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Annomauyus: B ckapHe 06Hapy>KeHO 3HAUMTETbHOE KOJIMUECTBO METaJIOB, B ToM unciie W, Sn,
Mo u Cu. CrapHOBasi MMHepa/M3alus OOHapys>keHa B I0ro-3aragHoM HalpaBaeHUy OT Topona
Mmuacca, B KOHTaKTe IMOPUTOB 1 MpaMopoB CeIpocTaHCKOro Maccusa. [laHo meTporpaduye-
CKOe U reoXMMMUUeCKoe OMMCAaHMe CKAPHOBBIX MOPOZ. [IJisl reoXMMIUeCcKOro aHaau3a ¢ IoMO-
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MMPOKCEHa MpeICTaBJIeHbl PaHHEel MeTacoMaT4eCcKol cTaaueii. PeTporpamHbie M3MeHeHMUsT OT-
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Abstract: A considerable type of deposits, including those for W, Sn, Mo, and Cu, are found
in the skarn. Skarn mineralization can be found southwest of Miass City, near the boundary
between marble deposits and diorite in massive complex. We describe the Skarn’s petrogra-
phy and geochemistry in this research. For our geochemical analysis with ICP-MS, EMPA,
and X-ray spectral fluorescence analysis and petrography study, we collected samples of both
the skarn and igneous rocks in the Syrostan massive. Petrography study revealed that garnet,
epidote, amphibole, and pyroxene dominate skarn mineralization. Garnet and pyroxene min-
erals represent early metasomatic stage, indicating a prograde stage of alteration. Retrograde
alteration, is distinguished by the presence of epidote, quartz, calcite, and chlorite. The skarn is
associated with Syrostan massive, which dominant by metaluminous I-type granite and high-K
calc-alkaline series granitic rocks. In comparison to igneous rocks granite and diorite, the skarn
sample showed high enrichment in HREE. Skarn samples appeared to have higher concentra-
tions of Mo, W, Sn, Ta, and Nb than igneous rocks form the Syrostan massive. skarn minerali-
zation containing iron oxides, the Co/Ni ratios in the iron oxide (2.5 to 5.5) describe how the
hydrothermal process affects the magmatic source. Based on these findings, we propose that W,
Sn, and iron oxide mineralization may occur in skarn.

Key words: geochemistry, petrography, skarn mineralization, Retrograde alteration, hydrother-
mal process, iron oxide, Syrostan massive.
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Introduction

Skarn mineralization, characteristical-
ly formed by the contact of the carbonate-
bearing host rocks and magmatic hydro-
thermal fluids. Globally, skarn deposits
are the most essential source of significant
metals and play a crucial role in sustaina-
ble development [1 —4]. Field geology in-
tegrated with geochemical investigation is

a significant key to mineral exploration for
skarn mineralization [5—7]. The Southern
Ural is well known as a resource for the
large number of mineral deposits (e.g., Au,
Cr, Cu, and REE) [8—11].

Deposits of tungsten, lithium, copper,
molybdenum, etc., associated with mag-
matic intrusion, were revealed worldwide.
Economic metals found in skarn deposits
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include Fe, Cu, Sn, W, Pb, Zn, Ag, and Au
[12—-14].

Many studies [15—17] have found
that skarn mineralization and deposits are
widely distributed in the southern Ural.
Additionally, Skarn alteration was recog-
nized in the study area, the Southern Ural
(Miass region) in the contact between dio-
rite rocks belonging to Syrostan massive
and the Marble Deposit of the Dark King-
dom [18].

Despite, the fact that the study area
has been extensively investigated for gold
mineralization [18], very little is known
about skarn mineralization associated with
magmatic intrusions [1, 2]. Furthermore,
although numerous geochemical and geo-
logical studies of massive sulfide and gold

deposits have been carried out [8, 9, 19,
20], the geochemistry and petrography of
skarn alteration have been largely over-
looked. The main objective of this research
is to identify the geochemistry and petrog-
raphy of skarn mineralization and reveal
potential mineralization deposition of W,
Sn, Mo, and REEs. These results provide
primarily geochemical characteristics of
skarn mineralization, mineralogy, and con-
centrations of possible deposition.

