moderate reflectance and sometimes replaced by light creamy to yellow isotropic
pentlandite (Figure 10a). Pyrite occurs as subhedral to euhedral crystals either
replaced by magnetite (Figure 10c). The replacement of pyrite by magnetite indicates
oxidizing conditions.

Magnetite appears as anhedral crystals with peripheral granules of pyrite.
Magnetite forms well-formed euhedral crystals of light gray color and moderate
reflectance (Figure 10c). Hematite exhibits whiter color and cherry red internal

Figure 9.

a) Mylonite devived from a narrow shear zone transecting a weakly deformed granodiorite. b) Quartz fish from
a quartzite mylonite shows dextral sense of movement. Quartz in the matrix is dynamically vecrystallized and
developed an oblique foliation.
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Figure 10.

Ph%tomz’cmgmph showing a) Pyrrhotite forms irvegular grains with bluish shade and moderate veflectance and
sometimes veplaced by light creamy to yellow isotropic pentlandite, b) Pentlandite occurs either as homogeneous or
zoned grains, c) Magnetite forms well-formed euhedral crystals, d) Gold as inclusions in arsenopyrite crystals and
e) Pyrite-arsenopyrite contacts and The gold grains range in color from yellow to creamy yellowish color and with
occur as sub-vounded grains or as straight-edged grains.

reflection. It shows isotropism in minor parts, which reveals its alteration from previ-
ous existing magnetite.

Gold is only recorded in highly altered quartz veins associated with the granitic
masses. It occurs as disseminated grains that have bright yellow color with greenish
tint. These grains occur as inclusions in arsenopyrite crystals (Figure 10d) and at
pyrite-arsenopyrite contacts (Figure 10e). The gold grains range in color from yellow
to creamy yellowish color and with occur as sub-rounded grains or as straight-edged
grains (Figure 10d and e).
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9. Economic potentiality
9.1 Magnesite mineralization

Economically, the important magnesite deposits occur in two types: the Venarch
and Kraubath type [76]. The Venarch type deposits have the world’s largest reserves
[76]. They form strata-bound lensoid bodies of coarsely crystalline spar-magnesite
hosted by marine sediments. Genetically, they are associated with shallow marine
water of chloride-type evaporites. Kraubath type deposits are cryptocrystalline
magnesite [76] and less common than spar-magnesites. However, they are important
because of their high-quality magnesite product. These deposits comprise stock-
works and veins of white magnesite formed in ultramafic country rocks. The origin of
Kraubath magnesite type deposits favor hypogene-hydrothermal formation [76].

Magnesite deposits of SH serpentinites are cryptocrystalline formed by hydrother-
mal solution effects on the serpentinite host rocks and occur in three forms. The first
is represented by white patches consisting of vertical veins and horizontal sheets. The
second is found as veinlets represented by stock-work shape, characterized by nod-
ules clusters and exposed as pockets within the serpentinites. The third is widespread
in Wadi Diit NE of Gabal SH and is intercalated with surficial deposits. It is found as
veinlets with stock-work shape and has low grade magnesite ore. These features are
consistent with Kraubath type deposits (Figure 11).

The magnesite pockets exposed at the NE ends of SH serpentinites and along
NNE trending shear zone (Figure 2). The magnesium source in magnesite is likely
the magnesium-rich minerals (e.g., serpentine, olivine) occurred within ultramaf-
ics. Serpentinite appears to be the host for over 90% of all known magnesite veins
worldwide.

The chemical data of magnesite ore is recalculated and presented in Table 2. The
collected samples contain average (wt. %) 42.98 MgO, 0.57 SiO,, 0.09 Fe,03, 4.5 CaO,
and 0.023 P,0s. They show depletion in some incompatible major elements (i.e.,

Ca, Al and Na) relative to the average primitive composition of upper mantle [77].
Possibly some of this CaO might has been lost during serpentinization [78] and shows
strongly negative correlation with MgO (Pearson correlation factor = —0.864) in
Table 3. Iron also shows loss during serpentinization.

9.2 Gold deposits

Ophiolitic serpentinites surrounded the metavolcano-sedimentary assemblage are
the likely sources for gold mineralization in the vein-type gold deposits which invaded
the island-arc volcanic and volcaniclastic rocks and/or the granitic rocks [79, 80].

