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ARTICLE INFO ABSTRACT

Article History The Khoud copper skarn ore deposit, located about 50 km northwest of

Eec‘?"’gfj: 2237%:3“:;?’2(2)2%3 the Taft City in Yazd province, is situated within the middle part of the

Ai\é:ie'd: 30 August 2023 UrurTlieh-Dokhtar mag_mat_ic belt. The geglogy of this_ore deposit is
dominated by upper triassic carbonate units that were intruded by an
Oligo-Miocene granodiorite porphyry. Garnet and garnet-pyroxene
skarn zones had replaced marble and limestone in the contact zone with

Keywords

the granodiorite porphyry. In this paper, *%0 and 5'3C values of calcites

Isotopic depletion from limestone (sedimentary calcite), marble (metamorphic calcite), and

C and O Stable isotopes

Skarn skarn calcite have been reported and interpreted. The data shows that
Khoud systematic depletion of 0 and *3C has occurred in the metamorphic and
Yazd skarn calcites. The skarn calcites show the highest depletion compared

to calcite in marble and limestone. Calculated models showed that this
systematic isotopic depletion in the study calcites can be attributed to a
magmatic fluid infiltration and fluid-induced decarbonation. Depletion
in ¥0 and **C of various calcite types of Khoud deposit can be explained
by magmatic fluid (5'®Ogyia = +9.0%o) that reacted/interacted with
unaltered carbonate rocks at temperatures of less than 400°C with Xcoz)
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EXTENDED ABSTRACT

Introduction

The Khoud copper skarn deposit is located 50 km
west of Yazd in the middle part of the Urmia Dokhtar
magmatic belt. This magmatic belt is known for
porphyry Cu, skarn Cu and epithermal Au ore
deposits. The study area is dominated by Mesozoic
marble and carbonate rocks that intruded a
granodiorite  porphyry and host skarn Cu
mineralization. The mineralization occurs as massive
sulfides such as chalcopyrite, bornite, pyrite and
pyrrhotite replacement within marble and skarn.
Supergene minerals occur as Cu carbonates and iron
hydroxides. The sedimentary, metamorphic,
metasomatic and Cu mineralization in the Khoud
may be representative different fluids and indicate
that the study area had experienced variable water-
rock interaction. Shieh and Taylor (1969) made the
first carbon and oxygen stable isotopes studies of
skarn systems and showed that calcite in skarn zones
(skarn calcite) was sharply depleted in 0 and *C
relative to calcites in marble (marble or metamorphic
calcite) and limestone (sedimentary calcite). In the
last few decades, the 20 and *3C data on the skarns
and carbonates of metamorphic aureoles has been
subject of many studies (for example, Shin and Lee,
2003; Boomeri etal., 2010; Orhanetal., 2011; Demir
et al., 2017). The objective of this paper is to apply
carbon and oxygen isotopic studies of carbonate
minerals in the metamorphic-metasomatic aureole of
the Khoud intrusions to understand nature of fluids
and estimate water-rock ratio by mass balance
calculation and modelling.

Method

Approximately 20 mg of powdered samples of
granite rocks were reacted in F2 gas, in a nickel tube
at 500° C for twelve hours to produce O; gas. This
gas was finally converted into carbon dioxide gas in
a graphite furnace at a temperature of 700°C and was
collected by a pump and a liquid nitrogen trap.
Approximately 20 mg of powdered calcites was
decomposed in pure phosphoric acid at 25°C and the
released carbon dioxide gas was used for isotopic
analysis. The released carbon dioxide gas was
collected in a liquid nitrogen trap. Carbon dioxide
gas was then separated from water vapor by
replacing the dry ice-acetone trap. Carbon dioxide
gas isotope measurements were performed using a

mass spectrometer using a Finnigan MAT 250 Mass
Spectrometer of the Akita University.

