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Abstract

The rock types of the Kabofand Jaikreelarea in the soutlwesternpart of the Marowijne
greenstone belare very complex. They includgllimanite gneisses, garngtica gneisses,
migmatitic gneisses, amphibolitéalc schistdolerites pegmatites and graniteBhis research
describes the petrography and metamorphic history of these Fackbis research, a field trip
wasnot needed, because tBeologic Mining Departmeritad a large number of thin sections
available from samples that were collediethe 1970s in thesearea.

The aim of this research is to provide a better dgson of the rocks in tesearea® by using
petrographic analyses and to find out to which range of rock units they b&loagvill make

it easier to create a more detailed geological map in thatEmeacharacteristics of the rocks
inthe research areaWdec o mpared to the Sarads Lusfor gnei s
southwest Surinam@ he results show that the majority of the Kabofe and Jaikreek gneisses
match the Sara's Lust gneisgesntioned in the paper #froonenberg, et al., 2016ased on

the mineral compositigrprotolithand the metamorphic facies and gratlee gneisses are in

the amphibolite facieand have a supracrustal origithe only difference wathe absence of
orthopyroxene, which would indicatiee granulite facies wasachedThe conclusion made is

that the supracrustal rocks underwent metasomatism, which invaded the protbigh.
existence of migmatitic gneisses simplifies the understanding of granite and granitic rocks.
Diatexite migmatites formed from pelitic togywacke metasedimentary rocks provide the
granite magmaGneisses are later intruded by dolerit®sd the migmatites are later intruded
with pegmatite dykes or silldly research does not include geochemical analysis. As a result,
this report can be uses a starting point for additional Master research.
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1. Introduction
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Figure 1 - Map showinghe locations of the samples

The Marowijne Greenstone Belt of northeastern Suriname is bounded on both its northern and
southern flanks by a narrow belt of hignr ade met amor phic rocks, to
Lust GneisqFigure8 - Geological map of Suriname, produced by TNO (2088.r ads L ust
Gneisses in purple, the Marowijne Greenstone Belt includes the Paramaka Formation in several
shades of green and the Armina Formation in turqudiseéheKabel Tonalite in dark re(R),

the Bakhuis Granulite Belt in violéB), the Cauaran€oeroeni Gneiss Belt in blyd).. This

study aims to investigate whether the southern flank is similar to the northern one, and whether
there is a relation with similar higgirade rocks in southwestern Suriname, the Coeroeni Gneiss

Belt.

The Kabofe area is located on and near the dyaigiévide between the Sara and Marowijne
creeks, both of which are tributaries of the Suriname River and run into the Van Blommenstein
Lake. The Jaikreek is a creek that flows into the Tapanahoni Higurel - Map showing

the locations of the samp)e3 hese areas are known for their gold containing economical value.
In the 1970s the geologists of the Geological Mining Department (GMD) went to these areas
and sampled rocks on the surface, which were later tosmake thin sections.

The study areas ardoag the southwestern flankf the Marowijne greenstone belbordered

by a zone of higlygrade metamorphimcks According to the paper ¢Kroonenberg, et al.,

2016) the southwestern flankpredominantlyconsiss of garnetbiotite gneisses, andalusite
cordierite sillimanite schists and orthand clinopyroxene gneisseswhich the presence of
orthopyroxene, if metamorphic, would evidence that metamorphincitions were up to
granulite facies. It is, however, unknown whether orthopyroxene is present as a magmatic or a
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metamorphic mineral. Nonetheleascording tqGoumans, 2019 he Sar adésinLust G
the northern flanknainly consist of amphibolite facies metamorphic rocks

1.2 Problem statement
The following research questions can help to provide a more detailed description:

1 What are the petrograjal characteristics of the rocks in the Kabafel Jaikreelarea?
1 What isthe relation between th® a r a 6 gneidsesmd the Coeroeni gneisses
southwest Surinan®e

This research will help understand and defimkether thaocksobservedn the study aras

mat ch the char act erocks This el mae it edsiereto cBate aamdose L u s
detailed geological map in that area. Further to that, the identification of minerals will help
determine the metamorphic facies needed for futdfet Btudies.The geochemical analyses

are not part of this research. Thus, this report can serve as a basis for further research.

1.3 Structure of the report

The chapters of this report lead to the answétke research questions. The research area and
geobgical backdrop of the Coeroeni uaihd Sara's Lust units of the Mavijne Greenstone

Belt are describeth Chapter 2. The methodologies and procedures used on the samples are
summarized in Chapter 3. The observations are presented in tables and gtapliesgription

in Chapter 4, followed by discussions in Chapter 5. Chapters 6 and 7 will give concluding
thoughts as well as a research strategy for future studies.

2. Theory

2.1 Metamorphic rocks

Metamorphic rocks are the result of intense teat/or pressure of either sedimentary o
vol cani c r ocks wTherharentwotntaie typesaof metadaphic rocidss those
that are foliated because they have formed in an environment with either directed pressure or
shear stress, and thosettage not foliated because they have formed in an environment without
directed pressure or relatively near the surface with very little pressure at all.

As the temperature and/or pressure increases on a body of rock we say the rock undergoes
prograde metaorphism or that the gde of metamorphism increas@s the other hand when
metamorphism takes place in response to temperature decrease, it undergoes retrograde
reactions.Metamorphic gradels a general term for describing the relative temperature and
pressure conditions under which metamorphic rocks form.

Lowgrade metamorphisntekes place at temperatures between about 200 to@2and
relatively low pressureLow grade metamorphic roskare generally characterized by an
abundance of hydrous minerals. With increasing grade of metamorphism, the hydrous minerals
begin to react with other minerals and/or break down to less hydrous minerals.