The vein-type mineralization occurred in the sheared ophiolitic serpentinites
(Figure 12a) associated with the Pan-African Orogeny. Linear zones of serpentinites
display abundant alterations along thrusts and shear zones with the development
of talc, talc-carbonate and reddish-brown quartz-carbonate rock (i.e., listwaenite)
(Figure 12b). Listwaenite is commonly mineralized with gold [81, 82]. Malachite-
bearing quartz veins with NW-SE direction cut through gabbroic rocks and show
mylonitic structure, pinch and swell phenomenon. They are extremely fractured
containing considerable content of malachite and disseminated sulfide minerals
(Figure 12c and f). Mineralized smoky quartz veins with NE-SW direction and

75



Metamorphic Rocks as the Key to Understanding Geodynamic Processes

_

. Meteoric water

o3

STOCK WORK ‘ﬁ‘

to - 80 m depth

VEINS.

200 | to upper than 300 m depth

Fluids variably boiling.
self-sealing. erupting &
mixing with meteoric waters

Mg,SiO, + 2H,0 2Mg(OH), aq + SiO, aq
2Mg(OH), aq + 2C0O, 2MgCO,+2H,0

f..

H,0+CO,
(Low salinity, moderate T)

400

Figure 11.
Kraubath type of magnesite deposit model after [76].

MgO CaO Sio, Na;O K;0 P,0s
MgO 1
Ca0 -0.864 1
SiO, -0.27 0.139 1
Na,0O 0.36 -0.308 -0.124 1
K0 -0.086 0.138 -0.01 -0.041 1
P,0s -0.047 0.254 -0.236 -0.316 -0.052 1

Table 3.
Pearson correlations between oxides in magnesite minevalization.

steeply dipping SE invaded the meta-andesite (Figure 12g). They are intensively
sheared and contain iron oxides in the fissures and cracks (Figure 12d-f). The barren
quartz veins are nearly vertical and have E-W directions (Figure 12f). The highest
gold grades are associated with strong arsenopyrite mineralization and in fracture-
seal veins.

Mineralized alteration zones trending NW-SE and dipping nearly vertical traverse
metagabbro and metavolcanics (Figure 12f). They are characterized by the presence
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(a) ®

looking to 38 NE

Figure 12.

Field photographs show a) quartz vein between metagabbro and serpentinites, b) the listwaenite within
dismembered serpentinite, c) Malachite-bearing quartz veins, d) Brecciated quartz vein containing ivon oxides
in the fissures, and e) Smoky quartz vein with visible gold. Rose diagram showing f) Alteration zone and various
types of quartz veins, and g) the dipping of smoky quartz vein.

of hematite, limonite, goethite and fresh pyrite. They occur either neighboring the
auriferous quartz veins. The common types of alteration are silicification, sulphida-
tion, carbonatization, listwaenitization.

10. Conclusions

a.Sol Hamed (SH) area as a part of the ANS ophiolites occurred within Onib-Sol
Hamed suture zone in the southern Eastern Desert of Egypt. The ophiolitic
assemblages in this area are represented by serpentinite, metagabbro and arc
assemblages represented by metavolcanics. They later intruded by gabbroes and
granites.
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b.Geochemically, the compatible trace elements (Cr-Ni-Co) enrichment in SH
serpentinites indicate derivation from a depleted mantle peridotite source. They
show affinity to the typical metamorphic peridotites with peridotitic komatiite
nature. The normative compositions reflect harzburgitic mantle source. Their
Al O; contents (0.05-1.02 wt. %) are akin to oceanic and active margin peri-
dotites and Pan-African serpentinites. The Cr and TiO, contents indicate SSZ
environment with tectonic character destructive plate margins and depleted
mantle sources. Their A,O;/SiO, and MgO/SiO, ratios support the SSZ affinity
and are similar to ANS peridotites with fore-arc setting. Low value of ALLO;/SiO,
(fore-arc field), suggesting that these rocks were derived from a mantle source
with high degrees of partial melting. Moreover, their AL,O; and CaO depletion is
typical of fore-arc peridotites. The normative compositions replicate harzburgitic
mantle source.

c. Structurally, the area represents four deformational events can be distinguished
in the Neoproterozoic rocks (Dy, D,, D3 and Dy4); Dy: E-W thrust faults and
related E-W (F;) folds; D,: NW-SE thrust faults and related NW-SE (F,) folds
were formed; D5: conjugate NNW-trending sinistral and NNE-trending dextral
transpression, as well as N-trending tight folds (F3) and D,: is E-W dextral
strike-slip and dip-slip normal faults striking NNW-SSE to N-S and E-W may
be related to Red Sea rifting. There are three major fault sets affected the area.
The first set trend mainly NE-SW and is manifested in the volcanic-sedimentary
assemblage and Gabal SH. The second set trend E-W affecting all the basement
rocks and disturbs the first fault set. The third set trend N-S affected all the rock
units.

