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Abstract Most porphyry copper deposits worldwide contain
magnetite, hematite, and anhydrite in equilibrium with hypo-
gene copper-iron sulfides (chalcopyrite, bornite) and have flu-
id inclusions with CO,>>CHj, that are indicative of high fO,.
In contrast, the Baogutu porphyry Cu deposit in the West
Junggar terrain (Xinjiang, China) lacks hematite and anhy-
drite, contains abundant pyrrhotite and ilmenite in equilibrium
with copper-iron sulfides (chalcopyrite), and has fluid inclu-
sions with CH,>>CO, that are indicative of low fO,. The
mineralized intrusive phases at Baogutu include the main-
stage diorite stock and minor late-stage diorite porphyry dikes.
The main-stage stock underwent fractional crystallization and
country-rock assimilation-contamination, and consists of domi-
nant diorite and minor gabbro and tonalite porphyry. The country
rocks contain organic carbons (0.21-0.79 wt.%). The 5"3Cvppg
values of the whole rocks (—23.1 to —25.8%o) in the wall rocks
suggest a sedimentary organic carbon source. The §"*Cvppg
values of CHy (—28.2 to —36.0%0) and CO, (—6.8 to —20.0%o)
in fluid inclusions require an organic source of external carbon
and equilibration of their ACcop.cra values (8.2-25.0%0) at
elevated temperatures (294-830 °C) suggesting a significant
contribution of thermogenic CH4. Mineral composition data on
the main-stage intrusions, such as clinopyroxene, hornblende,
biotite, magnetite, ilmenite, sphene, apatite, and pyrrhotite,
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suggest that the primary magma at Baogutu was oxidized
and became reduced after emplacement by contamination
with country rocks. Mineral compositions and fluid inclusion
gas compositions suggest that the redox state of the system
evolved from logfO,>FMQ+1 in the magma stage, to
logfO,<FMQ as a consequence of country rocks assimila-
tion-contamination, to logfO,>FMQ in the hydrothermal stage.
Though oxidized magma was emplaced initially, assimilation-
contamination of carbonaceous country rocks decreased its fO,
such that exsolved fluids contained abundant CH, and deposited
a reduced assemblage of minerals.

Keywords Oxygen fugacity - CHy-rich fluid -
Assimilation-contamination - Baogutu reduced porphyry
deposit - West Junggar

Introduction

It is well established that porphyry copper deposits form in
association with subduction-related oxidized-type or high-
oxygen-fugacity (fO,) magmas (logfO,>FMQ+2, where
FMQ is the fayalite-magnetite-quartz oxygen buffer, Mungall
2002). Such oxidized magmas are considered to be the source
of the metals and S in the ore fluids (Hedenquist and
Lowenstern 1994; Cooke et al. 2005; Richards 2003). Hence,
these porphyry deposits are characterized by high O, minerals
(e.g., magnetite, hematite, and anhydrite) in equilibrium with
hypogene copper-iron sulfide minerals (chalcopyrite, bornite)
and hydrothermal fluids with CO,>>CH, (Kirkham and
Sinclair 1995; Mungall 2002; Cooke et al. 2005).

Though many deposits have these characteristics, there is
increasing evidence for the existence of some porphyry Cu-
Au deposits that have CHy-rich hydrothermal fluids and abun-
dant hypogene pyrrhotite, but lack primary high fO, minerals
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(e.g., magnetite, hematite, and anhydrite), such as at the 17
Mile Hill and Boddington deposits in Western Australia and
the Madeleine, Rosslan, and Catface deposits in Canada
(Rowins 1999, 2000; Smith et al. 2012). The Baogutu porphy-
ry Cu deposit, located in the West Junggar terrain (Xinjiang,
NW China), has pyrrhotite in equilibrium with copper-iron-
arsenic sulfides (chalcopyrite, pyrite, arsenopyrite) and sub-
stantial CHy4 in ore fluids (Shen et al. 2010a, b). The mineral-
ized diorite contains primary magnetite. The Baogutu is a
reduced porphyry Cu deposit (Shen et al. 2011; Shen and
Pan 2013) according to Rowins’ (2000) classification. This
study shows further that primary ilmenite, sphene, and pyr-
rhotite are present in the Baogutu deposit. In addition, we also
discovered that several other porphyry deposits in Xinjiang,
NW China, such as the Suyunhe Mo-W, Hongyuan Mo and
Tuketuke Cu-Mo deposits in West Junggar (Fig. 1b), and the
Yandong Cu deposit in the East Tianshan Mountains, contain
substantial CH,4 in ore fluids. Moreover, the Lailisigaoer and
Lamasu porphyry-skarn Cu-Mo deposits in the West Tianshan
Mountains (Xinjiang, NW China) and the Taipingchuan por-
phyry Cu-Mo deposit in Inner Mongolia (NE China) have
CHy-rich inclusions (Zhu et al. 2012). Such CHy-rich fluids
may be widespread in the porphyry Cu deposits of North
China in the Central Asian Orogenic Belt (CAOB).

Previous researchers (Ague and Brimhall 1988; Rowins
1999, 2000; Smith et al. 2012) proposed that these deposits
are formed in association with ilmenite-bearing, reduced I-
type granitoids and relatively reduced hydrothermal fluids,
i.e., at fO, values below FMQ. However, it is generally ac-
cepted that oxidized magmas promote the oxidation of resid-
ual sulfide in the mantle wedge and consequent liberation of
chalcophile elements (e.g., Mungall 2002; Richards 2003;
Cooke et al. 2005; Sillitoe 2010). It is therefore important to
determine whether or not the magmas in these systems were
reduced or oxidized to begin with, the source of the CH,-rich
fluids within them, and the cause of the low oxygen-fugacity
conditions evident in these porphyry copper deposits.

Herein we take the Baogutu porphyry Cu deposit as an
example and study its petrography, mineral chemistry, fluid
inclusion gas, and carbon isotopic compositions in an attempt
to (1) determine the source of the CHy-rich hydrothermal
fluids, (2) constrain the oxygen fugacity (fO,) of the magmas
and hydrothermal fluids, and (3) decipher the origin of the
reducing conditions in this deposit. This information is impor-
tant in the ongoing efforts to understand the range of processes
that produce large porphyry copper deposits worldwide.