High-grade metamorphisitakes place at temperadgrgreater than 32Q@Jand relatively high
pressureAs grade of metamorphism increases, hydrous minerals become less hydrous, by
losing HO, and norhydrous minerals become more comniNelson, 2018)
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Figure 2 - Metamorphic grade shown in a diagrdidelson, 2018)

Prograde metamorphism occurs when -gnade or unmetamorphosed rocks change
mineralogy or texture in response to a temperature increase. rtfetaenorphism is gradual

and predictable, we call it progressive metamorphism. During progressive metamorphism, a
series of reactions occur as the degree of metamorphism increases. Rock mineralogy changes
multiple times before equilibrating at the higheshperature conditions. While this idea makes

a convenient conceptual model, it is not correct for all metamorphic rocks. For example, many
metamorphic rocks are deep in Earth where pressure and temperature are great. They were
never unmetamorphosed rockislew pressure and temperature. Other rocks go from low
temperature to high temperature, perhaps because of rapid intrusion of a pluton, so rapidly that
they skip intermediate stages. Still other rocks may only partially equilibrate during
metamorphism. Fially, some metamorphic rocks form by retrograde reactions (metamorphism

in response to temperature decrease). This is especially true for mafic rocks that were
metamorphosed at higgrade conditions. Upon uplift and cooling, retrograde metamorphism
may replace original higitemperature mineral assemblages With-grade mineralgrigure3

- Prograde and retrograde metamorphisompares pathf prograde and retrograde
metamorphisn{ Perkins, 2020)

increasing pressure

conditions

increasing temperaturg ———————————>

Figure 3 - Prograde and retrograde metamorphigmerkins, 2020)

Texture

In metamorphic rocks individual minerals may or may not be bounded by crys¢sl. fabhose

that are bounded by their ovenystal faces are termed idioblastic. Those that show none of
their own crystal faes are termed xenoblastic. From examination of metamorphic rocks, it has
been found that metamorphic minerals can be listed in a generalized sequence, known as the
crystaloblastic series, listing minerals in order of their tendency to be idioblastic. In the series,
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each mineral tends to develop idioblastic surfaces against any mineral that occurs lower in the
series. This series is listed below:

1 rutile, sphene, magnetite

tourmaline kyanite, staurolite, garnet, andalusite
epidote, zoisite, lawsonite, forsterite

pyroxenes, amphiboles, wollastonite

micas, chlorites, talc, stilpnomelane, prehnite
dolomite, calcite

scapolite, cordierite, feldspars

1 quartz

= =4 -4 -4 4 -

This series can, in@ather general way, enable us to determine the origin of a given rock. For
example a rock that shows euhedral plagioclase crystals in contact with anhedral amphibole,
likely had an igneous protolith, since a metamorphic rock with the same minerals would be
expected to show euhedral amphibole in contact with anhedral plagioclase.

Another aspect of the crystalloblastic series is that minerals high on the list tend to form
porphyroblasts (the metamorphic equivalent of phenocrysts), althotgligpar (a minex

that occurs lower in the list) may also form porphyroblasts. Porphyroblasts are often riddled
with inclusions of other minerals that were enveloped during growth of the porphyroblast.
These are said to have a poikioblastic tex(Meson, 2018)

2.2 Metamorphic processes

The main factors that control metamorphic processes are:

The mineral composition of the parent rock

The temperature at which metamorphism takes place

The amount and type pfessuraluring metamorphism

The types of fluids (mostly water) that are present during metamorphism
The amount of time available for metamorphism

= =4 4 A A

The temperature that the rock is subjected to is a key variable in controlling the type of
metamorphism that takesagle. As we learned in the context of igneous rocks, mineral stability

is a function of temperature, pressure, and the presence of fluids (especially water). All minerals
are stable over a specific range of temperatures. For example, quartz is stable from
environmental temperatures all the way up to about 1800°C. If the pressure is higher, that upper
limit will be higher. If there is water present, it will be lower. On the other hand, most clay
minerals are only stable up to about 150° or 200°C; abovelbsgtiransform into micas. Most

other common minerals have upper limits between 150°C and 1000°C.

Some minerals will crystallize into different polymorphs (same composition, but different
crystalline structure) depending on the temperaturgaesbureQuartz is a good example as
slightly different forms are stable between 0°C and 1800°C. The minerals kyanite, andalusite,
and sillimanite are polymorphs with the compositionSKDs. They are stable at different
pressures and temperatures, and, as we \eillager, they are important indicators of pressures
and temperatures in metamorphic rocks.
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Figure 4 - The temperature and pressure stability fields of the three polymorphs of Al2SiO5
(Pressure is equivalent to depth. Kyanitetebte at low to moderate temperatures and low to
high pressures, andalusite at moderate temperatures and low pressures, and sillimanite at
higher temperatures.) [SE]

Pressure is important in metamorphic processes for two main reasons. Firsmjtlitagions

for mineral stability Second, it has implications for the texture of metamorphic rocks. Rocks
that are subjected to very high confining pressures are typically denser than others because the
mineral grains are squeezed togethemnd becausénéy may contain mineral polymorphs in

which the atoms are more closely packed

Water is the main fluid present within rocks
here. The presence of water is important for two main reasons. First, watgatéscithe

transfer of ions between minerals and within minerals, and therefore increases the rates at which
met amorphic reactions take place. So, while
of a metamorphic process, it speeds the process mgsmmorphism might take place over a
shorter time period, or metamorphic processes that might not otherwise have htalene
completed are completedSecondly, water, especially hot water, can have elevated
concentrations of dissolved substances, ardethre it is an important medium for moving
certain elements around within the crust. So not only does water facilitate metamorphic
reactions on a graito-grain basis, it also allows for the transportation of ions from one place

to another. This is verynportant in hydrothermal processes, which are discussed toward the
end of this chapter, and in the formation of mineral dep{fsd@de, 2014)

2.2.1Types of Metamorphism

1 Contact metamorphismccurs adjacent to igneous intrusions and results from high
temperatures associated with the igneous intrusion.
Since only a small area surrounding the intrusion is heated by the magma,
metamorphism is restricted to the zone surroundingithgsion, called a metamorphic
or contact aureole. Outside of the contact aureole, the rocks are not affected by the
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intrusive event. The grade of metamorphism increases in all directions toward the
intrusion. Because the temperature contrast betweersurrounding rock and the
intruded magma is larger at shallow levels in the crust where pressure is low, contact
metamorphism is often referred to as high temperature, low pressure metamorphism.
The rock produced is often a fhgeained rock that shows foliation, called a hornfels.
Regional metamorphismccurs over large areas and generally does not show any
relationship to igneous bodies. Most regional metamorphism is accompanied by
deformation under nehydrostatic or differential stress conditeon Thus, regional
metamorphism usually results in forming metamorphic rocks that are strongly foliated,
such as slates, schists, and gniesses. The differential stress usually results from tectonic
forces that produce compressional stresses in the meoiis,as when two continental
masses collide. Thus, regionally metamorphosed rocks occur in the cores of fold/thrust
mountain belts or in eroded mountain ranges. Compressive stresses result in folding of
rock and thickening of the crust, which tends tetptocks to deeper levels where they

are subjected to higher temperatures and pressures.