The associated structural features with shearing are showed as fallowing:

¢ NNE-SSW normal faults,

¢ NW-SE reverse faults,

* NE-SW, NW-SE, WNW-ESE, NNE-SSW and EW quartz veins.

The mineralized structures are exemplified by

* Quartz veins have mainly NE-SW and NNW-SSE trends,

* Faults have mainly NE-SW trends,

* Breccia and alteration have mainly NW-SE trend.

d.Magnesite ore deposits in SH serpentinites is cryptocrystalline formed due to
hydrothermal alteration of the serpentinite host rocks. It occurs as snow-white
veins and stock-works. These characteristics are typical of Kraubath type magne-
site deposits.

e. Gold mineralization is confined to malachite-bearing quartz veins, smoky

quartz veins and alteration zones. The gold grades increase with arsenopyrite
occurrences.
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Chapter 5

Why the Pounamu? Low- to
Medium Grade Metabasites and
Metaultrabasites of New Zealand
from a Geoheritage Perspective

Kdroly Németh, Tamds Sdgi and Sdndor Jozsa

Abstract

Pounamu plays a very important role in Maori culture (New Zealand) and
is a taonga (treasure) of the people. Pounamu is a result of the intricate, unique
geological context of the Zealandia microcontinent in the SW Pacific successfully
separated from Gondwana in the Late Mesozoic but cut half in a NE-SWE trending
right-lateral strike-slip dominated plate boundary separating the Indo-Australian
and Pacific Plates within the continental lithospheric segment of Zealandia. Along
this nearly 500 km onshore structural zone, a set of narrow Paleozoic to Mesozoic
lithospheric terrains assembled among ophiolite belts such as the Dun Mountain
Terrain. Metasomatic influence on the ancient seafloor in combination with high-
grade regional metamorphic forces along the evolving plate boundaries, a globally
unique region with high geodiversity formed, giving way to the assemblage of
metamorphosed ultramafic bodies to generate great variety of greenstones, referred
as pounamu by Maori. The perfect physicochemical conditions of this rock made it
to become a key geomaterial for tool-making and trade subjects within the Maori
culture.

Keywords: ophiolite, ultramafic, geological terrain, metasomatic, basalt, amphibole

1. Introduction

The most famous and well-known Maori symbolic tools of geologic origin are
the polished stone tools (dominantly adzes and chisels), pendants, etc., made from
pounamu: a very esthetic, yet elegant looking rock, geologically nephrite and/or
bowenite [1, 2]. Nephrite in mineralogical sense is a rock type of a combination of a
variety of the calcium, magnesium, and iron-rich amphibole minerals (double chain
silicate group) tremolite and/or actinolite (https://www.mindat.org/min-29085.
html [Accessed: November 15, 2023]). Chemically it can be expressed as Ca,(Mg,
Fe)sSig0,,(OH), indicating a molecular water-rich mineral species with a potential
gradual assemblage of mineral combinations of Mg to Fe ratio. In the contrary,
bowenite is a hard, compact variety of the serpentinite species (it is a rock composed
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predominantly of one or more serpentine group minerals, and its name refers to

the texture of a snakeskin) such as antigorite that is best to express chemically as
Mg;(Si,05) (OH) 4 (https://www.mindat.org/min-260.html [Accessed: November 15,
2023]). Nephrite is commonly grouped into the informal but commonly used “stone”
group of jade that itself is not a unique rock type. It can be either a nephrite that is
dominantly a silicate of calcium and magnesium in the amphibole group of minerals
or jadeite which is a rock dominantly composed of a silicate of sodium and aluminum
in the pyroxene group of minerals that is dominated by a single chain silicate group
(pyroxene) mineral. Another common informal name used in New Zealand for 7 is
“greenstone,” which is a major umbrella term for anything that is gemstone quality
“green” stone.