Samples and Analytical Methods

Field and geological observation

The field investigation was carried out
during a field trip to the southern Ural,
Miass region, by the Department of Mineral
Development and Oil & Gas Engineering,

Fig. 1. Field images of skarn mineralization taken during the primary authors' research in the study area and
published in their work [16]: clearly shows skarn alteration on the altered wall rock and the minerals associ-
ated with it (garnet, diopside and epidote) (a); contact between diorite and carbonate in which mineralization
occur (b); skarn enrich with garnet mineral (c); carbonate-metasomatic alteration contact formed at the altera-

tion wall of carbonate rocks (d)

Puc. 1. N3o6parkeHns ckapHOBOVW MUHepanu3aLmum, rnoayyeHHble aBTopamu paHee BO BPEMS MPOBEAEHMS 10-
JIEBbIX M3bICKaHMI B palioHe MCCeRoBaHus U onybanKoBaHHble B pabote [16]: n3ameHeHHbIN ckapH B 60KOBOM
ropozge v conmyTCTBYHOLUME MUHEPasbl (rpaHat, AUONCUA, 3MUA0T) (a); MUHEPaNN30BaHHbIM KOHTAaKT AMOpUTa U
kapboHata (6); oboralLeHHbIN rpaHaToOM CKapH (B); KOHTaKTHasl MOBEPXHOCTb MEXAY KapbOHaTHbIMU U METaco-
MaTU4YeCKUMM Noposamm B GOKOBbIX M3MEHEHHbIX KapbOoHaTHbIX noposax (r)
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People's Friendship University of Russia.
Remarkably, Skarn alteration was observed
in the contact between the Marble Deposit
(Dark Kingdom) and the diorite (Syrostan
massive).

Samples were taken from the altered
wall rock (Skarnification) at the inter-
face of carbonate and granitoid intrusions
(Fig. 1, a-d). In addition to the primary
marble body, the metamorphogenic com-
plex is made up of the marble's countless
small shards that are dispersed throughout
diorite rock and encased in the form of xe-
noliths. The border between marbles and
diorites is of a mixed kind; in certain lo-
cations, it is twisting with obvious traces
of marble injection absorption by enter-
ing diorite magma. In other instances, the
boundary is smooth and straight and coin-
cides with slip joints, indicating the border
is tectonic in origin. The dike-vein com-
plex is geographically closely related to
the diorites and the marble xenoliths that
are found within them. The diorite com-
plex and marble xenoliths are partially
penetrated by microgranite veins that run
along weaker zones at the diorite and mar-
ble boundary.

They grow into narrow rims ranging
in size from millimeters to centimeters.
In some cases, skarns form in tectonically
disturbed marbles as nests and pockets
with diameters ranging from 1 to 2 m.
These are ribbon-shaped straight or bend-
ing entities that are observed in marble xe-
noliths and at their contacts with diorites.

Field investigation indicates that the
skarn alteration is dominated by epidote,
garnet, and pyroxene, suggesting an exo-
skarn edge. Besides skarn alteration, sam-
ples representing intrusion rocks have been
collected.

Analytical methods

After intensive petrographic investiga-
tion, rock samples of granitoids and two
samples of skarn was analyzed for bulk-

rock major geochemical composition.
Using a sequential vacuum spectrome-
ter (with wavelength dispersion), model
Axios mAX made by PAN Analytical
(Netherlands), X-ray spectral fluorescence
analysis (XRF) was used to measure the
content of petrogenic oxides and a few
trace elements in the samples. Principal
component analysis was performed using
the NSAM VIMS 439-RS method. To
study the chemical composition using this
technique, glassy discs were made from the
sample material by induction melting of
samples with lithium borates at a tempera-
ture of 1150 degrees C., which were ana-
lyzed in the spectrometer. Determination
of weight loss on ignition is performed at a
temperature of 1000 degrees C. according
to the NSAM methodology SIMS 118-X.
The analysis was performed at the Center
for Collective Use of the IGEM RAS (Mos-
cow, Russia).