Cataclastic metamorphisotcurs as a result of mechanical deformation, like when two
bodies of rock slide past one another along a fault zone. Heat is generaettibtidh

of sliding along such a shear zone, and the rocks tend to be mechanically deformed,
being crushed and pulverized, due to the shearing. Cataclastic metamorphism is not
very common and is restricted to a narrow zone along which the shearingedccur

Rocks that are altered at high temperatures and moderate pressures by hydrothermal
fluids are hydrothermally metamorphosed. This is common in basaltic rocks that
generally lack hydrous minerals. The hydrothermal metamorphism results in alteration
to suchMg-Fe rich hydrous minerals as talc, chlorite, serpentine, actinolite, tremolite,
zeolites, and clay minerals. Rich ore deposits are often formed as a result of
hydrothermal metamorphism

Burial Metamorphismis when sedimentary rocks are buried to depthsseveral
kilometers, temperatures greater than ¥hay develop in the absence of differential
stress. New minerals grow, but the rock does not appear to be metamorphosed. The
main minerals produced are often the Zeolites. Burial metamorphisnajos,eid some
extent, with diagenesis, and grades into regional metamorphism as temperature and
pressure increagdlelson, 2018)

2.2.2Metamorphic Facies
In general, metamorphic rocks do not drastically change chermaraposition during
metamorphism, except in the special case where metasomatiswolisedh The changes in

mineral assemblages are due to changes in the temperature and pressure conditions of

metamorphism. Thus, the mineral assemblages that are obsasselte an indication of the

temperature and pressure environment that the rock was subjected to. This pressure and

temperature environment is rafed to as Metamorphic FacieShe sequence of metamorphic
facies observed in any metamorphic terrain, ddpeon the geothermal gradient that was
present during metamorphism.

A high geothermal gradient such as the one labeled "A" , might be present around an igneous
intrusion, and would result in metamorphic rocks belonging to the hornfels facies. Under a
nomal to high geothermal gradient, such as "B", rocks would progress from zeolite facies to
greenschist, amphibolite, and eclogite facies as the grade of metamorphism (or depth of burial)
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increased. If a low geothermal gradient was present, such the efedlaB" in the diagram,
then rocks would progress from zeolite facies to blueschist facies to eclogite facies.

Thus, if we know the facies of metamorphic rocks in the region, we can determine what the
geothermal gradient must have been like at the tinee metamorphism occurred. This
relationship between geothermal gradient and metamorphism will be the central theme of our
discussion of metamorphisfiNelson, 2018)

Metamarphic Facies

Tamperature °C
0 200 400 Gon 200 1000

400

Granulite

G600

800 -

Pressure (MFa)

1000 -

1200

Wit Patial hilting of Granite
A= High Geothernal Gradient (cortact metarmorphism), Low P, High T

B = Nomnal Geathernal Gradient (regional metamomhism), High P, High T
C = Low Geotherrmal Gradient (subduction), High P, Low T
Figure5 - Diagram with the metamorphic faci@delson, 2018)

2.2.3Index Minerals

Some common minerals in metamorpiocks are shown in Figure 2.22ranged in order of

the temperature ranges within which they tend tsthble. The upper and lower limits of the
ranges are intentionally vague because these limits depend on a number of different factors,
such as the pressure, the amount of water present, and the overall composition of the rock.

9 290 4q0 6(|)O 8q0° C
__ Chlorite
___ Garnet
Sillimanite

Figure 6 - Metamorphic index minerals and approximate temperature ranges. Source: Steven
Earle (2015) CC BY 4.0 view source.

Even though the limits of the stability ranges are vague, the stability range of each mineral is
still small enough that the mineralan be used as markers for those metamorphic conditions.
Minerals that make good markers of specific ranges of metamorphic conditions are called index
minerals.
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2.3 Geological Setting

2.3.1 Regional Geology

With an area of around 1.5 million KmheGuiana Shield was one of western Gondwanaland's
most important Precambrian terrarféggure7 - The Guiana Shield and the Central Brazilian
Shield together form the Amazonian Cratdnlt is located on the northern edge of the
Amazonian Basin and is almost fully covered by tropical rainforest, making it geologically
unconstrainedl’he Guiana Shield has two major Archeanlaiithe Venezuelan Imataca block

in the west and the Amaglock in the eas{Delor, et al., 2001)

Suriname's Proterozoic basement is categorized into three metamorphic belts:-ghadew
Marowijne Greenstone Belt in the northeast, the Jggide Bakhuis Granulite Belt and
Coeroeni Gneiss Belt in the northwest and southwest, respectively, andaa¢argath various

types of granitoid rocks and felsic metavolcanic rocks in the central part of the country. The
Paleopoterozoic Tafelberg Formation, a sandstone relic of the Roraima Supergroup, lies on top
of the basementThe basement isut by Proterozic and Early Jurassic dolerite dykes
(Kroonenberg, et al., 2016)

0 1000 km
[ E—

Figure 7 -w:i;he Guiana Shield and the Central Brazilian Shield together form the Amazonian
Craton(Kroonenberg, et al., 2016)

2.3.2 Marowijne Greenstone Belt
The Marowijne Greenstone Belt in Suriname forms paatlafge Paleoproterozoic greenstone
belt stretching over a distano€1500 km along the wh® northern coast of the GuiaBaield
from Venezuela to the Ampa state in Brazi(Kroonenberg, et al., 2016)
The Marowijne Greenstortgelt is subdivided into several formations:
1) the Paramaka Formation, composed of mafic volcaks including pillow lavas
2) the Armina Formation, comprising metagreywackes and phylligsresenting
metaturbidites
3) the Rosebel Formation, overlying the Faaka and Armina Formation and consisting
of metacontpmerates and me&renites
4) the Bemau Ultramafitite which is composed of minimally two generationsadit to
ultramafic plutons
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5) TTG and granite plutons that have intruded the Armina form&Gaumans, 2019)