According to Tamati Te Otatu, a Maori chief from the eighteenth century, pou-
namu has the same value for the Maori as gold for the “white people”: “Let the gold be
worked by the white men. It was not a thing known to our ancestors. My only treasure
is the pounamu (Kati ano taku taonga nui i te pounamu). Fern-root may be found.
When my ko strikes against a fern-root, I break that root and see if it is of a good
mealy kind, but that [the gold], a sandfly is larger than it [1].

Why did the Maori choose this particular type of rock as the most sacred mate-
rial representing nature for their ornaments? What geological factors influenced the
first inhabitants of New Zealand to turn their attention to this (or other) type of rock
and, indeed, to make it the most prized of all? The questions above shed light on the
development of (late Neolithic) human societies from a perspective that few people
attach much importance to. Namely, the extent to which the development of human
society is influenced by the inanimate natural environment regarding local (or even
remotely collected) rock types.

2. Geoarchaeological context of pounamu

In general, the rock types that could be used to create everyday objects of use in a
neolithic society are important to distinguish from those collected primarily to make
tools with no practical use. To produce practical tools (e.g., adzes, perforated axes, flat
chisels, elongated axes, or maces), mechanical resistance, good machinability, easy
availability and/or common occurrence are important aspects of the raw material. The
combination of excellent mechanical properties and the high frequency of occurrence
of the raw materials is a very rare phenomenon. In most cases, the raw material is
either particularly common or has very good physical properties; however, both are
strongly related to the geological background (i.e., frequency and types of occur-
rences of raw materials and their physical characteristics).

For polished stone tools of everyday use, the best rock types are the following.

(1) Dominantly, but not necessarily equigranular igneous rocks containing minerals
entangled with each other in a non-directed fabric (e.g., ophitic gabbro, subophitic
dolerite, microholocrystalline phonolite). (2) Non-foliated high-grade metamorphic
rocks containing minerals entangled with each other (e.g., hornfels, contact metaba-
site basic rocks affected by two distinct metamorphic events, firstly a regional and
after that a contact metamorphism). (3) Dominantly equigranular and monomin-
eralic rocks with minerals of high hardness and resistance to weathering processes
(e.g., Na-pyroxenite (a high-pressure metaophiolitic rock). Some common rock
types, like quartzites (various grade monomineralic metamorphic rocks) and sand-
stones, are made of very hard and resilient minerals; however, this is not enough as
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other factors, like foliation or weak cohesion between crystals, deteriorate the quality
of the raw material and make machinability difficult. On the other hand, there is
another group of common rock types, the carbonates sensu lato (e.g., limestone,
dolomite, marl, and marble), that are easy to process, but they are neither mechani-
cally nor chemically resistant, both at the level of the rocks and the minerals forming
them. In summary, the selection of rock types for tool making is rather based on the
fine textural appearance of the rock types than their mineral assemblages. Minerals
with relatively “pure” physical characteristics such as serpentine can create homoge-
neous microtextures making the rock like serpentinite extremely hard and resistant,
suitable for tool making. Serpentine for instance is a group of minerals that are
usually attractive green in color. Serpentinite, however, is a rock composed mainly of
serpentine minerals. It is used as gemstone, architectural stone, and carving material
despite the minerals, serpentine “soft” physical property, the interlocking microfab-
ric of the rock creates a hard rock suitable for tool making.

3. Geological context of pounamu

Maori people took the method of preparation of stone tools from the East
Polynesian homeland [3]. They may have a wide petrological knowledge as the most
valued rock types for adzes (both sedimentary, igneous, and metamorphic in origin)
are related to specific regions (a specific argillite from D’Urville Island/Rangitoto ki te
Tonga; a rare, aphanitic basalt from the Coromandel Peninsula in the North Island of
New Zealand; and especially greenstones/pounamu found in very distinct and remote
areas of the South Island) [4]. In addition to these three important and widely used
rock types, each Maori tribe used the rocks found in their territory (e.g., flint and
quartzite) to make adzes, as the more noble raw materials required invasion of enemy
territory or trade [2].