Trace, rare and rare earth elements
(REE) contents in rock samples, from in-
trusions and one representative sample of
skarn mineralization were measured by in-
ductively coupled plasma mass spectrome-
try (ICP-MS) for the sample at «IMGRE»
lab (Russia). This experiment was appli-
ed for the detection and quantification of
rare earth elements (REE) and trace ele-
ments, using the Agilent Series 7500. Ap-
proximately 0.05 g of sample powder was
dissolved in solutions of HF + HCIO, and
then HF doped HNO, + HCl through a se-
ries of heating and evaporation stages to
produce the sample. The solution was di-
luted by a factor of 50,000 after full dis-
solution.

JXA 8100 electron probe microanaly-
sis system to determine the mineralogical
characteristic of the skarn mineralization
was used. The EMPA were performed at
VIMS, Moscow, Russia, rock forming mi-
nerals of skarn were determined. The para-
meters were 20 kv, beam current 2-108 A,
and beam size 21 pm.
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Fig. 2. A microscopic image of the related igneous rocks and skarn minerals: cassiterite and biotite are visible in
biotite granite (analyzer out) (a); cassiterite, epidote, and biotite are visible in biotite granite (analyzer in) (b);
amphibole, garnet, and opaque minerals are visible in skarn mineralization (analyzer out) (c); garnet and am-
phibole in skarn (analyzer in) (d); quartz, plagioclase, muscovite, zoisite, and garnet in skarn (analyzer in) (e);
skarn consists dominated by garnet, epidote, and calcite (analyzer out) (f); shows the contact metamorphism
between marble and skarn mineralization, marble represented by crystal of calcite and skarn by epidote and
garnet (analyzer in) (g); diopside minerals abundant in skarn (analyzer in) (h). Mineral abbreviations: Qz,
quartz; Pl, plagioclase; Ms, muscovite; Cal, calcite; Bt, biotite; Amp, amphibole; Ep, epidote; Di, diopside;
Cst, cassiterite; Zo, zoisite; Opg, opaque mineral

Puc. 2. Mukpoun3sobpakeHne CMeXHbIX ByJIKAHUHYECKUX MOPOA U MUHEPA/IOB CKapHa: KACCUTEPUT U BUOTUT, pa3-
JIN4MMble B BUOTUTOBOM rpaHuTe (BHYTPEeHHUI aHaan3) (a); KacCUTepuT, SNnuaoT M 6BUOTUT B BUOTUTOBOM rpaHu-
Te (BHyTpeHHWI aHanus) (6); amgunbon, rpaHaT 1 0rnakoBble MUHEPA/Ibl B CKAPHOBOKM MUHepann3aumm (BHeLIHUI
aHanu3) (B); rpaHat u amgubon B ckapHe (BHYTpeHHWI aHanu3) (r); KBapL, naaruokaas, MycKOBUT, LLOU3UT U
rpaHat B cKapHe (BHYTpeHHWI aHanu3) (4); CKapH ¢ npeobnagaHneM rpaHara, ¢ 3ruaoToM U KaabLMTOM (BHeLL-
HU aHanu3) (e); KOHTaKTHbIN METaMOPPU3M MexXAY MpaMOPOM U CKapHOBOM MUHepanu3aumues, Mpamop npes-
CTaB/IeH KPUCTaNIOM Ka/lbLmTa, @ CKapH — 3MUA0TOM M rpaHatoM (BHYTPEHHWI aHanu3) (k); avoncus, obuib-
HO MPUCYTCTBYIOLUMI B CKapHe (BHYTPeHHWI aHanms) (3). YcnoBHble 0603HauyeHus MyuHepanos: Qz— KBapL;
Pl— nnarvokna3; Ms— myckosut; Cal— kanbumt; Bt— 6uotut; Amp —amepumbon; Ep—snugot; Di— avoncua;
Cst— kaccuteput; Zo — omsut; Opg — 0nakoBbivi MUHepan
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The results and discussion

Petrographic investigation

of intrusion rocks and skarn

mineralization

Microgranite shows a medium- to coar-
se-grained texture and is composed pri-
marily of quartz (15-25%), alkali feldspar
(20-50%), plagioclase (20-40%), and bio-
tite (5-10%).

The biotite granite contains mainly
quartz (15-20%), plagioclase (35-55%),
k-feldspar (15-35%), and biotite (5-15%).

Leucogranite minerals are quartz (30-
35%), plagioclase (20-30%), K-feldspar
(10-15%), and biotite (0-5%). The leu-
cogranite is characterized by deformed
plagioclase lamellae, and most of the pla-
gioclase is altered.