Results and Discussion

Silicates

The 580 values of the granodiorite porphyry range
from 11.3 to 12.8 %o (Table 2). These 5'%0 values are
higher than those of the I-type granitoids (e.g.,
Taylor and Sheppard, 1986; +8.0 to +10.0 %o). The
higher &0 values could indicate crustal
contamination in magma or direct exchanges
between granitic melt and metamorphic sedimentary
rocks (Taylor and Sheppard, 1986). The alteration
and weathering are another processes to change and
increase 5'®0 value of the granodiorite porphyry.
Maximum homogenization temperature of fluid
inclusions in garnets of the study area is 361 °C
which with pressure correction the maximum
temperature of hydrothermal fluids is 400 °C (Zahedi
et al., 2014). Therefore, the 5'%0 value of a fluid in
equilibrium with the Khoud granodiorite porphyry
can be calculated at temperature of 400 °C (according
to the fluid inclusion in garnet) and the oxygen
isotopic fractionation factor of O'Neil and Taylor

(1967) or 1000LNpiagioctase (An=30 %)
water=2.68(1000000/T?)-3.29. For granite,
A180whole rock—water is close to

A18OF'lagioclase—water (Taylor, 1978)‘ The 8180
value calculated for this fluid ranges from 8.7 to 10.2
%o (Table 2), that is in the range of a magmatic water.

Carbonates

580 and §™C values of various calcite types from
the Khoud deposit are shown in Table 3 and are
drawn in Figure 5. The 8%®0 and &*C values of
limestone calcites vary from 23.6 to 24.7 %o and 2.2
to 2.4 %o, respectively. The 580 and §*C values of
marble calcites range from 15.5 to 19.0 %o and -0.7
to 0.0 %o, respectively. The §'80 and &'3C values of
skarn calcite changes from 12.2 to 13.4 %o and -2.9
to -0.4 %o, respectively. The § 80 and &'°C vales of
the sedimentary calcites are in range of normal
marine sedimentary calcites, the marble calcites have
the lower value, the skarn calcites are strongly
depleted in & 80O relative to limestone and marble
calcites. The coupled 0-BC depletions are
observed in many skarn systems involving carbonate
(Shin and Lee, 2003; Taylor and O'Neil, 1977). The
depletions have been made by batch and Rayleigh
decarbonation and infiltration. In the skarn systems,
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5180 and & *3C depletions by batch volatilization or
decarbonation are low while &*C depletion by
Rayleigh volatilization is high. The isotopic effects
by Rayleigh volatilization are illustrated in Fig. 4.
This illustration shows trends of Rayleigh
volatilization. The & %0 and & *3C values of marble
and skarn limestones shown in Fig. 4 shift around
from Rayleigh decarbonation trends.

In fact, the large isotopic shifts in 80 and §*3C of
skarn calcites from Khoud deposit can be caused by
infiltration processes.  Significant infiltration
fluids could also cause large &0 and &'*C
depletions in skarn calcites. There are models
that can be used to express the nature and rate of
isotopic change of carbonate host rocks as a
function of progressive increase in water-rock
ratio where temperature and Xcoz are known
(Boomeri et al., 2010). These models are widely
used to interpret changes in §**0 and §:3C values
in carbonate rocks in metasomatic-metamorphic
halos, for example by (Shin and Lee, 2003). The
mass balance equations of closed and open
systems from Taylor and O'Neil, 1977 and isotopic
fractionation factors from Friedman and O Neil,
1977 for calcite-water and calcite-CO, was used to

model the isotopic variation of carbonate rocks
in Khoud deposit.

The §'80 and &'*C variation curve diagrams shown
in figure 5 are the result of interaction between the
hydrothermal solutions (§**C = -8.0 %o and 80 =
+9.0%o) and the fresh limestone (8*30=25.0 %o, 8**C
= 3%o) at temperatures of 250° to 400° C in open
systems with X(coz) = 0.02 and water/rock ratio of 0
to 100 % for calcites. Therefore, the low §**0 and
513C value of skarn calcite can be interpreted by
infiltration of the magmatic water in the calcic skarn.
The amount of §*%0 and &**C depends on several
factors such as initial isotopic composition of rock,
fluid, temperature, water-rock ratio and Xcoz). AS
Figure 5 shows the §'%0 and §'*C depletion could
mainly be caused by magmatic fluids (50 =9.0%o)
that reacted/interacted with unaltered limestone
rocks at temperatures of 400°C with Xcoz) =0.02 and
water/rock ratio of 20 to 50%.
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Fig 3. Photomicrographs in transmitted plane polarized, crossed polarized light, and reflected light (PPL, CPL, RL) of
the Khoud deposit. A: A micrite-type carbonate rock whose constituent minerals include calcite, dolomite, quartz, chert
and pyrrhotite and ilmenite (RL). The pyrrhotite and ilmenite minerals are scattered in the carbonate rocks of the Khoud
Cu skarn deposit. B: The presence of deformational calcite twinning in the marbles of its deposit (CPL). C: Coarse-
crystalline garnets that make up more than 50% of skarn rock and show oscillatory zoning and sectoral twining in
anisotropic garnets (PPL). D: skarn calcites which can be seen together with garnets in the garnet-pyroxene skarn zone
(CPL). Mineral abbreviations are adapted from Whitney and Evans (2010) (Cal: calcite, Grt: garnet, Po: pyrrhotite, llm:
ilmenite).
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Fig 4. Paragenetic sequence of Khoud copper skarn, based on paragenetic relationships and studies of inclusion fluids