Geologic setting of the Baogutu deposit
The West Junggar terrain, located in the center of the CAOB

(Fig. la), is largely comprised of Paleozoic volcanic arcs in
the north and accretionary complexes in the south (e.g., Xiao
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Fig. 1 a Schematic map of the Central Asian Orogenic Belt (Shen et al. P>
2010a) showing principal porphyry Cu deposits (/ Baogutu, 2 Tuwu-
yandong, 3 Wunuhetushan, 4 Duobaoshan, 5 Erdenet, 6 Tsagaan-
Suvarga, 7 Oyu Tolgoi, 8 Bozshakol, 9 Nurkazghan, /0 Borly, 1/
Kounrad, /2 Sayak, /3 Aktogai, /4 Koksai, /5 Taldy Bulak, /6
Kal’'makyr). b Geological map of the West Junggar, showing principal
Cu, Au, and W-Mo deposits

etal. 2008; Shen et al. 2012a, 2014). They were accreted onto
the Kazakhstan plate as the Tarim, Kazakhstan, and Siberian
plates converged (Xiao et al. 2008). The Baogutu porphyry
Cu deposit is located in the Carboniferous Kelamay arc in the
south-western part of the terrain (Fig. 1b).

The Baogutu porphyry Cu deposit has resources of 225 Mt
of ore at 0.28 wt.% Cu, 0.01 wt.% Mo, and 0.14 g/t Au (Shen
et al. 2010a). Our previous work has recognized two mineral-
ized intrusive phases at Baogutu (Shen et al. 2010a, b): the
main-stage (Stage 1) diorite stock and minor late-stage (Stage
2) diorite porphyry dikes (Fig. 2, Table 1). The composition
and occurrence of the main-stage stock varies significantly
(Shen and Pan 2013). For example, the main-stage stock has
a wide compositional range from very minor gabbro (Fig. 3a)
through dominant diorite (Fig. 3b) to minor tonalite porphyry
(Fig. 3c). These rocks are heterogeneous over a few to dozens
of meters (Fig. 2b). Some felsic micro-granular xenoliths and
heterogeneous phenocrysts occur in these rocks. The eNd
(t) values of these rocks range from 3.2 to 6.0 (Shen and
Pan 2013). The character of the elemental and Sr-Nd geo-
chemistry of the tonalite porphyry is between the diorite
and the country rocks. The main-stage stock underwent
country-rock assimilation-contamination and the greatest amount
of assimilation occurred during crystallization of the tonalite
porphyry (Shen and Pan 2013). The gabbro, diorite, and
tonalite porphyries occur in an island arc (Shen et al.
2009; Shen and Pan 2013).

The main-stage diorite stock and late-stage diorite porphy-
ry dike formed the Baogutu complex which intruded the
Lower Carboniferous Baogutu and Xibeikulasi Groups. The
Baogutu Group includes tuffaceous siltstone, silty tuff, and
felsic tuff with intercalations of andesite and pebbly
greywacke and lenses of limestone, marl, and bioclastic lime-
stone. The Xibeikulasi Group consists of greywacke with
graded bedding, tuffaceous mudstone, and tuffaceous siltstone
(Shen et al. 2013). Some carbon-bearing rocks such as argil-
laceous silty tuff, argillaceous siliceous rocks, and argilla-
ceous greywacke (Fig. 3d—f) occurred in the Baogutu and
Xibeikulasi Groups.

Main-stage host rocks underwent strong hydrothermal
alteration and host the bulk of the Cu-Mo-Au mineraliza-
tion at Baogutu. Mineralization at Baogutu is dominantly
disseminated with lesser stockwork veins and hydrother-
mal breccia. Sulfides are chalcopyrite, pyrite, and pyrrho-
tite, followed by minor arsenopyrite and molybdenite and
rare sphalerite and galena.



Miner Deposita (2015) 50:967-986 969
a
Russianj N “““Siberian Craton
Craton
\ 500km
i == ‘.
80 N\, Russia Vi
Kazakhstan S \
90 = o i
R {
1084 1213 7 i '
0a —— o Mongolia /
Balkash 14 ._ I_ ./. &
15 @1 Fig. 1b ~ "~ _ ®6 B
N2y B zsian 7 e e 10, BT ; A
Uzbekistan O 2 27 722 ®2 RRIIIEIALERS
z | VS R = i
10 OESRas e )
DCAOBCraton or micro-continent ‘.’ L d
Porphyry Cu or Cu-Mo deposit '\.
@Gold-rich porphyry Cuand Cu-Au deposit \-\
E’Skarn and porphyry Cu deposit \
b
183° [84° 185° 186°
Kazakhstan £ E
- *_*
ﬂo D m

Hebukesar
©

© Hongguleleng Fault

i
i Tacheng '

3
TT< e
S mlll“"l" ~
llill..-ll My '"iili
’

e Kelamay _
iy Junggar basin

&8 °©
/ Fig. 2 0 50km
|y~  esmesons NN
I

A== 8aog
I|II'L' o

| 84° | 85° |86°

E= ordovician [[[[[[[] Silurian[__] pevonian [ ] Carboniferous Permain [ | Jurassic

B Late Silurian and [+ ++] Carboniferous-Permian Permain [ @ | Carboniferous
Early Devonian intrusions granitoids granitoids diorite stocks

|:|Cenozoic Ophiolitic rocks lZ\Fault Au deposit/occurrence

Cu deposit/occurrence E Mo-W or Mo deposit in exploration

@ Springer



970

Miner Deposita (2015) 50:967-986

Fig. 2 a Geological map of the
Baogutu deposit. Line WEO1
shows the location of the section
shown in (b). b Geologic cross-
section along WEO1 (Shen and
Pan 2013)
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Summary description of the Baogutu complex and associated alteration, mineralization, and fluid system

Table 1

This study

Fluid system

Vein style

Minor minerals

Main minerals

Rocks/alterations

Sub-stage

Stage

Not used

H,O+minor CO,

Pyroxene, biotite,

Plagioclase, hornblende

Magma stage 1 Rare gabbro

Magma emplacement

magnetite, ilmenite,

sphene
Quartz, magnetite,

Used

H,O+minor CO,

Plagioclase, hormblende,

Dominant granular to

ilmenite, sphene

biotite

weakly porphyritic

diorite
Assimilated stage Minor tonalite porphyry Plagioclase, biotite,

H,0-CO,+minor CH; Used

Hornblende, apatite

quartz
Actinolite, albite, epidote Pyrrhotite, apatite

Used

H,0-CH,

A-type vein: Apa-Qtz, Bi-Qtz

Barren Ca-Na silicate

Stage 1A

Alteration

veinlets
Qtz-Cpy-Py, Qtz-Cpy-Py-Mo,

alteration
Potassic alteration

Used

H,0-CH,-CO,

Rutile, sphene, chlorite

Biotite, quartz

Stage 1B

Qtz-Cpy-Py, Pyr-Qtz veinlets
Qtz-Mo-Cpy, Qtz-Cpy-Py, Pyr-

Used

H,0-CO,-CH,

Phyllic alteration Quartz, sericite Chlorite

Stage 1C

Qtz veinlets

Not used

Undetected

Plagioclase, hornblende,  Quartz

Diorite porphyry

Magma stage 2

Magma emplacement

biotite
Biotite

Not used

Undetected

Qtz-Cc, Qtz-Cc-Bi-Cpy-Py

Stage 2B Potassic alteration

Alteration

Apa apatite, Bt biotite, Cc calcite, Cpy chalcopyrite, Mo molybdenite, Pyr pyrrhotite, Py pyrite, Otz quartz