From these rock types the sedimentary (argillite) and the igneous (basalt) were
chosen because of their quite easy machinability and these were used as adzes in
everyday life. On the other hand, greenstones are harder to polish and are often par-
ticularly difficult to access, while polished stone tools made from them have symbolic
rather than practical significance. Green-colored rock types (“greenstones”) are very
often used for stone tools in many parts of the world such as in Neolithic Europe [5,
6]. Perhaps to be able to develop a “greenstone” usage within an early human commu-
nity required relatively easy access and understanding of the source region’s geologi-
cal assets [6].

These rocks are almost without exception metamorphic rocks, dominantly
metabasites and metaultrabasites (eclogite, Na-pyroxenite, omphacite/jadeite
schists, metabasalt, metadolerite, nephrite, serpentinite) hence their source
regions had to be associated with some sort of (meta)ophiolite belts [5] or ancient
suture zones [7] that are common mostly in the Eastern Mediterranean region
[8], Apennine Peninsula in Italy [5, 9, 10], in the older cratonic regions such as
Fennoscandia [11-14] or associated with a low viscosity Archean lava flows of
komatiites [15]. In the formation of greenstone, the post-emplacement seafloor
processes as well as the long-lasting hydrothermal effect in the mafic to ultramafic,
mostly oceanic crustal material together with subsequent regional metamorphism
generate a very diverse rock assemblage [16]. The pounamu occurrences within
New Zealand follow major ultramafic belts such as the Dun Mountain Ophiolite
Belt (Figures 1-3), which runs across the South Island of New Zealand on the
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Figure 1.

Thge geological features of the South Island of New Zealand based on the 1 to 1-million scale geological map
(https:/fwww.gns.cring/data-and-resources/geological-map-of-new-zealand/). Note the Dun Mountain Terrain
(marked black) displaced spatial distribution along the right-lateral transform of the Alpine Fault. In the west of
the Alpine Fault, older Paleozoic rocks are on the surface (green, brown, purple fields), and broad alluvial fans
(beige) cover them (Buller Terrain). In the east from the Alpine Fault, younger Mesozoic tevrains with a gradually
decreasing metamorphic overprint (dark blue to light blue) form the basement from Brook Street and Murihiku
Terrain (narrow bands with bluish color in the south) in an older system while Caples (pink), Rakaia (blue)

and Pahau (light blue) Terrains represented by younger Mesozoic dominantly greywacke terrains. Dun Mountain
Terrain vepresents an ophiolite zone (ved stars are two key localities). Along the Alpine Fault within the Alpine
Schist, ultramafic rocks (yellow star) are the source assemblages of pounamu that ave evoded from the bedrock into
broad riverbeds around the township of Hokitika.

surface. Tracing pounamu in a geological sense helped significantly establish the
New Zealand Terrain concept, and it is a clear indicator of plate boundary processes
and terrain amalgamation [17].

The New Zealand greenstones are dominantly nephrites [18-24]. About New Zealand
greenstone heritage a digital library provides vital information and inventory (https://
www.greenstone.org/ [Accessed: February 19, 2024]) [25]. In contrast, the Greenstone
resources and their indigenous, Maori legislative aspects are clearly outlined [26]. These
New Zealand greenstones are mono- or bimineralic rocks composed of crypto- or
microcrystalline amphiboles of the tremolite-actinolite series (https://www.mindat.org/
min-29085.html [Accessed: November 15, 2023]). These metaophiolitic rocks occur in
three large geological units of the South Island (Figure 1): The Dun Mountain-Maitai-,
the Caples-Waipapa, and the Torlesse Terrane in Westland and West Otago [27].

The other, much rarer greenstone is a special type of serpentinite, which is a fine-
grained metaultrabasite called bowenite, and it is composed by a variety of antigorite.
It can be found only in a very small area in the Fiordland region (Figures 1-3) of the
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Figure 2.

Digital terrain model (DEM) of the South Island of New Zealand based on the Land Information New Zealand
(LINZ) 8-m resolution topographic data clearly showing the position of the Alpine Fault (steep topographic
escarpment running acvoss the western side of the South Island) where ultramafic pods hosting pounamu showed
by a box near Hokitika. The map also showing the displaced Dun Mountain Terrain mafic and ultramafic rocks
at Jackson Bay and the Nelson area (light purple boxes).

South Island [28, 29] (https://www.mountainjade.co.nz/blogs/news/exploring-the-
pounamu-bearing-rivers-of-new-zealand [Accessed: November 15, 2023]).