Figure 8 - Geological map of Suriname, produced by TNO (20%&.r a 0 s
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purple, the Marowijne Greenstone Belt includes the Paramaka Formation in several shades of
green and the Armina Formation in turquoi€b), the Kabel Tonalite in dark req2), the
Bakhuis Granulite Belt in violdB), the CauaraneCoeroeni Gneiss Belt in blyéd).
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The Marowijne greenstone belt is bordered on both its northern and southern flanks by a zone
of high-grade metawrphic(Figure8 - Geological map of Suriname, produced by TNO (2018).
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Formation in several shades of green and the Armina Formation in turqlpisiee Kabel

Tonalite in dark red?2), the Bakhuis Granulite Belt in viol€3), the Cauaran€oeroeni Gneiss

Belt in blue(4)., usually migmétic gneisses and amphibolitéBosma , Kroonenberg, Maas,

& De Roever , 1983)These rocks were given the same signature as the highgrade rteks in
Coeroeni area on a geological map from 1977, but current data suggest that they are likely about
100 Ma older, therefore they shall be properly named Sara's Lust Gnéissescks in the
northern segment of the belt are predominantly migmatitic temdl biotite gneisses, biotite
plagioclase gneisses, garitabtite gneisses and quartzofeldspathic gneisses, with minor
amphibolites, locally with garnet or clinopyroxene, and furthermore pelitic sillimaniteter
muscovite gneisses and calcsilicateksy clearly of supracrustaligm (Kroonenberg, et al.,

2016)

In the southwestern segment of the belt near the De Gtajatains andalusiteordierite
sillimanite schists, garnddiotite gneiss and pyroxene gneisses are also fo(artEijk, 1961)
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I n the southwestern fl ank, the Sar abioste Lust
gnasses, andalusieordierite sillimanite schists and orthand clinopyroxene gneisses, in
which the presence of orthopyroxene, if metamorphic, would evidence that metamorphic
conditions were up to granulite facieBhe presence of orthopyroxene as a mdagmar
metamorphic mineral is, however, unknown. Sara's lgm&tisseson the other hand, are
metamorphic rocks of the amphibolite facies. Although metamorphism occurs primarily in the
higher amphibolite facies, orthopyroxene can be found in some gnarssesnphibolites in

the southern band and enclaves, indicating that granulite facies conditions were attained.
(Barink, 197%Ho Len Fat, 1975)

2.5 Coeroeni gneiss

The Coeroenineiss Belt, located in southwestern Suriname, is a soutineaging highgrade
belt. It consists of amphitite-facies quartzofeldspathgneisses and amphibolitacies ad
granulitefacies metapelitigneisses with assemblages including sillimanitadierite and
garnet, as well as minor amphibolites, quartzites, calcsilicates, marbles and ultramefi
rocks(Kroonenberg S. , 1978)Vith granulitefacies rocks in the center and amphibeldeies
rocks surrounding it, the Coeroeni Gneiss Belt creates a domal structure. The norm is isoclinal
folding with vertical fold axes, and NV&E strikes are the most comma&mscordant pegmatite
veins arecommon.A recently obtained 1995+4 Ma-Bb SHRIMP age omonazites of an-S
type granitic body associated with Cauarane migmatites is interpreted as reflbeting
metamorphism in the Cauara@®eroene Belf{CCB). We consider that the CCB represeamts
key tectonic feature of th@uyana shield. It marks the approximate limit between two entirely
distinct domains: (1) to the nortthe preserved juvenile Rhyacian (22P8 Ga) granite
greenstone terrane and Archean and Rhytadianes, partially recyed at around 2.05 Ga; and
(2) to the south, an intensely reworked domaiwliich the basement is only locally preserved
and a 1.891..81 Ga old extensive volcammiutonicmagmatism is largely dominafiraga, Reis,
Dall’Agnol, & Armstrong, 2008)

2.6 Geology of Kabofe and Jaikreek area

The location ofthe sampless plotted on the geological map of 2018 using Q#gig\re 8 -

Geological map of Suriname, produced by TNO (208xr a6s Lust Gnei sses
Marowijne Greenstone Belt includes the Paramaka Formation in several shades of green and
the Armina Formation in turquoi¢#), theKabel Tonalite in dark reg), the Bakhuis Granulite

Belt in violet(3), the Cauaran€oeroeni Gneiss Belt in bli{é).. The Kabofeand Jaikreekrea

is underlain byJnit 43; Biotite tonalite, Unit 24; Biotite granite and not to forget the important

Unit 42; migmatitic biotite gneiss and orthopyroxelpearinganp hi bol i t e ( Sar ads
and dolerites
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Figure9-The geol ogi cal map 2018 of Suriname zoor

showing the sample locations.

3. Methodology

3.1 Literature study and previous work

The initial phase of this study focused on examining past work and reports fronnl1®@&4
study areaThis entailed obtaining thin sections from 18#0 6 Ia Chapter 4, the outcomes of
past research will be provided for comparison.

3.2 Petrographic analyses

A total of 30 thin sectionghat wassampled by the GMIn the 190 6 sasexamined.These
thin sections were analyzed usirg petrographicmicroscope at theseological Mining
Department (GMD)and the LeicaDM750P petrographic microscope at the Anton De Kom
University. The petrographic description has been made for the textdrenaeralogy. Six
thin sections ofaikreek(AG and EP seriesand twentyfour thin sections for the Kmfe area
(JK series)Thesesamples were selected on the basis of previous descriptions byligbHlse

of their possible indication of metamorphic grade.

4. Results

Petrographic observations on mineral composition and textures are summarized in a table for
each thin section. For each sample, a summary of the petrographic observations is provided

a table. For metamorphosed rocks and unmetamorphosed rocks, petrographic observations are
used to provide preliminary interpretations of the protolith and rock typete table below,

the thin sections are labeled withitheorresponding rock names.