(modified from Zahedi, 2014).
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Tablel. 5*80 values in the Khoud granitoid rocks and fluids in equilibrium with it.
Sample no. Location (UTM) Rock type 580smow %o 5'801id %o

756066.81 L

M-18-3 3530721.04 Granodiorite 11.3 8.7
756107.12 .

K-18-2 353072873 Granodiorite 12.8 10.2
756069.93 L

K-13 3530682.08 Granodiorite 12.5 9.9

.3}5)\.“3\5).5 @)&M‘ b‘)}fﬁ Q&T&M BE) C,.:..MK613C}81BO J'l’u" @L‘S Yy Jju\?'

Table 2. Results of 580 and §*3C values of calcite in limestone, marble, and skarn from the Khoud Cu skarn deposit.

Geographical

Sample no. location Rock type Minerals 813CppB %0 38 0smow %o
Kh-13 3755360066892.?038 limestone calcite 2.4 23.6
K-11-1 375536007?:197..7896 limestone calcite 2.2 24.7

K-14 o marble calcite 0.0 155
K-3 375535097810?;.8926 marble calcite 0.3 19.0
K-2 37553509698%.31421 marble calcite 0.7 18.5
K-1 3755360064822.1816 skarn calcite -1.6 12.6
Kh-11 3755360065534_3719 skarn calcite -0.4 134
K-17 3755360062833;.7879 skarn calcite -0.7 12.9
K-12-1 3755360063551'.4139 skarn calcite -2.3 13.2
K-1-Sk 3755360076882'_2847 skarn calcite -2.9 12.8
K-14-2 3755360066336.1157 skarn calcite -2.5 12.2
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Fig 5. Plotted values of 80 versus 8°C limestone, marble, and skarn calcites in the Khoud Cu skarn deposit.
Volatilization trends shown as straight lines (batch volatilization) and solid black curve (Rayleigh volatilization) assuming
normal calc-silicate decarbonation based on Valley (1986) method. Fractionation factors are appropriate for metamorphic
temperatures; a*3C(COz-rock) = 1.0022 and a*®0(CO,-rock) =1.006 and 1.012. Isotopic values of normal limestones and
magmatic waters are adapted from Valley (1986) and Taylor and O'Neil, 1977, respectively.
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Fig 6. Isotopic mixing curves describe the variation in the oxygen and carbon isotope values of Khoud calcites, produced
by interaction between magmatic fluid and limestone in the open system. These curves are drawn by using 4 and 6
relations at temperatures from 250° to 400°C. The curves are graduated in increments of W/R ratio (Taylor and O'Neil,
1977). The rhombus, circle, and square symbols represent sedimentary, metamorphic, and skarn calcites, respectively.

Sl (S 4 e AT ol 523 8 81C
— o Ol S Lol 33 8 e odile SL oK 3 K
o el l5a 53F sgde 3 T 5 ol b 55800 S
Slle glacadS ;58%C 5 §%0 sk 53 5L s Sui
e a5 158 53 YD VY Olje 4 S 42 5 oS
3 e 53 002300 B3 Gl S w8l Jlw 1S
— Sl a3 e Gles j3 Lo yn 00 =Y é_i;.wa\{g';'\’;.?“}}
SLo 555l alesdime G g p Sl o3ls =5 518
555 oSl sldsty &S das e O 5 O 5enST 5 0 S Il
plod 5 dmen (515 gy SSlesmle 0,8l £
315 g5 S e pulie a0 IS (51 03 S5 gla S5
g5 35 % Ol Iy Lo, (¢ Jad>) dizea Tyls |,