4. New Zealand pounamu

Pounamu is generally found in rivers in specific parts of the South Island as
nondescriptive boulders and stones (https://www.mountainjade.co.nz/blogs/news/
exploring-the-pounamu-bearing-rivers-of-new-zealand [Accessed: November 15,
2023]). Pounamu has been formed in New Zealand in four main locations: the West
Coast (Figure 4), Fiordland, western Southland (Figure 5), and the Nelson district
(Figure 6) [30-32]. It is typically recovered from rivers and beaches where it has been
transported after being eroded from the mountains. The group of rocks from which
pounamu comes are called ophiolites. Ophiolites are slices of the deep ocean crust and
part of the mantle. When these deep mantle rocks (serpentinite) and crustal rocks
(mafic igneous rocks) are heated up (metamorphosed) together, pounamu can be
formed at their contact [28, 33-37].

Most New Zealand greenstones (nephrites) are made dominantly (3>99%)
of microcrystalline amphiboles that are characteristic of low grade metabasites
[28]. New Zealand nephrites were formed in two phases related to the regional
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Figure 3.

LINZ 10-m resolution satellite imagery marking the major westward tributary of rivers from the steep escarpment
of the Alpine Fault promoting rapid erosion and weathering out of the hard pounamu into the alluvial plains,
mostly around the Hokitika region. Yellow fields mark the Dun Mountain Terrain ultramafic successions.

metamorphism of ultrabasic-basic igneous rocks of oceanic origin, e.g., oceanic
crustal material gone through regional scale metamorphic processes [27, 29, 30]. First
the igneous rocks (harzburgite, gabbro, dolerite) were serpentinized, and after that
in a narrow zone along the boundary of metabasic and adjacent metasedimentary
formations amphiboles were formed during local metasomatic reactions. The petro-
genetic processes took place under the following conditions. Low grade metamorphic
reactions (prehnite-pumpellyite—actinolite facies; 250-300°C) are more common in
the Dun Mountain-Maitai terrane (Figure 7) and in some parts of the Caples terrane,
while low- to medium grade metamorphic reactions (pumpellyite-actinolite—lower
greenschist; 300-470°C) are characteristic for the Haast Schist (Caples, Torlesse,
Waipapa Terranes). Based on Sr-isotopic data of Adams et al. (2007) the Ca came
from the metasedimentary rocks instead of an early metasomatism by serpentiniza-
tion fluids, which can explain the extremely limited (and small-scale) occurrence

of the nephrites. This process also explains the rarity of nephrites in general, and
their common placer deposit appearance within riverbeds in the Hokitika region
(Figure 2). Another limitation of nephrite formation is the proximity of mylonitic
shear zones which act as migration channels for metasomatic fluids [27]. Most prob-
ably local shear is responsible for the felted fabric of amphiboles.
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Figure 4.

The main pounamu sources are dominantly derived from the Pounamu Ultramafic Belt (ved star) within the
Alpine Schist along the Alpine Fault that is shown on a LINZ 8-m resolution DEM. Note the ovographic setting
and its velationship with the narrow band of metaserpentine and metabasite as the source of pounamu (yellow
and black lines parallel to the main faults near the red star).
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Figure 5.

Red Hill on a Bing Satellite Image in the Nelson—Marlborough—Tasman region of the northern part of the
South Island. Note the reddish hills of the Red Hill (red star) and Dun Mountain (yellow star) where major
mafic rocks such as dunite crop out.
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Figure 6.

Complex geotectonic situation within Fiordland (on LINZ 8-m resolution DEM) where the Dun Mountain
Terrain rocks (Red Mountain—ved star) narrowly connecting other tervains converging to the Alpine Fault.
Greenstone derived from the main tributaries of the Cascade River and accumulating in alluvial fans close to the
Tasman Sea.

Figure7.

The large fan of the Cascade River in the Fiordland vepresents a common source of pounamu and other dunite
and serpentine rock varieties. The Red Mountain is in the far left of the image visually similar like the Red Hill in
the Nelson area about 500 km in the north.
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The Dun Mountain Ophiolite Belt (Figure 1) has been metamorphosed in western
Southland and pounamu from this belt is found along the eastern and northern edge
of Fiordland [38, 39]. The Anita Bay Dunite near Milford Sound is a small but highly
prized source of pounamu. In the Southern Alps, the Pounamu Ultramafic Belt in the
Haast Schist occurs as isolated pods which are eroded and found on West Coast rivers
and beaches [33]. One source of inanga pounamu at the head of Lake Wakatipu is
possibly the only jade mining site in the world with Government protection [40].