Three alteration sub-stages are recognized in the main-
stage host rocks based on our previous work (Shen et al.
2010a, b) and this study (Table 1). Stage 1A is the barren
Ca-Na silicate alteration stage, which produced secondary ac-
tinolite, albite, and epidote. Only remnants of the earliest Ca-
Na silicate alteration assemblage are preserved in the diorite.
Stage 1B consists of extensive potassic (biotite) and propylitic
alteration, which formed the inner potassic alteration zone and
outer propylitic alteration zone. The dominant disseminated
mineralization and minor quartz-sulfide veins and hydrother-
mal breccia occur in the inner potassic alteration zone.
Potassic alteration is associated with most of the Cu-Au min-
eralization. Stage 1C consists of phyllic alteration (sericite-
quartz=+chlorite) and where associated hydrothermal veins
overprint Stage 1B. Phyllic alteration is associated with most
of the Cu-Mo mineralization.

Our previous work (Shen et al. 2010b) showed that most
inclusions in quartz, from all alteration sub-stages (Stage 1A,
1B, and 1C), are rich in CH4 and H,O with minor CO,
(Table 1); Stages 1A and 1B contain halite and sylvite but lack
high fO, minerals (e.g., magnetite, hematite, and anhydrite).
We estimated fluid trapping conditions at 7>400 °C and P=
1500 to 3100 bar (depth=5-10 km) in Stage 1A, 7=200 to
400 °C and P=50 to 320 bar (depth<3.2 km) in Stage 1B, and
T=170 to 400 °C and P=20 to 230 bar (depth<2.3 km) in
Stage 1C.

The SIMS (secondary ion mass spectrometry) zircon U-Pb
ages of the main-stage diorites and late-stage diorite porphyry
are 313.0£2.2 and 312.34+2.2 Ma, respectively (Shen et al.
2012b). Molybdenite, formed in the main stage, yielded an
Re-Os mean model age of 310+3.6 Ma (Song et al. 2007)
and 312.4+1.8 Ma (Shen et al. 2012b).

Analytical methods

Samples used in the study were collected from eight diamond
drill holes (Fig. 2a) within the least altered diorite and hypo-
gene alteration zones (phyllic and potassic) from the main-
stage stock (Table 1). Some samples of the wall rocks of the
Baogutu group were also selected from the area near to the
Baogutu intrusion. Over 200 polished thin sections were stud-
ied using transmitted and reflected light microscopy. Analyses
were undertaken at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing.

Whole-rock major element analysis

About ten host rocks and five carbon-bearing wall rocks at
Baogutu were selected for whole-rock major element analysis.
Major elements were determined by x-ray fluorescence
(Shimadzu XRF-1700/1500) after fusion with lithium
tetraborate using Chinese national standard sample

@ Springer
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Fig. 3 a Gabbro; b diorite; ¢
assimilated diorite or tonalite
porphyry; d greywacke; e carbon-
bearing argillaceous silty tuff; f
carbon-bearing argillaceous
siliceous rocks, showing sponge-
spicule fossil; g back-scattered
electron (BSE) images of
siliceous rocks, showing carbon
material grains; h BSE images of
siliceous rocks, showing carbon
material veinlets. Cpx
clinopyroxene, Hb/ hornblende,
Bt biotite, P/ plagioclase, Oz
quartz, Or K-feldspar, Mt
magnetite, //m ilmenite, R? rutile,
Cpy chalcopyrite, Py pyrite, Po
pyrrhotite, Apa apatite, Sph
sphene

GBWO07101-07114. The precision was better than 1 wt.% in
the analysis range. Loss on ignition was measured as weight
loss of the samples after 1 h baking at a constant temperature
of 1000 °C [Electronic supplementary materials (ESM) 1, 2].

Whole-rock carbon isotopes and organic carbon contents
Ten carbon-bearing rocks of the Baogutu Group in the
Baogutu area were selected for chemical analyses. The carbon

isotopic compositions of four whole-rock samples were deter-
mined on a MAT253 isotope ratio mass spectrometer by

@ Springer
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conventional off-line methods using pure phosphoric acid.
Isotope compositions are expressed as 8'°C relative to
VPDB (Table 2). Analytical uncertainties for C isotope com-
positions are all better than 0.2 %o. Ten whole-rock total car-
bon contents were determined by high-temperature combus-
tion using an elemental analyzer (EA3000, Leeman
Company). Organic carbon contents were determined on
splits of each sample that were subjected to multiple acid
treatments, including exposure to concentrated HCI fumes
followed by additions of 10 % aqueous HCI. These treatments
were undertaken on pre-weighed samples in silver holders,
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Table2 Carbon contents (wt.%) and C isotopic data of wall rocks from
the Baogutu group

Samples Rocks Organic Inorganic  §'°C
carbon  carbon

Z7K4-1-7  Argillaceous silt tuff 041 0.14 —25.8

Z7ZK4-1-14  Tuffaceous siltstone 0.49 0.16 -23.1

Z77K4-4-21 Argillaceous siliceous rock  0.47 1.2

Z7ZK4-4-27 Tuffaceous siltstone 0.42 0.31 —252

Z77K4-4-30  Argillaceous siliceous rock  0.62 143 —25.8

BT21-3 Argillaceous silt tuff 0.24 0.6

BT22-3 Argillaceous silt tuff 0.79 0.48

BT50-3 Argillaceous silt tuff 0.21 0.45

BT51-1 Greywacke 0.28 0.21

BT52-2 Greywacke 0.58 0.16

which, after oven drying, were wrapped in tin holders and
analyzed by high-temperature combustion using the elemental
analyzer. Inorganic carbon contents were determined as the
difference between the total carbon and organic carbon con-
tents (Table 2).