Diorite minerals are quartz (5-10%),
plagioclase (50-55%), K-feldspar (5-10),
biotite (15-35%), and amphibole (0-5%).
Secondary minerals: chlorite, epidote, and
sericite. Most of the granitic rocks show

Table 1

accessory minerals represented by apatite,
monazite, and cassiterite (Fig. 2, a, b).
The structure of the rock is fine-grained
and hypidiomorphic.

Skarn mineralization in thin section is
characterized mainly by garnet, epidote,
pyroxene, and amphibole (Fig. 2, c-h).
The petrography investigation shows gar-
net intergrowth over epidote (Fig. 2, f).
Microcline, muscovite, clinoziosite, pla-
gioclase, quartz, calcite, and scheelite are
also present in the mineralization. Minera-
lization occasionally reveals opaque mi-
nerals. The metasomatic process results in
altered minerals in skarn mineralization.

Skarn shows different types of meta-
morphic and metasomatic minerals, sug-
gesting intensive hydrothermal activity.
Garnet and pyroxene minerals occur in
the early stage of metasomatic when mag-
ma intruded the carbonate rocks that indi-
cate prograde stage, whereas the presence
of epidote, quartz, calcite and chlorite is

Whole rock major compositions of skarn and granitoids rocks

in Dark Kingdom «Marble deposit»

CocTaBbl CKapHOB U rPaHUTOMAOB B MaccMBe MOPOA, CaraloLLMX MEeCTOPOXKAEHMUE MPpaMopa

«TemHoe koponeBcTBo» (Dark Kingdom)

Analyzed | SKT1 |SKT2| MG1 | MG2 MG3 | LG1 | LG2 | LG3 | BG1 | BG3 | D1
Sample

Rock type | karn granite diorite

Major oxides
wt. %
Na,O 0.48 | 4.01 | 529 | 489 | 494 | 598 | 5.84 | 5.63 | 442 | 5.33 | 5.34
MgO 014 | 1.75 | 0.53 | 0.46 | 0.75 | 0.19 | 0.1 | 0.08 | 0.82 | 1.65 | 3.95
ALO, 11.37 | 14.36 | 14.62 | 15.17 | 14.82 | 12.71 | 12.89 | 13.84 | 15.38 | 17.3 | 17.95
SiO, 45.85 | 47.71| 70.64 | 70.45 | 69.85 | 73.43 | 76.17 | 74.62 | 69.52 | 59.54 | 52.89
K,0 0.05 | 041 | 347 | 343 | 345 | 244 | 247 | 3.61 | 3.67 | 3.5 2
CaO 26.58 |17.33| 2.06 | 1.81 | 1.99 | 2.77 | 0.95 | 0.53 | 2.23 | 4.81 | 6.37
TiO, 0.56 | 0.46 | 0.23 | 0.22 | 0.21 | 0.02 | 0.03 | 0.02 | 0.39 | 0.66 | 1.18
MnO 0.412 | 0.139 | 0.043 | 0.037 | 0.038 | 0.015 | 0.022 | 0.007 | 0.033 | 0.093 | 0.096
Fe,O, 756 | 528 | 193 | 1.82 | 198 | 0.28 | 0.52 | 0.36 | 2.51 | 5.02 | 7.61
PO, 0.11 | 0.44 | 0.09 | 0.07 | 0.07 | 0.01 | 0.02 | 0.02 | 0.14 | 0.28 | 0.53
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principal characteristic of retrograde al-
teration [21, 22].

Geochemistry of skarn mineralization

The major elemental compositions of
skarn mineralization are summarized in
Table 1. In comparison to the relatively
high SiO, content of granitic rocks, skarn
has a low SiO, content ranging from
47.71 to 45.85 wt.%. The high CaO con-
tent of skarn (26.58 —17.33) reflects the
carbonate characteristic. Unlike granite,
which is silica-enriched with SiO, rang-
ing from (76.14 to 59.54 weight percent),
diorite has an intermediate SiO, chemi-
cal composition (52.89 weight percent).
Granitoids, a type of rock, have high total
alkalis (K,0+Na,0 = 7.34—9.24 wt.%),
moderate K,0/Na,O ratios ranging from
(0.83—0.37), and very low to low CaO
(0.53—6.37 wt.%) contents, as well as P,0,
(0.01—-0.53 wt.%) contents. Most sam-
ple’s analyses reflect a low LOI (loss on
ignition), with values ranging from 0.64
to 2.13 wt.%. In comparison to igneous
rocks, skarn mineralization has a low sil-
ica content, a high CaO content, and a low
concentration of K,O.