Rock name Thin Section #
Amphibolite AG-109
AG-117
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JK 1583
JK 1592
JK 1674
Sillimanite gneiss EP-643

EP-644

Garnetmuscovite AG-142
biotite gneiss AG-161

JK 1605
GarnetBiotite gneiss| JK 1589

Hornblendebiotite JK 1573
gneiss
Biotite gneiss JK 1582
JK 1585
Migmatitic gneiss JK 1612
JK 1599
Talc schist JK 1600
Dolerite JK 1575
JK 1603
JK 1604
Felsicigneousrock | JK 1574
JK 1579
JK 1591
JK 1609
JK 1663
JK 1664
Pegmatite JK 1577
JK 1671
JK 1678
Weathered bauxite | JK 1586
Tablel- Thin Section with the rock name

4.1 Amphibolite
Table2 - Summary of petrographic observations of-A@. Percentages are estimated.
AG-109

Plagioclase 29 -Granoblastic Cpx amphibolite
Microcline 8 plagioclase

Clino-Pyroxene 21 -Poikiloblastic cline

Hornblende 12 pyroxene

Tremolite 14 -Primary

Chlorite 11 metamorphic

Epidote 4 hornblende

-Clino-pyroxene
partly converted

AG-109 contains the minerals plagioclasgcrocling clino-pyroxene, hornblende, tremolite,
epidote, chlorite and opaque. The clinopyroxene is partly converted to green amphibole,
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actinolite or hornblende, at the eddEgure10 - Petrographic images of AG09 a)On theRight

the convesion of Clinopyroxene is observed Rlane Polarized Light PPL b) Crossed Polarized Light
XPL.a, b) A granoblastic texture of the mineral plagioclase was observed. Granoblastic texture
is the typical equigranular texture formed in metamorphic rocks when grains mutually adjust
their boundaries in the solid state in an attempt to achieve teggudibrium. The minerals

do not show a strong tendency to develop their characteristic crystal shape, but are equant, with
fairly uniform grain size and straight or smootlalyrved boundaries. The type of granoblastic
texture is nodular, results from tigeowth of oval- shaped porphyroblas{élex Strekeisen,

2020) Big poikiloblastic clinepyroxene that is covertingto tremolite, a silicate mineral and
member of the amphibole group. Poikiloblastic texture describes porphyroblasts which are
riddled with finer grained inclusions of other minerals. Primary metamorphic hornblende was
also present in this thin section.

Figure10- Petrograpic iages of AG09 a)On theRight the conveson of Clinopyroxene is observed
in Plane Polarized Light PPL b) Crossed Polarized Light XPL.

Table3 - Summary of petrographic observations of-A¥.Percentages are estimated.
AG-117

Plagioclase 23 -Granoblastic Cpx amphibolite
Quartz 11 plagioclase

Clino-Pyroxene 14

Epidote 8

Hornblende 25

Chlorite 15

AG-117 mainly contains plagioclase, hornblensimall quartz, clingpyroxene, hornblende,
epidote, chlorite. Lesser amounts of quartz, epgooxene, epidote, chloriie present. Cline
pyroxene is partlgonverted. The granoblastic texture with the nodular type is pr@Sgnte
11 - Petrographic images #{G-117 a) Plane Polarized Light PPL b) Crossed Polarized Light)XPL.
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Figure 11 - Petrographic images AAG-117 a) Plane Polarized Light PPL b) Crossed Polarized Light
XPL.

Table4 - Summary of petrographic observations of JK 1383 centages are estimated.
JK 1583

Quartz 10 -Hornblende Amphibolite
Plagioclase 13 relatively oriented

Epidote 5 -Good two direction

Hornblende 62 cleavage hornblende

Chlorite 8

JK1583 mostly contasplagioclase and hornblende. Lesser amounts of epidote, quartz, and
chlorite are found. When it comes to grain size, almost all of this thin section is heterogeneous.
The hornblendes are relatively orient&tie hornblende shows good in two directions {110
cleavage, they are at nearly obtuse angles (124° with 56°), and in one direction for longitudinal
section(Figurel2- Petrographic images of JK1583 a) Crossed Polarized LightoXPlane Polarized

Light PPL). Sections parallel to (10®hich display no cleavage since both cleavages are at too
acute an angle to the section to be visible. JK1583 is characterized as an amphibolite based on
metamorphic mineral content and mostly a weak alignment of minerals.

TN ‘
= YES

Figure 12- Petrogrphfc images of JK1583 a) Crossed Polarized Light XHRlane Polarized Light
PPL
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Table5 - Summary of petrographic observations of JK 1592. Percentages are estimated.
JK 1592

Quartz 10 -Granoblastic Amphibolite
Plagioclase 10 structure

Hornblende 40 -fairly uniform grain
Clino-pyroxene 24 size

Chlorite 16

JK1592 is mostly contains hornblende and clayooxene.The striking dark green color
indicates hastingsite hornblendBesides those there are quartz, plagioclase and chlorite
crystalspresent in smaller amounts. Granoblastic structure is observed in anoth@igzoae

13- Petrographic images dK1592a) Plane Polarized Light PPL b) Crossed Polarized Light)XPhe
minerals do not show a strong tendency to develop their characteristic crystal shape, but are
equant, with fairly uniform grain size and straight or smoethiyved boundarie§Waters,

1997) This thin section is classified as an amphibolite due to its metamorphic mineral
composition and generally weak mineral alignment.

Ay
. 4,
P

Figure 13- Petrographic images afK1592a) Plane Polarized Light PPL b) Crossed Polarized Light
XPL

Table6 - Summary of petrographic observations of JK 1674. Percentages are estimated.
JK 1674

Quartz 8 -hornblende Cpx Amphibolite
Plagioclase 14 converting into

Hornblende 36 epidotequartz worm

Clino-pyroxene 21 like alteration

Epidote 8

Chlorite 9

JK1674 mainly contains hornblende, clipgroxene and plagioclase. Epidote, chlorite and
small quartzrystalsare present in lesser amounts. Observed in one part of the thin section is
hornblende converting into epided@artz wormlike alteration(Figure14 - Petrographic images

of JK1674 a) Crossed Polarized Light XPL b) Plane Polarized Light),Pflis due to the
metamorphism.
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Figure 14 - Petrographic images of JK1674 a) Crossed Polarized Light XPL b) Plane Polarized Light
PPL

4.2 Sillimanite gneiss
Table7 - Summary of petrographic observations of&F3.Percentages are estimated.

EP-643

Plagioclase 17 -Fibrolite expresses Sillimanite gneiss
Quartz 33 gneissic bands

Biotite 14 - Deformaton

Muscovite 8 twinning in biotite

Fibrolite 6 - gneissic bands

Sillimanite 11

Chlorite 9

Fibrolite,variety of sillimanite, is the most notable mineral found iR@B. Besides fibrolite,

this thin section is mainly composed of biotite, muscovite, quartz, and plagioclase. The biotite
grains are light colored due to low titaniucontent. The biotite also shows deformation
twinning. Basal sections of sillimanite also pres@igure 15 - Petrographic images of E643
a)Fibrolite in Plane Polarized Light PPL b) Fibrolite in Crossed Polarized Light XPL c)Sillimanite
crystals in Plane Polarized Light POL Basal sections are almost square and have cleavage
paralkl to the long axis. EB43 is characterized by gneissic bands, which are predominantly
expressed by fibrolitéFigure15- Petrographic images of E843 a)Fibrolite in Plane Polarized Light
PPL b) Fibrolite in Crossed Polarized Light XPL c)Sillimanite crystals in Plane Polarized Ligat PPL
b). Furthermore, muscovite and biotite anengtimes intergrown. The intergrown character of
muscovite and biotite indicates that they are stable together.
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Figure 15 - Petrographic images of EB43 a)Fibrolite in Plane Polarized Light PPL b) Fibrolite in
Crossed Polarized Light XPL c)Sillimanite crystals in Plane Polarized Light PPL