Electron probe microanalyzer (EPMA)

Three polished thin sections (including the argillaceous silty
tuff and argillaceous siliceous rock) were studied by EPMA.
Polished thin sections were coated with gold rather than car-
bon for analysis. Back-scattered electron (BSE) images and
the chemical compositions of the materials were acquired
using a JXA-8100 with a voltage of 15 kV, a beam current
of 20 nA, and a spot size of 1-3 pm.

More than 20 polished thin sections (including the least-
and strongly altered rocks) were studied using EMPA. They
were coated with carbon for analysis. BSE images and the
chemical compositions of clinopyroxene, hornblende, biotite,
magnetite, ilmenite, sphene, and apatite were acquired using
the same JXA-8100 under the same analytical condition. The
sulfide compositions were analyzed using a Cameca SX-51
with a voltage of 20 kV, a beam current of 15 nA, and a spot
size of 1 um. Representative mineral analyses from these
minerals are given in ESM 3—13.

Laser Raman spectroscopy

Twelve samples of diorite with various vein types from vari-
ous depths were collected for analyses. The shape, size, and
phase content of fluid inclusions within the quartz crystals
were examined under a microscope. Most inclusions analyzed
in this study were between 4 and 6 pum in diameter. The gas
species in single inclusions were analyzed using a Renishaw
1000 Raman micro-spectrometer according to Burke’s (2001)
method. A laser beam with a wavelength of 514.5 nm and a

spot size of about 1 wm was focused on the bubble in each
fluid inclusion using a transmitted light microscope. Peak
areas for CO,, CHy, and H,O at about 1281 and 1386 cm ',
29142916 cm™', and 3500 cm ™', respectively, were used to
calculate fluid compositions.

Quadrupole mass spectrometry

Bulk analyses of gas extracted from 12 samples of vein quartz
were conducted using a Prisma™ QMS200 quadrupole mass
spectrometer. Samples weighing 50 mg were washed, dried,
and put in a clean quartz tube on the vacuum inlet system.
Samples were baked at 100 °C to remove adsorbed gases on
the mineral surfaces. When the pressure in the quartz tube was
less than 6x 10~ Pa, samples were heated to 550 °C at a rate
of 1 °C/3 s. Details of the analytical procedures can be found
in Zhu and Wang (2000). The results are given in Table 3.

Stable isotope mass spectrometry

To determine the source of carbon in the fluid inclusions, the
carbon isotopic compositions of the extracted CH4 and CO, in
the fluid inclusions of 11 quartz samples were determined.
Fluid components were extracted from fluid inclusions in
the quartz by heating the sample under vacuum at 600 °C
for 15 min and passed through a dry ice+ethanol cold trap
under vacuum to remove H,0O. The mixed gases passed
through a liquid N, cold trap to freeze CO, that was then
collected by heating. The remaining gases (CH4+N,) were
also sampled and then oxidized by reaction with CuO at
780 °C. The reacted gases (CO,+H,0+N,) passed through
a dry ice+ethanol cold trap and then a liquid N, cold trap
under vacuum to obtain pure CO,. Both pure CO, gases
representing the CO, and CH,4 carbon composition of fluid
inclusions were analyzed on a Finnigan Delta S mass spec-
trometer. Isotope compositions are expressed as 5'>Cco, and
8'3Cpq relative to VPDB. The analytical uncertainties for the
C isotope compositions are all better than +0.2 %o. For more
on the experimental procedures, see Li et al. (2014).

Results
Whole-rock geochemistry

Samples of the host rocks from the Baogutu main-stage stock
show a large compositional variation, with SiO, contents
ranging from 53 to 66 wt.%. These SiO, contents confirm
the petrographic identification of the lithology of ore-hosting
rocks: diorite and tonalite porphyry (ESM 1).

The wall rocks at the Baogutu area have high SiO, contents
ranging from 60 to 74 wt.%. They are felsic tuff, argillaceous
silty tuff, argillaceous siliceous rock, and greywacke (ESM 2).

@ Springer



974

Miner Deposita (2015) 50:967-986

Table 3  Gaseous composition (mol%) and C isotopic data of CH4 and CO, of fluid inclusions from the mineralized quartz at Baogutu

Sample Veins Stages H,0 N, Ar CO, CH; GCHy H,S CHy 8"Ccm 6"Ccon 6Ccop. Equilibrium
C,Hg CH4 temperature
(°C)
7ZK104-90  Qtz-Cpy-(Py) vein Stage 1B 87.31 0.12 0.03 629 6.15 0.09 — 68 —284 -11.8 166 464
ZK211-413 Qtz-Cpy veinlet ~ Stage 1B 87.12 0.57 0.04 7.99 422 0.06 -— 70 347 -140 207 374
7ZK211-276 Qtz-Cpy-Py veinlet Stage 1B 87.50 0.53 0.12 640 5.06 036 0024 14 -290 —12.7 153 500
ZK102-458" Qtz-Cpy-(Py) vein Stage 1B 82.12 1.14 0.13 3.49 1289 022 004 59 287 -19.6 9.1 774
7ZK211-424 Qtz-Cpy-Py veinlet Stage 1B 84.21 0.05 0.05 10.61 4.17 090 0.008 5 =307 -103 204 370
7ZK211-262 Qtz-Cpy-Py veinlet Stage 1B 87.03 0.43 0.04 797 428 023 0029 19 -31.8 -79 238 310
7K106-456 Qtz-Cpy-Py veinlet Stage 1B 85.15 039 0.02 692 734 0.16 0017 46 —31.8 -68 250 294
7K106-188 Qtz-Cpy-Py veinlet Stage 1B 86.57 029 0.02 851 445 0.11 0032 40 -316 -
7K102-274 Qtz-Cpy-Py vein  Stage 1C 79.56 0.98 0.36 12.53 457 199 0.004 2 282 —20.0 8.2 830
7K203-490 Qtz-Mo vein Stage 1C 78.53 1.55 031 1129 805 029 001 28 -324 -17.1 153 500
ZK211-508 Qtz-Mo-Cpy vein  Stage 1C 79.53 2.05 0.02 943 804 092 0.006 9 -342  -107 235 316
ZK211-395 Qtz-Mo-Cpy vein  Stage 1C 78.92 1.71 0.04 608 12.80 045 0002 28 -360 -
ZK211-427 Qtz-Mo-Cpy vein ~ Stage 1C 87.74 041 002 855 3.6 0.12 — 26 308 -

Equilibrium temperature values according to Horita (2001)
Cpy chalcopyrite, Mo molybdenite, Py pyrite, Otz quartz, — not detected
 Gas composition from Shen et al. (2010b)

Petrography of the host rocks

Our previous work gives a petrographic description of the
Baogutu host rocks and associated alteration and mineraliza-
tion (Shen et al. 2010a, b; Shen and Pan 2013). Important
features, for this study, in the main-stage diorite stock at
Baogutu are outlined here.