Granite, high-K calc-alkaline and meta-
luminous I-type granites are identified in
the Syrostan massive complex (Fig. 3, a, b).
CIWP norm for granitic rocks Table 2 dis-
plays quartz ranging from 5 to 30 wt.%,
high albite and moderate orthoclase con-
tent, ranging between 37.5 and 50.5 and
14.5 and 21.5, respectively.

Granitic samples show corundum (rang-
ing from 0 to 0.5 wt.%) < 1 in the most
granite rocks, suggesting I-type granites
that contain corundum less than 1 [23, 24].

In summary, determining the type of
granite is important for understanding their
feature [25]. Despite the skarn minerali-
zation occurs in the contact between the
diorite and carbonate rocks, many deposits
worldwide are associated with peralkaline
granite, whereas W, Mo, and Sn depos-
its are associated with metaluminous and
[-type granite [26 — 28]. However, the pre-
sence of a granitoid intrusion with skarn
mineralization at deep horizons that can
produce ore mineralization can be predic-
ted.

Skarn mineralization shows low LILE
in comparison to granite and diorite, par-
ticularly very low content of K and Sr com-

7
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Fig. 3. Plots of granite samples: SiO, versus K,O diagram [34], demonstrating the presence granitoid rocks
among the high-k calc alkaline series (a); Al saturation index A/CNK molar [Al,0,/(CaO+Na,0+K,0)] ver-
sus A/NK molar (AL,O/(Na,0+K,0)] diagram, showing the samples as metaluminous to peraluminous (b)
Puc. 3. [inarpammbl, nonyyerHbie ans 06pasios rpaHuta: szaumootHowweHne SiO, u K,0 [34], 3ameTHO AeMOH-
CTpUpytoLLIee HAIMYME MPAHUTOMUAHbIX MOPOL CPEAM BbICOKO KaMAHO-LLUENOYHbIX C/I0EB (3); MHAEKC HACbILLEHUS
Al (A)/CNK mongpHbiii [ALO/(CaO+Na,0+K,0)] & 3asucumoctn ot A/NK monspHeii (AlL,O/(Na,0+K,0)]
415 06pasLoB OT METa-aIlOMUHUEBBIX NepantoMuHueBbIx (6)
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Table 2
CIWP norm for investigated samples

Hopma katuoHos CIWP gnsa uccnenyembix 06pasLoB

MG1 MG2 MG3 LG1 LG2 LG3 BG1 BG3 D1
Mineral wt.%
Q 22.45 245 23.05 | 2595 | 31.25 | 27.01 | 24.15 5.15 0
C 0 0.23 0 0 0 0 0.5 0 0
Or 20.5 20.3 20.5 14.5 14.5 21.5 21.5 20.6 11.8
Ab 44.7 41.5 41.8 50.5 49.5 47.6 37.4 45.1 45.2
An 5.8 8.5 8 0.63 1.66 1.83 10.15 | 1294 | 19.10
Di 2.4 0 0.59 1.02 0.53 0.43 0 5.57 3.85
Wo 0 0 0 4.89 0.92 0.03 0 0 0
Hy 0.2 1.14 1.594 0 0 0 2.04 1.53 1.67
ol 0 0 0 0 0 0 0 0 4.47
Il 0.09 0.07 0.08 0.03 0.04 0.02 0.071 0.3 0
Hm 1.9 1.82 1.98 0.28 0.52 0.36 2.51 5.02 7.6
Tn 0.5 0 0.41 0.008 0.02 0.03 0 14 2.89
Ru 0 0.17 0 0 0 0 0.35 0 0
Ap 0.2 0.16 0.16 0.02 0.05 0.05 0.33 0.66 1.25
Py 0 0 0 0 0 0 0 0 0.16
Sum 98.9 98.4 98.11 | 97.85 | 99.02 | 98.73 | 99.13 | 98.20 | 98.02