Table8 - Summary of petrographic observations of&R}. Perentages are estimated.
EP-644

Quartz 33 -Sillimanite Sillimanite gneiss
Biotite 26 inclusions in chlorite

Sillimanite 8 and biotite

Chlorite 15 -pleochroic halos in

Apatite Accessory biotite

Zircon Accessory

This thin section contains quartz, biotite, sillimanite, and chloAgatite is an accessory
mineral. Basal sections of sillimaniteystals show cleavagPieces of sillimanite inclusions in
chlorite crystalsBiotite shovs little preferred orientation. Also, there are sillimanite inclusions
in the biotite crystalsHigure16- Petrographic images of B84 a) sillimanite inclusions in the biotite
in Plane Polarized Light PPL IBleochroic halogn Plane Polarized Light PPL &jrcon in Crossed
Polarized Light XPLa, b). The biotite contains pleochroic haswmsund the zircon&Figure 16 -
Petrographic images of H4 a) sillimanite inclusions in the biotite Plane Polarized Light PPL b)
Pleochroic halog Plane Polarized Light PPL &jrcon in Crossed Polarized Light XPh).
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Figure 16 - Petrogaphic images of EB44 a) sillimanite inclusions in the biotite Plane Polarized
Light PPL b)Pleochroic halosn Plane Polarized Light PPL &ircon in Crossed Polarized Light XPL

4.3 Garnetmuscovite-biotite gneiss
Table9 - Summary of petrographic observations of-AM2. Percentages are estimated.

AG-142

Plagioclase 33 - (chloritized) Garnet muscovite
Quartz 19 biotite-rich bands biotite gneiss
Microcline 6 -sericite alteration in

Biotite 17 plagioclase

Muscovite 8 -Microcline crossed

Chlorite 5 hatch twinning

Garnet Accessory -opaque mineral

Pyrite Accessory converted to iron

Apatite Accessory oxide.

In this thin section plagioclase, biotite, quaatzd muscovite make up the majority of the
mineral assemblage. The apatdarnetand the pyrite are accessory minerals. Biotite is low in
titanium and is sporadically altered to chlorfiégure 17 - Petrographic images of A®42 a)
opaque mineral is converted to iron oxidé’lane Polarized Light PPL b) Crossed Polarized Light XPL
c) Garnet crystal irPlane Polarized Light PP&, b). Most of the biotite are chloritizeBiotite
shows preferred orientation. The chlorite crystals have a berlin blue interference aalsse@
hatch twinning which is microcline. An opaque mineral is converted to iron oxigiaré17 -
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Petrographic images of AB42 a)opaque mineral is converted to iron oxidePlane Polarized Light
PPL b) Crossed Polarized Light XPL @arnet crystal ifPlane Polarized Light PP&). The previous
mineral could be a pyrite. This explains why thgaque mineral is dark brownish in XPL.
Plagioclase seems to have small parts of sericite alterafi@use(17 - Petrographic images of
AG-142 ajppaque mineral is converted to iron oxidélane Polarized Light PPL b) Crossed Polarized
Light XPL c)Garnet crystal ifPlane Polarized Light PP).

L 5 e i =

Figure 17 - Petrographic images of AG42 a)opaque mineral is converted to iron oxideRtane
Polarized Light PPL b) Crossed Polarized Light XPLGgrnet crystal irPlane Polarized Light PPL.

Table10- Summary of petrographic observations of-A&l. Percentages are estimated.
AG-161

Plagioclase 27 -biotite preferred Garnet muscovite
Quartz 19 orientation biotite gneiss
Biotite 17 -metamorphic

Muscovite 12 foliation present

Chlorite 8

Garnet Accessory

Apatite Accessory

Zircon Accessory

The main mineral assemblage in A®1 is plagioclase, quartz, biotite, muscovite. &pielote
and chlorite are in smaller amounts. Apatgarnetand zircon are accessory miner&stite
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shows little preferred orientation. These are also more attached togyaingtwhich indicates
that there is a change or transition. They are eedlbg plagioclase and quartz crystals. A light
metamorphic foliation is present. Garnet crystals are enclosed by biotite.

Figure 18 - Petrographic images of AG61 a) Plane Polarized Light PRhowing garnet and biotite
in plagioclase and quartz matrtX) Crossed Polarized Light XPL.

Tablel1l1- Summary of petrographic observations of JK 160 centages are estimated.
JK 1605

Quartz 31 - biotite little Garnetmuscovite
Plagioclase 24 preferred orientation biotite gneiss
Muscovite 12

Biotite 13

Epidote 8

Chlorite 8

Garnet Accessory

This thin section mostly consists of quartz, plagioclase, muscovite and biotitesskr
guantities are epidote and chlodted garnet is an accessory mingabtite ishighin titanium,
as seen by itdark brown color The biotitecrystalsshow little preferred orientatiomiotite
and muscovite are surrounded by felsinerals.
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Figure 19 - Petrographic images of JK1605 a) Plane Polarized Light BRawing garnet, biotite and
muscovite in feldspar and quartz mathbx Crossed Polarized Light XPL c) Crossed Polarized Light
XPL of epidote in feldspar and quartz matrix

4.4 Garnet-biotite gneiss
Table12- Summary of petrographic observations of JK 158&centages are estimated.

JK 1589

Quartz 31 -Myrmekite Garnet Biotite
Plagioclase 20 intergrowth gneiss
Microcline 10 -crosshatched

Epidote 8 twinning microcline

Chlorite 12

Biotite 10

Titanite Accessory

Apatite Accessory

Zircon Accessory

Garnet Accessory

JK1589 contains quartz, plagioclase, microcline, biotite, chlarigepidote. Titanite, apatite
and zircon are accessory minerals. Giustshed twinning present, indicating microcline (k
feldspar).The biotitecrystalshave brown color due to the titanium content. Myrmekite texture
presentigure20-d). Myrmekite is a vermicular (woriiike, symplectic) intergrowth of quartz
and sodic plagioclase (generally oligoclase), formed by replacemenrfietddpar, typically in
deformed granitic acks (Vernon, 2004) Zircon, showing very high relief and higinder
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interference colors, is found in the form of small crystals included in a plagicaigstal
(Figure20-c).