Primary iron-titanium oxides (magnetite, ilmenite) and
sphene occur in the diorites from the Baogutu main-stage
stock (Fig. 4a—c). Primary magnetite-ilmenite has exsolution
textures (Fig. 4a), suggesting that they formed in the late mag-
ma stage. Primary sphene is included in biotite and plagioclase
(Fig. 4c).

Hornblende is intergrown with plagioclase (Fig. 3b),
which indicates that it began crystallizing relatively ear-
ly. Petrographic textures of biotite indicate that it began
crystallizing early in the diorite and tonalite porphyry.
Primary biotite from these rocks contains inclusions of
primary apatite (Fig. 4d). Some apatite occurs in the
groundmass of the tonalite porphyry (Fig. 4e) and con-
tains external fine-grained materials (biotite and quartz;
Fig. 4f).

Primary pyrrhotite in diorite (Fig. 41, j) shows interstitial
shape between plagioclase. The interstitial pyrrhotite implies
that it formed soon after consolidation of the Baogutu diorite
melt, during the transition from magmatic to hydrothermal
stage.

Based on the classification of Gustafson and Hunt (1975)
and Dilles and Einaudi (1992), A-type veins (Fig. 4k, 1)
formed in the late magma stage or earliest Stage 1A. The
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apatite-quartz veinlet occurred in the top of the main-stage
stock; the boitite veinlet and K-feldspar-quartz veinlet oc-
curred in the wall rocks. They are characterized by an irregular
discontinuous structure (Fig. 4k, 1) and suggest fracturing of a
plastic rather than a brittle rock. Secondary Ti-bearing min-
erals (rutile and sphene) occur in the potassic zone during
Stage 1B and coexist with secondary biotite (Fig. Sa—c).

Mineral composition of the host rocks

Our previous work has reported the compositions of primary
clinopyroxene, plagioclase, hornblende, and biotite in the gab-
bro, diorite, and tonalite porphyry (Shen and Pan 2013). In
this study, the compositions of new primary clinopyroxene,
hornblende, and biotite in the diorite were determined by
EMPA. The compositions of magnetite, ilmenite, sphene,
and apatite in the diorite and secondary biotite in potassically
altered diorite were also determined by EMPA.

Clinopyroxene from the diorite is compositionally variable
and ranges from diopside-rich to diopside-poor varieties
(Fig. 6a) with Mg# values [Mg/(Mg+Fe*")] ranging from
0.58 to 0.83 (ESM 3).

Primary brown hornblende from the diorite plots the Mg-
hornblende field (Fig. 6b) of Leake (1997). Their Mg# values
are high (0.72-0.81) and homogeneous (ESM 4).

Both primary and hydrothermal biotites (ESMs 5, 6) from
the diorites are classified as Mg-biotites (Fig. 6c; Foster 1960).
Primary biotite chemical compositions are characterized by
high TiO, (3.11-4.23 wt.%) and Mg# values (0.51-0.61;
ESM 5). Hydrothermal biotites have low TiO, (0.93—
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Magma stage (a-d)

Fig. 4 Photomicrographs and back-scattered electron (BSE) images of
the main-stage stock. Magma stage: a ilmenite BSE image in (a),
showing ilmenite-magnetite intergrowths; b BSE image, showing
coexistence of ilmenite and magnetite with eutectic point; ¢ diorite,
plagioclases contains sphene; d diorite BSE image, biotite contains
apatite. Assimilation stage: e xenolith in diorite, xenolith consists of

1.39 wt.%) and high Mg# values (0.67-0.76; ESM 6). All
biotites have low halogen contents and contain 0.04 to
1.07 wt.% F and 0.07 to 0.43 wt.% Cl (ESMs 4, 5).
According to the Ti-Fe oxide classification of Buddington
and Lindsley (1964), all magnetites are transitional between
magnetite (Fe;0,4) to hematite (Fe,O3) with high Fe,O5 (67—

felsic fragments; f plagioclase contains heterogeneous cores and zoned
mantle; g, h tonalite porphyry, showing heterogeneous apatite. Late-
magma stage or Stage 1A: i interstitial pyrrhotite between plagioclase in
the diorite (under plane light); j BSE image showing interstitial pyrrhotite
in the diorite; k A-type vein, apatite-quartz veinlets; 1 A-type vein, K-
feldspar-quartz veinlets. Abbreviations are as in Fig. 3

68 %) and low FeO (31 %) contents (ESM 7, Fig. 6e).
[Imenites are close to the FeTiO3; end member with high
TiO, (48-50 %) and FeO (40-43 %) contents and low
Fe,05 (47 %) contents (ESM 8, Fig. 6e).

Primary sphene in the diorite coexists with plagio-
clases (ESM 9). Secondary Ti-bearing minerals (rutile
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Late-magma or stage1A(i-I)

Fig. 4 (continued)

and sphene) occurred in the potassic zone during Stage  were probably derived from ilmenite breakdown during
1B. Fine-grained Ti-bearing minerals coexist with sec-  hydrothermal alteration (Fig. 5b, c; Rabbia et al. 2009).
ondary biotites (Fig. 5a), while large Ti-bearing minerals =~ Compared with primary ilmenite, relict ilmenite is Ti-rich

Fig. 5 Photomicrographs and photos of the main-stage diorite stock. sphene, and relictic ilmenite. Stage 1C: d alteration assemblage of
Stage 1B: a alteration assemblage of Bt+Rt+Ilm in potassic zone; b Ser(sericite)+Chl(chlorite) in phyllic zone; e enlarged image of (d); f
alteration assemblage of Bt+Rt+Ilm+Cpy in potassic zone; ¢ enlarged Qz+Cpy+Py veinlets with phyllic halo cut the potassic zone.
image of (b), magmatic ilmenite breakdown showing patches of rutile, Abbreviations are the same as in Fig. 3

@ Springer



Miner Deposita (2015) 50:967-986 971
a b
Casi03 . 1.0 L l L ‘ L | T (:’3‘951"5:|(N‘a*‘K)A|<0"5
5o Dlopside T Hedenburgite [ Tremolite \Tr-Hb e 1
| |
/ v Salite Ferrosalité\ Y L i | : | ]
0.8 Lo 1 Tschy .
: ' i 1 Hbl ! 1
° — ' ' ' .