pared to granite rocks (Fig. 4, a), indicat-
ing high mobility of these elements during
the metasomatic process and the forma-
tion of new minerals [29, 30]. Investigated
skarn samples contain concentrations of
Ta of 2.4 and 2.3 ppm, while Hf concen-
trations in skarn are 2.7 and 2.5 ppm, re-
spectively, higher than the concentrations
of these elements in diorite and granites
(Fig. 4, b). These findings suggest a high
content of HSFE in skarn mineralization in
comparison to granite rocks [31], but less
than HSFE in diorite.

On the plot of REE primitive mantle in
granite, diorite, and skarn (Fig. 4, c), the
studied samples show LREE enrichment
in granite and diorite samples relative to
skarn.

On the contrary, investigated samples
display HREE enrichment in skarn rela-
tive to diorite and granite samples.

Several factors influence the behavior
of trace and rare earth elements (REE) in
skarn mineralization, including fluid com-
position and temperature, host rock min-
eralogy and chemistry, and metamorphism
degree. Depending on the metamorphic
conditions, REE can be enriched or de-
pleted in skarn minerals and host rocks.

The concentration of Nb in skarn mi-
neralization ranges from 25 to 27 ppm,
while diorite has a concentration of about
21 ppm and granitic rocks have a concen-
tration of 9—15 ppm. indicating the pres-
ence of high Nb anomalies in skarn.

Sr, K, Rb, and Ba have low concentra-
tions in skarn comparing to igneous rocks,
indicating that these elements are highly
mobile during fluid-rock interaction and
mineral precipitation.

Trace element concentrations such as
Cu, Pb, and Mo in skarn mineralization
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Fig. 4. Plot of trace and rare elements of skarn and granite samples shows the different concentration of K
and Sr (a); displays various concentration of Hf and Ta (b); spider plot of REE primitive mantle demonstrate
concentration of HREE & LREE in granites and skarn mineralization [35] (c); shows high concentration of
W & Sn in skarn samples relative to granites (d). Abbreviations: BG, biotite granite; LG, leucogranite; MG,

microgranite; D, diorite; SKT, skarn

Puc. 4. lNpumecHbie u peskue 31eMeHTbI B 0bpa3Lax ckapHa v rpaHuTa: KoHueHTpaumum K v Sr (a); KoHueHTpa-
umm Hf u Ta (6); anarpamma-nayk npuMUTUBHON MaHTUU P33, AeMOHCTpUpYoLLas KOHLUEHTPaLMU TSXEeNbIX U
JIerkux penko3emesibHbIX METan10B B PaHNUTax U CKapHOBOU MuHepannsaumu [35] (B); Bbicokue KOHLEeHTpaLum
W 1 Sn no cpaBHeHuto ¢ rpaHUToM B 06pa3uax ckapHa (r). YcnosHbie 0603HauyeHus: BG — 6UOTUTOBbIN FpaHUT;
LG — nevikorpanut; MG — mukporpanut; D — anoput; SKT — ckapH

are low in comparison to igneous rocks,
indicating that these elements are mainly
concentrated in the mineral assemblages
governed by fluid chemistry, temperature,
and pressure during skarn formation, in-
cluding sulfides like pyrite, chalcopyrite,
and sphalerite.

W concentrations in skarn investigated
samples ranged from 0.35 to 0.37 ppm,
with Sn concentrations ranging from 6.3
to 6.6 ppm. whereas the concentration
of W in igneous rocks ranges from 0.09
to 0.11 ppm, and the concentration of Sn
ranges from 2.7 to 3.7 ppm. However, the
concentration of Sn in diorite is 5 ppm.
The skarn samples investigated display
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high W and Sn concentrations relative to
granite and diorite (Fig. 4, d). These re-
sults indicate the possibility of W and Sn
in skarn mineralization [32, 33].

Because of their preferential incorpo-
ration into specific minerals during meta-
morphism, REE are generally enriched in
skarn minerals such as garnet, epidote,
vesuvianite, and titanite compared to host
rocks. The chemistry of the fluids, which
tend to transport REE into skarns, where
they are incorporated into new minerals,
largely controls this behavior.