Figure 20 - Petrographic images of JK1589 a) Crossed Polarized Light XPL b) Plane Polarized Light

PPL of biotite, epidote and garnat feldspar and quartz matrig)Zircon in Crossed Polarized Light
XPL d) Myrmekite intergrown init@ssed Polarized Light XPL.

4.5 Hornblende- Biotite gneiss
Tablel13- Summary of petrographic observations of JK 1573. Percentages are estimated.

JK 1573

Quartz 37 -Preferred HornblendeBiotite
Plagioclase 5 orientation (foliated) gneiss

Epidote 8 -Compositional

Hornblende 10 bandswith

Biotite 15 (chloritised) biotite

Chlorite 10 rich bands

Titanite Accessory

This thin section contairtguartz, epidote, hornblende, biotite, chlorite, and plagioclasmite

iSs an accessory mineréFigure 21 - Petrographic images of JK1573Taanite crystal inPlane
Polarized Light PPL b)Crossed Polarized Light XPIP&ne Polarized Light PP4). Compositional
gneissic bands were found on JK1573. This gneissic layering is characterized primarily by
biotite grains oriented along a preferred orientation. The biotite in this thimsestmostly
chloritized seen by the colors they show in XHHiggre 21 - Petrographic images of JK1573
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a)Titanite crystal irPlane Polarized Light PPL b)Crossed Polarized Light XFRlahe Polarized Light
PPLD, ).

12 beagel
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Figure21- Péfrograpffib images of JK1573TaDanit
Polarized Light XPL cPlane Polarized Light PPL.
4.6 Biotite gneiss

Tablel4- Summary of petrographic observations of JK 138&centages are estimated.

JK 1582

Quartz 18 -Granoblastic  Biotite gneiss
Plagioclase 40 texture

Epidote 7 -biotite

Biotite 15 preferred

Chlorite 10 orientation

Zircon Accessory

JK1582 is primarily composed of plagioclase, quartz, and biotite. Chlaniteepidote are
present in lesser amounts. Zircon is an accessory miBeotite shovs preferred orientation.

The biotitecrystalsare brown due to high titanium content. One of the biatitgstalhas an
epidote inclusionRigure22- Petrographic images of JK1582 a) Crossed Polarized Light XPL b) Plane
Polarized Light PPla, b). Another zone of the thin section shows granoblastic amoeboid texture,
where all the grains have irregular outlines, and all the minerals are anhedral. Granoblastic
texture is the typical equigranular texture formed in metamorphic rocks when graindynutua
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adjust their boundaries in the solid state in an attempt to achieve textural equilibrium. The
minerals do not show a strong tendency to develop their characteristic crystal shape, but are
equant, with fairly uniform grain size and straight or smoethigved boundariegAlex
Strekeisen, 2020)
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Figure 22- Petrographic images of JK1582 a) Crossed olarized Liéﬁt XPL b) Plaﬁé Polarized Light
PPL.

Tablel5- Summary of petrographic observations of JK 138&centages are estimated.
JK 1585

Quartz 31 -small sericite Biotite gneiss
Plagioclase 26 alteration in

Epidote 10 plagioclag

Chlorite 5 -Preferred

Biotite 20 orientation (foliated)

Titanite Accessory

This thin section maly consists quartz, plagioclase and biotite. A lesser amount of epidote and
chlorite and titanite is an accessory mineral. Typical impingement of biotite grains is noticed.
The planes of both being shown as parallel lines. The biotite crystals are pekigreddish

brown in color and have a preferred orientatiod are strongly deformed by microfault planes
They are surrounded by plagioclase and quartz crystals. The biotite crystal has a titanite
inclusion Eigure23-c, d). Another zone of the thin section has epidote inclusion in the biotite
(Figure23-a,b). There is armall sericite alteration observed in a plagioclase crystal.
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Figure 23 - Petrographic images of JK158&) Epidote inclusion inCrossed Polarized Light XPL b)
Plane Polarized Light PPL @)tanite inclusion inCrossed Polarized Light XPL dBlane Polarized
Light PPL.

4.7 Migmatitic gneiss
Table16- Summary of petrographic observations of JK 16&centages are estimated.

JK 1612
Quartz 26 -Migmatitic structure HornblendeBiotite
Plagioclase 14 with leucosome gneiss
Biotite 18 -granoblastic
Hornblende 8 structure
Titanite 5
Epidote 8
Chlorite 11

Allanite/ Orthite Accessory

This thin section mostly consists of quartz, plagioclase and biotite. Hornblende, titanite,
epidote, and chlorite minerals are present in smaller amounts. Allanite is an accessory mineral.
There are dark brown biotitgystals whichindicates high quantities of titanium. In a zone of

the thin section granoblastic structure is observed. An epidote crystal is included in a biotite
crystal Figure24-a,b). The hornblende hashbéotite inclusion(Figure24 -e,f) and an epidote
crystal has mallanite inclusion (figure 25d). Allanite is also known as Orthite. The stiure

of allanite is similar to that of the other monoclinic members of the epidote group. It has a
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brown to black color in XPI(Figure24-d). Allanite contains a high concentration of radioactive
elements. Specific elements include uranium and thorium. Furthermore, we observed
migmatitic structure with leucosomeridure 24 -g). This indicates the transition from
metamorphic to igneous rocks in the rock cydlee migmatites are formed at temperatures
above approximately 6500
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Figure 24 - Petrographic images of JK1612 Bpidote inclgion in Plane Polarized Light PPL b)
Crossed Polarized Light XPL @&llanite inclusion inPlane Polarized Light PPL d) Crossed Polarized
Light XPL ePlane Polarized Light PPL f) Crossed Polarized Light XPL g)Plagioclase leucosome in
Crossed Plarized Light XPL.

Tablel7 - Summary of petrographic observations of JK 152centages are estimated.