K ) s L ' ! SO ' 1 Tschermakite _|

.:Sg\ . Ferroaugite / WO ) r | act! Mg-hornblende; 3 1 Primary minerals

& Augite L 0.6 Actinolite! Hb! ! | i -{ in this study
AR A o = R S ] O Diorite
@ Subcalcj = - : : | Primary minerals
Subcalcic Augite  [Ferroaggite 2 0.4 H l ! ! - from Shen and Pan, 2013
= C i E i Fe 3 Ferro 7 O Diorite
) . [ _Fe- 1 Fe ! : | Tschi  tschermakite | .
Enstatite Pigeonite En = 0.l actinolite! Act ! Fe hornblend(=1I Hbl | ] my?r:i[;tl;etargjl minerals
| . ' | ! !
V_fronzyf  Fypersifene i e o ] a
: —> FeSiOs L ' | H i i
MgSIO3 10 30 50 00 | l 1 J: 11 J I I 11 l 11 | )
8.0 7.5 7.0 6.5 6.0 5.5
S
e

c TiO2

Fe-biotite

fHydrothermal
FeTiO3 ilmenite

(limenite),
Primary ilmenite

Siderophyllite
0
Fe*+Mn

Al"+Fe*+Ti

Fig. 6 a CaSiO;-MgSiO;-FeSiO; diagram, showing the compositions of
pyroxene in the diorite (Morimoto et al. 1988); b classification of
amphibole in terms of Si vs. Mg/Mg+Fe>" (Leake 1997); ¢ Mg-
R (AIV'+Fe*" +Ti)-(Fe*" +Mn*") classification diagram for biotite

and Fe-poor (ESM 9, Fig. 6e) and must be a mixture of
ilmenite and fine-grained rutile.

Composition of apatite grains from one diorite and
three tonalite porphyry samples at Baogutu were mea-
sured to monitor of the sulfate content of the magmas
(Parat et al. 2002). The SO;3 contents in apatite with
0.01-0.1-mm-diameter grains are above the detection lim-
it (400 ppm). The apatite from one diorite sample
(Fig. 4d) contains high SO;3 (0.17-0.61 wt.%) with an
average of 0.28 wt.% (ESM 11, Fig. 7). The apatite from
three tonalite porphyry samples (Fig. 4g, h) has a low and
variable SO5 (0.01-0.36 wt.%) with an average 0.13 wt.%
(ESM 12, Fig. 7).

Sulfides are mainly chalcopyrite and pyrite, followed by
common pyrrhotite and minor arsenopyrite and molybdenite.
They are disseminated in diorite and occur in veins. However,
some pyrrhotites are primary and interstitial to plagioclase
crystals (Fig. 41, j) and have near stoichiometric compositions
(ESM 13 and Fig. 4k).

Primary magnetite

Fe304 -~

FeO (Magnetite)

Fe203

(Hematite)

(Foster 1960). d Fe’"-Fe*'-Mg diagram (Wones and Eugster 1965),
biotite plotted in the field between the Ni-NiO (NNO) and Fe,03-Fe;04
(HM). e Classification diagram of Ti-Fe oxides (Buddington and Lindsley
1964)

P-T-H,O condition of emplacement

Using hornblende composition of the diorite at Baogutu, and
based on Ridolfi et al. (2010) and Ridolfi and Renzulli (2012),
the crystallization temperature can be calculated, yielding
temperatures from 873 to 771 °C with a mean of 812 °C
(ESM 4).

At Baogutu, the primary magma of the diorite has a sphene,
magnetite, ilmenite, hornblende, biotite, plagioclase, and
quartz assemblage. The gases of the fluid included in the hy-
drothermal alteration stage (Stages 1 A—C) are rich in CH4 and
H,O with minor CO,, but the dominant gas in the magma
stage is H,O. It is permissive that in the case of the Baogutu
samples, the hornblende was in equilibrium with the assem-
blage biotite-plagioclase-quartz-sphene-Fe-Ti-oxide-
melt-(H,O) vapor (Schmidt 1992), with the exception of or-
thoclase. The pressures of crystallization at Baogutu are esti-
mated using the Al-in-hornblende geobarometer (Schmidt
1992). Hornblende from main-stage diorite yields pressures
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Fig. 7 SOz (wt.%) vs. Cl (wt.%) diagrams for the apatite in the diorite
(Parat and Holtz 2005)

from 4.2 to 1.8 kbar with an average of 2.5 kbar (ESM 4). The
pressure estimates are similar to previous results based on
fluid inclusion micro-thermometry (3.1-1.5 kbar; Shen et al.
2010b).

The H,O content, which depends on the temperature
and pressure as well as melt compositions, can be estimat-
ed from experimental data (Scaillet and Evans 1999;
Klimm et al. 2003; Prouteau and Scaillet 2003). The sta-
bility of the amphibole is extremely dependent on the
H,O content of the melt (Scaillet and Evans 1999).
Using hornblende composition of diorite at Baogutu, the
water content can be calculated based on Ridolfi et al.
(2010) and Ridolfi and Renzulli (2012). The water con-
tent of the diorite is from 4.86 to 3.37 wt.% with a mean
of 4.23 wt.%. This result is also consistent with
clinopyroxene in the Baogutu samples.

Diorite is the dominant intrusive rocks of the Baogutu
main-stage stock. Therefore, the temperature, pressure, and
water content obtained from hornblende in the diorite are con-
sidered to be representative of the P-T-H,O (2.5 kbar, 812 °C,
and 4.23 wt.% H,0) condition of the magma emplacement.

Organic carbon contents of the wall rocks

The organic carbon contents of the wall rocks are from 0.21 to
0.79 % with an average value of 0.45 % and inorganic carbon
contents have a wide range from 0.16 to 1.43 % with an
average value of 0.51 % (Table 2).

§'3C of whole rock

The carbon isotopic composition of the whole-rock samples

from the Baogutu Group range from —23.1 to —25.8 %o with an
average value of —25.0%o (Table 2).

@ Springer

Gas compositions of fluid inclusions

Our previous work has shown that fluid inclusions from
Stages 1B and 1C are rich in CH4 and H,O (Shen et al.
2010b). In this study, we determined the gas composition of
the fluid inclusions from the magma and late magma stages
and the gas compositions of the fluid inclusions from Stages
1B and 1C.