The geochemistry of skarn minera-
lization in the contact with diorite in the
Syrostan massive would provide valuable



Table 3

Trace and other rare elements concentration in skarn and rocks
KoHueHTpauum npumecHbIX u apyrux peaKmx 3n1eMeHTax B CKapHax M Apyrux nopoaax

Sample SKT1 SKT2 BG1 LG1 MG1 D1
Trace & REE ppm

K 438 447 38103 20671 29 248 18 391
Ti 3234 3267 2812 130 1278 7355
Be 11 1.3 2.6 31 14 2
Sc 5.7 5.4 3.4 0.47 1.8 10
\% 299 287 39 3.7 18 115
Cr 8 9 6.8 <1,0 3.2 149
Co 5.6 5.3 5.2 0.64 2.5 24
Ni 15 13 5.9 2 2.7 56
Cu 15 13 27 19 13 123
Zn 39 35 53 3.6 43 93
Ga 30 28 24 12 21 24
As 16 14 18 6 9 28
Se 8 6 <0,5 <0,5 <0,5 31
Rb 0.7 0.6 82 36 68 58
Sr 268 265 720 183 757 1307
Y 34 32 10 7 9 19
Nb 27 25 15 13 9 21
Mo 5.7 5.3 9 11 7 7
Ag 0.35 0.29 0.41 0.16 0.56 0.73
Cd 1.5 1.2 <0,05 <0,05 <0,05 0.07
Sn 6.6 6.3 3.7 3.3 2.7 5
Sb 0.17 0.15 0.17 0.17 0.12 0.12
Te <0,3 <0,3 <0,3 <0,3 <0,3 <0,3
Cs 0.05 0.04 15 0.33 11 1.3
Ba 57 53 1150 211 1130 862
La 15 14 24 8 21 82
Ce 25 22 43 13 39 144
Pr 2.9 2.7 5.2 1.7 4.1 16
Nd 11 9 18 5.5 14 51
Sm 3.2 31 31 14 2.4 8
Eu 1 1 0.9 0.26 0.8 2.1
Gd 4.3 4.2 2.7 14 2 6
Tb 0.8 0.7 0.44 0.21 0.31 0.8
Dy 4.5 4.3 2.1 1.4 1.6 4
Ho 1 1 0.39 0.26 0.32 0.8
Er 3.2 31 11 0.7 0.9 2
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Tm 0.49 0.47 0.14 0.14 0.13 0.26
Yb 3.4 3.2 11 0.9 0.9 1.7
Lu 0.55 0.53 0.15 0.14 0.13 0.25
Hf 2.7 2.5 17 11 24 2
Ta 24 2.3 17 24 13 13
W 0.37 0.35 0.1 0.11 <0,08 0.09
Re <0.01 <0.01 <0,01 <0.01 <0.01 <0.01
Pb 57 5.4 19 9 16 10
Bi 0.5 0.4 0.033 <0,01 <0,01 0.035
Th 5.5 53 6.2 7 6.5 11
u 3 2 1.7 0.7 1.2 17
Tl <0,01 <0,01 0.41 0.14 0.28 0.32
Zr 58 56 65 25 103 105

200pm

Fig. 5. BSE images for mineral of skarn mineralization BSE image show iron oxide minerals (a and b); BSE
image garnet-magnetite-epidote-quartz phase (c); BSE image shows the presence of epidote, quartz, and
calcite (d). Mineral abbreviations: Qz, quartz; Cal, calcite; Ep, epidote; Grt, garnet

Puc. 5. N306paskeHve ckapHOBOM MUHEPaNU3aLmMmM B OTPaXKEHHbIX 3/1EKTPOHaX: MUHepasibl OKCUAOB XKene3a (a u 6);
rpaHaT-MarHeTUT-3Mua0T-KBapLeBas ¢asa (B); 3nugoT, KBapy v KanbumT (r). YcnoBHble obo3HadeHus: Qz —
kBapu; Cal— kanbuynt; Ep—3nugot; Grt— rpaHat
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Table 4

Electron microprobe analysis of iron oxide for skarn mineralization
PesynbTaTbl 31€eKTPOHHO-30HAOBOIr0 MUKPOaHaM3a OKCHAOB Xene3a CKapHOBO MUHepanmusaLmm