The formation of various greenstones including the highly valued pounamu
is associated with the unique geotectonical evolution of New Zealand within the
Zealandia geotectonic context [41-43]. New Zealand’s high-order stratigraphy frame-
work shows well the geotectonic context of the Late Paleozoic-Mesozoic tectonic
evolution of the basement rocks forming distinct lithospheric terrains that amalgam-
ated over 100 million of year time scale [44-46]. In this process, plate margin pro-
cesses and closure of ocean basins lead to the formation of narrow bands of wrapped
oceanic crustal components into mafic to ultramafic lithological zones following more
or less the plate boundary along convergence then collision took place [33, 36, 43]. On
the tectonic map of New Zealand, the distribution pattern of the onshore basement
rocks based on exposures and various geophysical data extraction highlights the long
light lateral displacement zone along the Alpine Fault System in the South Island
(Figure1). In both ends of the major displacement zone, the main basement tectonic
units are exposing typical ophiolites with the full spectrum of the base of an oceanic
crust to the deep marine successions locked into the Dun Mountain and Maitai
Terrain (commonly mentioned together). This interrelationship in continental scale
is remarkably shown by the existence of the Red Hill area in the Nelson region in the
north and the Red Mountains in the south in Fiordland [47-49]. These locations are
the original places where the name dunite was derived, referring to the Dun Mountain
in the north, and the redingote, which refers to the name of the Roding River in the
north [50, 51]. These rocks show low metamorphic grades, but intense metasomatic
processes rather formed during syn- or slightly post-accumulation times, creating
sporadic zones of rodingite as a metasomatic rock assemblage [52] recording mafic
to ultramafic intrusive zones in the ancient Late Paleozoic-Mesozoic oceanic realms.
Between these nearly 500-km long displacement zone metamorphic processes
affected the typical greywacke basin rocks. Along this transform plate boundary
narrow (10 to 100 m wide) zones of ultramafic to mafic rocks with mild metamor-
phic imprint formed metabasites and metaserpentinite [37]. This zone is commonly
referred to as the Pounamu Ultramafic Belt or Terrain, indicating its significance as
a completely wrapped former oceanic basin preserved within the zone of the plate
boundary. The Alpine Schists that are located right in proximity to the Alpine Fault
(Figure 8) recognized including unusual metavolcanic rocks, cherts, and marbles all
typical for an ofiolite-type rock zone [39, 53-55]. This type of rock is far more abun-
dant in this rock assemblage than those forming the greywacke-dominated Torlesse
rocks to the east. What is more distinct and convincing to look at this zone as an inde-
pendent tectonic terrain is that the Alpine Schists also host a great variety of metape-
ridotite pods, referred to as the Pounamu Ultramafic Belt (PUB) [54]. High-quality
but isolated pounamu is located only in very few locations in situ. In contrast, due to
differential erosion caused by the significant hardness difference between nephrite
and the host meta-ultramafics, boulders and gravelly bars within high-energy river
systems preserved gemstone quality greenstones and formed the traditional source
of pounamu in New Zealand (Figure 9) somehow, in a similar context but in a far
more complicated geotectonic realm pounamu known from alluvial and glacial fans
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Figure 8.
Alpine Schist outcrop near Fox Glacier along the Alpine Fault composed of garnet-facies metamorphic rocks.

Following the same zone sporadic metabasite and metaserpentinite form the Pounamu Ultramafic Tervain.

Figure 9.
Main fluvial outflow valleys are the main arteries pounamu carried out westward to the narrow West Coast

coastal plains.
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exciting the region where narrow Paleozoic and Mesozoic Terrain belt congregate into
the Alpine Fault system in the Fiordland.

5. Geoheritage value and global comparison

What makes Greenstone so special that it is worth the effort to find and process it?
Several factors can be considered, but they all have one thing common: all are some-
how related to geology! In no particular order of importance, these are the following.

1. Rarity. Nephrite occurs only as bedrock in narrow zones in the metaophioloites
of the South Island and can be found mostly as pebbles in glacial and alluvial de-
posits. This may have contributed to the “divine” origin of Pounamu in particular
since while the Maori could encounter the material of other pebbles and boulders
relatively easily in the surrounding mountains, nephrites were hardly to be found
in situ as bedrock.