As shown in Fig. 8, in the magma emplacement stage, the
gas composition of the fluid inclusions in quartz from the
diorite is H,O-rich with minor CO, (Fig. 8a, b). In the magma
assimilation stage, the gas composition of the inclusions in
quartz from the tonalite porphyry is H,O-, CO,-, and CHy4-
rich (Fig. 8c, d). In the late magma stage (Stage 1A), fluid
inclusions in A-type veins exsolved directly from the magma
and were trapped in the one-phase field as supercritical fluids
(Richards 2003; Cooke et al. 2005). The gas composition of
such inclusions in quartz (Fig. 4k, 1) is CHy- (Fig. 8e) and
H,O-rich (Fig. 8f). In the hydrothermal stage (Stage 1B and
1C), the gas composition of the inclusions in quartz veins is
H,0-, CHy-, and CO,-rich (Shen et al. 2010b; Fig. 8g, h).

The gas composition of the inclusions extracted from the
Stage 1B and Stage 1C quartz shows that during hydrothermal
stage the gas composition of the inclusions is H,O-, CHy-, and
CO,-rich (Table 3).

5'3C of CH, and CO,

The carbon isotopic composition of CH4 and CO, extracted
from fluid inclusions in samples from Stages 1B and 1C
quartz are listed in Table 3. The 5'°C values of CHy4 and
CO, vary between —28.2 and —36.0%o and —6.8 and —20.0
%o, respectively. There is no correlation between the relative
contents and the carbon isotopic composition of CH4 and CO,
(Table 3). Although the CH,4 contents of hydrothermal fluids
are different in these samples, CH4 from these samples is
isotopically indistinguishable. Using the carbon isotope frac-
tionation factors of Horita (2001), the carbon isotope equilib-
rium temperature between CH, and CO, ranges from 294 to
830 °C (Table 2).

Discussion
Origin of CHy

In most porphyry Cu deposits worldwide, SO, and CO, have
been identified in fluid inclusions, but other gases such as
CH,4, H,S, and N, are typically not detected (Rusk and Reed
2002). Our previous and present work has discovered substan-
tial CHy in hydrothermal fluids in the Baogutu porphyry Cu
deposit. The interesting question is the origin of the abundant
CH, at Baogutu.
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Geological CHy has generally been categorized into three
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thermogenic (generated by the thermal decomposition of or-
ganic matter), and abiogenic [derived from the mantle or pro-
duced by non-biological reactions from simple inorganic
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compounds (CO, and H;) such as the Fischer—Tropsch-type
(FTT) reaction]. We consider these origins in the following
sections.

Carbon isotopic composition varies significantly in natural
methane. The §'°Ccyg of biogenic methane varies from —66.1
to —69.2%o (Schoell 1988). §'*Ccyya values of =30 to —20%o
are typical for most thermogenic methanes that occur in con-
tinental hydrothermal systems (Giggenbach 1995). Jenden
et al. (1993) proposed that one criterion for identification of
mantle-derived abiogenic hydrocarbons is a 5'*Ccyys value
higher than —25%o. In this study, C isotopic composition of
CHy,4 of fluid inclusions for quartz samples at Baogutu varied
from —28.2 to —36.0 %o averaging —31.4 %o (Table 3), suggest-
ing that Baogutu is unlikely of biogenic or mantle-derived
abiogenic methane.

The organic carbon contents of wall rocks (Fig. 3d—f) oc-
curred in the Baogutu area are from 0.21 to 0.79 % (Table 2).
8'3Ccria values of =30 to —20%o are typical for most thermo-
genic methanes that occur in continental hydrothermal sys-
tems (e.g., Panichi et al. 1977; Giggenbach 1995). The
8'3Cepa values (—28.2 to —36.0%o) at Baogutu are compatible
with thermogenic CHy, suggesting that the CH, at Baogutu
could be a product of thermal decomposition of organic matter
from the wall rocks.

If the methane is thermogenic in origin, extracted gas
should contain higher hydrocarbons (e.g., ethane and propane)
along with methane because thermal decomposition of organ-
ic matter yields not only methane but also ethane and propane.
The gas composition of the inclusions extracted from the hy-
drothermal quartz contains minor ethane (Table 3). In addi-
tion, thermogenic hydrocarbons derived from thermal degra-
dation of organic matter usually exhibit methane to ethane
plus propane ratios smaller than 100 (Fiebig et al. 2009), com-
patible with the methane to ethane ratios at Baogutu that are
from 2 to 70.

As shown in Fig. 9, most CH, at Baogutu plots in thermo-
genic gas field and minor in geothermal gas field. The ther-
mogenic process of CHy is related to thermal (>150 °C) deg-
radation of sedimentary organic matter (Whiticar 1999; Bréas
et al. 2001). Therefore, it is likely that the CH4 at Baogutu is
produced by the water-rock interactions such as heating of
carbonate-bearing wall rocks in situ or in the assimilation
process of hot dioritic magma.

The isotopic signature of CO, provides further evidence of
the carbon-bearing wall rocks’ contribution to the ore-forming
hydrothermal systems at Baogutu. The 5'*Ccyys (—28.2 to
—36.0%o) is typical of natural gas generated from sedimentary
organic carbon (Giggenbach 1995). The §'*Cco, (—6.8 to
—20.0%o) is typical of that produced by the oxidation of such
CH, and unlike that derived from Paleozoic marine carbonate
rocks (=3 to +3 %o; Fiebig et al. 2004). Importantly, A"Ccon.
cha values (8.2-25%o) indicate carbon isotope equilibrium at
elevated temperatures of 294-830 °C in a magmatic
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o

hydrothermal system (Table 2). Together, these data suggest
that the carbon in hydrothermal fluids was assimilated from a
carbonaceous sedimentary source, such as the host Baogutu
Group.

We must also consider the possibility that non-
biological processes such as the FTT reactions (Horita
and Berndt 1999; McCollom and Seewald 2001) might
have produced the methane. The criteria for identifying
methane as abiogenic are ambiguous (Horita and Berndt
1999). One suggested geochemical criterion is 8" Cepag
values higher than —25%o0 (Welhan 1988) or between —26
and —9%o (Ueno et al. 2006). The other criterion is
5"Ccnas values as low as the typically microbial methane
(Horita and Berndt 1999). The §'*Ccys of CH, (—28.2 to
—36.0%o) at Baogutu is lower than —26 %o and higher than
the 8'°C cpa of microbial methane.

If all methane is abiogenic in origin such as the product of
the FTT reaction, extracted gas should not contain higher hy-
drocarbons along with methane, in contrast to the presence of
C,Hg (Table 3).