Na 0.31 0 0.19 0.12 0 0.09 0.08 0.19 0.23
Mg 0.24 0.19 0.09 0.09 0.08 0.04 0 0.11 0
Al 0.18 0.12 0.6 0.04 0.02 0.07 0 0.26 0.07
Si 1.79 1.68 6.8 1.42 1.81 1.92 1.95 0.07 1.83
P 0.19 0.2 0.1 0 0 0.07 0.06 0.07 0.21
0 0.02 0.09 0.02 0 0.02 0 0.05 0
Ca 0.47 0.34 0.87 0.41 0.41 0.51 0.5 1.06 0.55
Ti 0 0 0 0 0.05 0.11 0 2.42 0
\ 0.03 0.08 0 0 0.02 0 0.03 0.52 0
Cr 0.03 0.02 0.04 0.07 0.02 0 0 0 0
Mn 0.03 0 0.07 0.06 0.05 0.12 0.19 0.11 0.05
Fe 57.72 56.4 4711 | 5474 | 55.79 | 5573 | 5428 | 61.66 | 58.15
Co 0.75 0.59 0.4 0.44 0.63 0.43 0.65 0.73 0.4
Ni 0.23 0.17 0 0.1 0.16 0.17 0 0.13 0.11
Cu 0 0 0.15 0.13 0.07 0 0 0.16 0
Zn 0 0 0.25 0.28 0 0.09 0.09 0.11 0.23
0 19.75 | 1898 | 22.65 17.9 18.59 | 18.86 | 18.35 21 19.58
Total | 81.72 | 7879 | 79.42 | 75.82 77.7 7823 | 76.18 | 88.65 814

information about mineralization, and ele-
ment concentration, in addition the geo-
chemistry of granite and diorite will im-
prove well insight related to magma evolu-
tion.

Additionally, this research is insuffi-
cient with regard to geochemical analysis
and the mineral chemistry of skarn min-
eralization. Hence, more research will be
focused on in situ major and trace element
analysis and mineral chemistry in order
to decipher the mineralization content,
metallogeny, and implications for the em-
placement of the possible mineralization
potential.

Mineral chemistry of skarn

mineralization and ore minerals

The investigation of a microprobe for
one sample of skarn mineralization re-
veals that the skarn is enriched in iron ox-

ide, most likely magnetite (Fig. 5, a, b).
These findings imply the potential for iron
oxide mineralization in the deep horizon
skarn with intrusions.

According to many research magneti-
te and iron oxide deposits are hosted in
carbonate rocks and formed during garnet-
magnetite-epidote-quartz phase, that sup-
ported by the petrography survey and mi-
croprobe analysis for the same sample, that
shows garnet, epidote, and quartz minerals
(Fig. 5, ).

In skarn mineralization containing iron
oxides, the Co/Ni ratios in the iron oxide
(2.5 to 5.5) demonstrate the hydrothermal
impact on the magmatic source. As a re-
sult, fluctuating Co/Ni ratios show inter-
actions between the magma and host rock
during repeated alteration stages [36].

Garnet and pyroxene minerals are ear-
ly metasomatic stage minerals that indi-
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cate a prograde stage of alteration. Garnet
is Al bearing andradite. The presence of
epidote, quartz, calcite, and chlorite in an
exoskarn distinguishes retrograde altera-
tion (Fig. 5, d) [37].

Conclusion

This research has studied the geochem-
istry and petrography of Skarn minerali-
zation, and the results of this investigation
show that:

1. Petrography investigation revealed
that skarn mineralization in the contact
between diorite and carbonate rocks is
dominated by garnet, epidote, amphibole,

and pyroxene. Cassiterite occurs in biotite
granite.

2. Syrostan massive contains High-K
calc-alkaline granite and I-type with di-
orite, which crossed the marble as veins
following the tectonic joints.

3. Skarn studied samples revealed en-
richment in HREE relative to LREE in
granites and diorite.

4. Skarn mineralization appeared to ha-
ve higher concentrations of Mo, W, Sn, Ta,
and Nb.

5. Co/Ni ratios in iron oxide show in-
teractions between the magma and host
rock during repeated alteration stages.
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