JK 1599
Mineral Content Percentag Observations
Quartz 24 - gneissic structure  Biotite gneiss
Plagioclase 32 -Leucosome
Epidote 8 - Myrmekite
Chlorite 10 intergrowth
Biotite 21
Titanite Accessory

This thin seabn contains plagidase, quartz, biotite, chlorite and epidote. The titanite is an
accessory mineraBiotite has a dark brown color, due to high titanium contéhe titanite
crystals are included in chlorite and plagioclasgure 25 -a, b). Macroscopic observation of

the thin section, the presence of a leucosome is noticed, which contains plagioclase and quartz
crystals Figure 25 -d). Leucosome is a mobile, ligeblored (leucocratic) felsic material
produced in migmatization (commonly involving partial melting or anatexis) when separated
from solid mafic products of the melting reactibeucosome consists of melt or melt products,
such as crystals precipitated from the melt or from residual melt separated from precipitated
crystals; igneous microstructures are common in-deformed or weakly deformed
leucosomegVernon, 2004) The mineral composition in this thin section indicates a gneissic
rock and the leucosome points out to migmatitic rock. The name of this thin section rock is
migmatitic Biotite gneiss. Migmatites represent the transition from metanmmtphigneous

rocks in the rock cycle. The migmatites are formed at temperatures above approxima@:ly 650
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Figure 25 - Petrographic images of JK1599 a) Titanite inclution in Plane Polarized Light PPL b)
Crossed Polarized Light XPL ¢) Myrmekite intergrowth in Crossed Polarized Light XPL d)Plagioclase
leucosome in Crossed Polarized Light XPL.

4.8 Talc Schist
Table18- Summary of petrographic observations of JK 1600. Percentages are estimated.

JK 1600

Talc 58 Talc schist
Tremolite 18
Chlorite 19

JK1600 contains talc, tremolite aodlorite minerals. The tremolite mineral is identified by its
typically formed columnar and needlke crystals, with amphibole like cleavaff@gure 26 -

a). Talc wagecognizable by its interference thiodder colors, similar to muscovi{Eigure26
-b). It forms flakes or aggregates and often displays a single cleavage.
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4.9 Dolerite
Table19- Summary of petrographic observations of JK 15#centages are estimated.

JK 1575

Plagioclase 51 -Polysynthetic Dolerite
Clino-pyroxene 37 twinning and
Chilorite 10 Carlsbad twinningn
plagioclase
-Latemagmatic

chlorite-rich fill

Thin section JK1575 was found to be mainly composed of-gymoxene and plagioclase and
chlorite waspresent ira smaller amount. Furthermore, noticed is a-fagmatic chloriteich

fill (Figure27-a, b). Latemagmatic reactions relate to rocks or minerals that crystallize during
the later stages of the cooling period of a magma. Based on the mineralsgémnpand grain
size, this rock is a coarggained Dolerite which underwent metamorphism
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Figure 27 - Petrographic images of JK1575 a) Late magmatic chlaidk fill in Plane Polarized Light
PPL b) CrossedPolarized Light XPL.

Ly ¢

Table20- Summary of petrographic observations of JK 1603. Percentages are estimated.
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JK 1603

Plagioclase 33 -Polysynthetic Dolerite
Clino-pyroxene 48 twinning in
Chlorite 8 plagioclase

-Latemagmatic

chlorite-rich fill

Thin section JK1603 majorly consist clipyroxene and plagioclas€hlorite is present ima

lesser amoun®lagioclase shows polysynthetic twinninghave the compositions surfaces are
parallel to one another. Cliqgyroxene shows cleavage parallel to {110}, which intersect at
90°. A latemagmatic chloriteich fill is also visible. Latemagmatic reactions refer to the
crystallization of rocks or minemlduring the cooling phase of a magrriy\re 28 -a, b).

Similar texture observed as in JK1575 and the rock type is also the same. JK1575 also contain
alkali-feldspar. This dolerite rock is also coargained.

D G R A /¥ A ., " e 2 ol !
Figure 28- Petrographic images of JK1603 a) Late magmatic ctéaich fill in Plane Polarized Light
PPL b) Crossed Polarized Light XPL.

Table21 - Summary of petrographic observations of JK 16@fcentages are estimated.

JK 1604

Plagioclase 41 -Polysynthetic Dolerite
Clino-pyroxene 38 twinning and

Epidote 5 Carlsbad twinningn

Chlorite 8 plagioclase

JK1604 is a finggrained rock, that mainly contains plagioclase and giyroxene, epidote and
chlorite are present in fewer quantities. Homogeneous grain size throughout the whole thin
section Figure29- Petrographic images of JK1604 a) Plane Polarized Light PPL b) Crossed Polarized
Light XPL c) Plagioclase phenocryst in Crossed Polarized Light XPlh). However, presence of
plagioclase phenocrystee observed. Phenocrysts often have euhedral forms, either due to
early growth within a magma, or by pesnplacement recrystallizatioRigure29 - Petrographic
images of JK1604 a) Plane Polarized Light PPL b) Crossed Polarized Light XPL c) Plagioclase
phenocryst in Crossed Polarized Light X@L.Based on the mineral content this rock is a-fine
grained dolerite rock.
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Figure 29 - Petrographic images of JK1604 a) Plane Polarized Light PPL b) Crossed Polarized Light
XPL c) Plagioclase phenocryst in Crossed Polarized Light XPL.

4.10 Felsic igneous rock
Table22 - Summary of petrographic observations of JK 1%&¥centages are estimated.

JK 1574

Quartz 10 -Sericite alteration Granite
Microcline 12 in plagioclase

Plagioclase 33

Epidote 10

Biotite 15

Muscovite 10

Chlorite 10

Titanite Accessory

Garnet Accessory

JK1574 contains plagioclase, quartz, microcline, biotite, muscovite, epidote and chlorite.
Titanite and garnet are accessory minerdlse light color platyminerals present in the
plagioclase are sericite alteratioig(re30-b, d). Sericite is a common alteration mineral of
orthoclase or plagioclase feldspars. Sericite also occurs as the fine mica that gives the sheen to
phyllite and schistose metamorphic rocks. Sericitization is frequently only developed in
plagioclase, especially in plutonic granites, and commonly alkali feldspar remains relatively
unaltered to secondary mineré®&rekeisen, 2020Metamorphic foliations are not present.
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