S (e §3) &l gualie 5 (555 55) &b gbio

CorelS gy ColS 03057 5 05 i $n) S
Sl L s Lol s 0,5 S e v S8 s
S a5k 4 ol 03 ol e K & Jlw o 0t
MQ:\;&u@)>F~~ L;u;,;;,su.;,&w\uw
JSEX(COZ):/'Y 23, a0 Y &MggT&J&
el 53 GLSL SVl ol (0 JKE) Wledd
S 35 5 O8] (ki 5 o0 Somil 4y i oS Gl S
S8 e g polie ok, e i el LS
ol 3 oKl Sl w53 5 03 8 s LS s
8 Jole e el ) tileds ) hze LSl JL
Sy50 9Kl Gl dS 5 s e s §7°C, 870 Sus
— S AT s S GlSl Jlw oS sl e

9 3180 u._:i-.w sbogypl s 28 odzsl3T CO2 (2l

DOI: https://doi.org/10.22067/econg.2023.81026.1069

\F.

Yooyl N0 095 NF Y (oolazdl L;»:L&u,:ﬁ)


https://doi.org/10.22067/econg.2023.81026.1069

3508 0 a0 Sl el dS 53 058 5 1S e a5l oS 5 o) 2 dbm Bl 56

0L 5 cual;

L g ookd Mo Jam e slacSin 5 LWL 51 Luole LSk
il 5 Il ol p 0358 Sl S Sl s i
5 oks BT 5 batd) g 5 LS g Sl SIS o SIS
ConelS) el Slasiigd D) 50 41 0kl )l endS DL S
2 odaal gl 5 AT 8 ol 487 S e sy (S
30 jpalis (Sub o il iy K 6 OT Lo i 0
s o 4 5L 53l oSS gl s dBC,
s S w5 K Sl Gl gsnl (S g Ol 3,10

b e S8 O ie el Ol BB L il 5

£33 85 5 2S5 0,0 5 4358l els sl g5 85 8
Einaudi etal., ) wsb g 4 56 0,0l 5 ad sl 0,800 Juls
e 3 GOUB! g 5 51 s STl 5 (035 polis ¢ 5 55 (1981
51 I35 Ol (g pmy K 5 LS e (5 ol 2y
@5 Rl 0238 b e edle Iols 55,8 o D50
o o i &K el o 1o (STl )5 olie Il
S S s A e e e S S s
5 ol b s (Sl gnlin § 55 53 el b OT o lacd
@35 e 3 S S s S 5 LS L o esle Jsls
s 8 slie LSl ladglone § 5 nl 53 ol 2 0O

s 5,8l glasla 5, L 0T awlis 5 (Einaudi et al., 1981) «Sle yulie 5 558 &5 slai il Lasls gl S5 ¥ S

.(Zahedi, 2014)

Table 3. Typical characteristics of metamorphic and metasomatic skarns (Einaudi et al., 1981) and its comparison with

the occurrence of the Khoud skarn (Zahedi, 2014).

Metamorphic Skarn

Metasomatic Skarn Metasomatic Skarn

Skarn types (Reaction skarn) (Infiltration skarn) Khoud Skarn
Millimeters to a Centimeters to
Scale More than meters
few meters hundreds of meters
Lithological contacts
Lithological contacts Lithological contacts (permeability control)
Control (chemical control) most  (permeability control), granodiorite). fault and

commonly limestone/shale

faults and fractures fractures

Conformity to bedding enhance bedding

Conformable, stratiform,

Conformable, stratiform

or crosscutting,
irregular, destroys
bedding

crosscutting, irregular,
destroys bedding

Bulk composition Reflects host rocks

No obvious relation to

No obvious relation to host
host rocks, exotic rocks, exotic elements
elements present present

Grossular, diopside,
feldspar, clinozoisite are

Main minerals

hedenbergite, andradite

Grossular, andradite, diopside-

hedenbergite, magnetite and

diopside, forsterite, copper sulfide minerals and

common oxide and sulfide are .
hematite are common
common
Geochemical Fo/Al <2 Fe/Al>1
characteristics of garnet ften <1 (often >v)
and pyroxene-containing (often <1) Fe/Al>2
skarns Fe/Ca <0.3 (Fe/Ca>0.3) often 0.5-1 Fe/Ca> 0.3
5'80%o Higher than 15%o Lower than 15%o Lower than 15%o
513C%o Higher than 0%o Lower than 0%o Lower than 0%o
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