2. “Purity” Nephrites are monomineralic rocks; they are composed almost only of
amphiboles of the tremolite-actinolite series; in most cases, other minerals are less
than 1 m/m% of the rock. There are only few rock types in New Zealand that are
monomineralic; however, they are much less special in other ways. For example,
quartzite is dominantly a monomineralic rock type but has a very wide range of
colors, minor constituents, and thus appearance; limestone is composed almost
only of calcite, despite the fact that it has many varieties depending on the origin of
the rock (e.g., fossiliferous, oolithic, stylolithic). Aphanitic igneous rock may look
uniform too; however, in other important external characteristics, they do not come
close to the uniqueness of nephrite; obsidian would be the most likely candidate.

3. Hardness and toughness. As composed dominantly of amphiboles, which are 5-6
on the Mohs Scale (https://enwikipedia.org/wiki/Mohs_scale), nephrite is hard
enough to keep well-polished long enough, while not too hard to process. The rock-
forming minerals are fine-grained and fibrous, and they are either felted due to the
high strain rate of shear zones or unoriented and interwoven. Whether it is the first
or the second type, the rock will be very tough and physically resistant.

4. Resistance to weathering. Because it is monomineralic, it has a uniform weathering
profile. It is quite resilient to weathering processes, which means that a polished
surface of the rock will keep its appearance. In several thousand years, only a few
cm wide weathering profiles could form on nephrite despite the particularly wet
climate of Westland, South Island [9].

5. Colo, luster, transparency. New Zealand nephrites have various appearances,
commonly greenish, more- or less translucent, especially if they are cut and
polished and have a bright luster. Based on optical properties observed by the
naked eye, there are several types of pounamu, which arise from fine impuri-
ties and/or weathering processes of the rocks [8]. Inanga: pearly white, grayish
green, green, bluish green; it can be very translucent or quite opaque. Kawaka-
wa: light- to dark green, even almost black with small black dots (opaque
mineral inclusions), moderately translucent. Auhunga: pale green and opaque,
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color between kawakawa and inanga. Kahotea: green with white flakes. Ka-
hurangi: apple green, highly translucent (and often flawless). Kokopu: light to
dark brown, light blue, olive- to yellow-green, golden yellow; always brownish
mottled. Pipiwharauroa: green and light green/white banded, causing chatoy-
ant effect. Raukaraka: orange crust on green pounamu: an oxidized version of
kawakawa. Totokweka: Like kawakawa, mineral inclusions are reddish, most
probably due to oxidation processes. Tangiwai is not nephrite but bowenite;
however, it is also called pounamu. It has an olive, brown, yellowish to bluish-
green color, and it is moderately translucent.

All the above physicochemical features made pounamu a highly valuable
geocultural treasure that influenced the Maori culture and vividly shaped the con-
temporary art and identity of New Zealand well beyond the traditional Maori aspects.
Pounamu is part of New Zealand culture, and the usage of stones as guardians follow-
ing original symbolic carvings provides the people a sense of the land that most New
Zealanders highly appreciate. Pounamu, therefore, could be looked at as a significant
geocultural element of the geoheritage of the West Coast of the South Island of New
Zealand. As proposed earlier, the West Coast could form a key globally significant
geopark that potentially could be listed as a UNESCO Global Geopark [56]. Within
such geopark the pounamu and the geocultural aspect of it as a messenger of the ter-
rain accretion of Zealandia should be considered seriously.

6. Conclusion

As in Europe or Asia, the nephrites gained a special position in polished stone
implements, and it was the same in New Zealand. Only geological and mineralogical-
petrological properties could mark nephrites a unique rock, a divine gift for the Maori
people. In the eyes of the Maori people, pounamu is of great spiritual importance. It
has become fully intertwined with Maori culture, an inseparable and identity-form-
ing part of it. Even its collection and sale are highly regulated. Overcoming the fact
that esthetics has always played an important role in the selection of symbolic tools
in human societies, it is easy to see that the “rising” of pounamu happened almost
exclusively due to geological factors. This finding goes a long way, as it clearly shows
the influence that geological diversity and the inanimate natural environment have on
us: preserving geodiversity, transfer of basic geological knowledge to future genera-
tions are an essential part of preserving our culture and traditions.
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