FTT reaction enables reasonable chemical and isotopic ex-
change between dissolved CO, and CH, at 7'<500 °C, which
is catalyzed by Fe-bearing phases (Giggenbach 1997; Horita
and Berndt 1999). Fe(Il)-bearing minerals were widespread in
the host rocks at Baogutu, but some apparent isotopic temper-
atures are more than 500 °C, indicating that some CH,4 was not
generated from dissolved CO, according to FTT reaction. The
other apparent isotopic temperatures are between 294 and
500 °C (Table 2). For an evaluation of whether these CO,
and CHy are in chemical equilibrium at magmatic hydrother-
mal system, log(Xcpa/Xcoo) ratios of fluids were correlated
with corresponding apparent isotopic temperatures in Fig. 10.
These measured log(Xcpa/Xcoz) values plot far away the
equilibrium vapor and liquid line defined by the oxygen
buffer of Giggenbach (1987) and D’Amore and Panichi
(1980). These large deviations suggest that chemical
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equilibrium between CO, and CH4 was not attained in the
hydrothermal system. The abiotic origin of the extracted
CH, is therefore unlikely.

Magma oxygen fugacity
Primary magma oxygen fugacity

Experimental studies have shown that the Fe/(Fe+Mg)
ratio of mafic silicates is a function of fO, at fixed
temperature (Prouteau and Scaillet 2003). High Mg#
values of clinopyroxene (0.58—0.83), hornblende (0.72—
0.81), and biotite (0.51-0.61) reflect high fO, of the
Baogutu magma, similar to other porphyry copper
magmas.

As shown in the plot of Fe**-Fe?*-Mg (Fig. 6d), both pri-
mary and hydrothermal biotites plot between Ni-NiO (NNO)
and Fe,03-Fe;04 (HM) at FMQ+1 (NNO=FMQ+0.7; Jugo
et al. 2005). Likewise, primary hornblendes plot above NNO
or NNO+1 (Fig. 11). Using temperatures from hornblende
thermometry, the calculated fO, is from —11.15 to —12.93
(ESM 4).

The gas composition of fluid inclusions in quartz from the
diorites contains dominant H,O with minor CO, and lacks
CH, (Fig. 8a, b). Apatite from diorite is sulfur-rich and has
high and variable SO5 (0.17-0.61 wt.%) with an average of
0.28 wt.% (ESM 11). As shown in Fig. 7, most data plot
between NNO and NNO+1. The presence of SO5 in apatite
from Baogutu indicates that at least some S in the melt was
oxidized (S°") (Streck and Dilles 1998).

Based on these results, we infer that the diorite magma was
oxidized and estimate its redox conditions at logfO,>NNO or
FMQ+1 with dominant Mg-hornblende, Mg-biotite, and mi-
nor magnetite, ilmenite, and sphene assemblages and H,O and
minor CO, vapor. The oxygen fugacity is near to the
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Fig. 11 Oxygen fugacity and temperature diagram. AM hematite-

magnetite, NNO nickel-nickel oxide, QFM quartz-fayalite-magnetite
(Chou 1987) and CO,-CH,4 (Candela 1989)

previously recognized lower limit of most copper porphyries
(FMQ+2; Mungall 2002).

Contaminated magma oxygen fugacity

Temperatures and pressures estimated from hornblende in
the Baogutu diorite are 7=812 °C and P=2.5 kbar during
the magma crystallization process (ESM 4). Temperatures
estimated from magnetite-ilmenite pairs indicate equilib-
rium temperatures under the sub-solidus condition from
524 to 574 °C (ESMs 7, 8). The calculated 7-P implies
that the magmas were emplaced at moderated depths and
would have cooled slowly. This magmatic condition could
have caused partial melting of adjacent country rocks and
assimilation in the magma.

At Baogutu, the greatest amount of contamination occurred
during crystallization of the tonalite porphyry (Shen and Pan
2013). The tonalite porphyry contains two (space)-type of
apatite: (1) primary or least contaminated apatite, generated
by the crystallization of magma almost without country rock;
and (2) contaminated apatite, generated by the assimilation-
contamination of country rock during crystallization of the mag-
ma. The primary apatite is homogeneous and similar to the apatite
of the diorite (Fig. 4d), whereas the contaminated apatite is
heterogeneous (Fig. 4g, h). The primary apatite is sulfur-rich
and high and variable SO (0.09-0.28 wt.%) with an average of
0.17 wt.% (ESM 12). The SO; contents are near to NNO (Fig. 7).
The contaminated apatite is sulfur-poor and has a low SO; (0.01—
0.10 wt.%) with an average of 0.05 wt.% (ESM 12). The SO,
contents are below NNO (Fig. 7). The gas composition of
fluid inclusions in quartz from the tonalite porphyry is both
CO,- and CHy-rich (Fig. 8c, d). This indicates that the oxygen
fugacity of the tonalite porphyry magma is therefore lower
than that of the primary diorite magma.
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Fluid oxygen fugacity
Exsolved fluid oxygen fugacity

Stage 1A Ca-Na silicate alteration assemblages, A-type veins
(Fig. 4k, 1), and interstitial pyrrhotite (Fig. 41, j) are closely
related in time and space to the emplacement of the main-stage
diorite stock. The fluid trapping condition is at 7>400 °C and
P=1500 to 3100 bar in the transitional stage (Stage 1A) from
magma to the hydrothermal stage (Shen et al. 2010a, b). The
pressure and temperature of this early type of alteration and
veining were close to that of the final crystallization of the
melt itself. The pressure is clearly greater than hydrostatic
pressure. Possible sources of aqueous fluid in Stage 1A are
the melt itself or meteoric water from surrounding host rocks.
Meteoric water is not a likely source for the simple reason that
it could not migrate into the high-pressure region where Stage
1A alteration at Baogutu was accomplished.

At Baogutu, fluid inclusions in quartz from the A-type
veins are CHy- (Fig. 8¢) and H,O-rich (Fig. 8f). The fluid
oxygen fugacity is approximately equal to the FMQ buffer
in the CH4-H,O-graphite region (Holloway 1984). Under re-
ducing conditions (fO,<FMQ), sulfur is dissolved predomi-
nantly as S*~ in silicate melts (Matthews et al. 1999; Jugo et al.
2005) and pyrrhotite could be crystallized from mono-sulfide
solid solution (Whitney 1984). At Baogutu, the presence of
pyrrhotite and lack of pyrrhotite-chalcopyrite association sug-
gest very low oxygen fugacity of fluids. Thus, the fluid oxy-
gen fugacity in Stage 1A at Baogutu could be close to or
below the FMQ buffer. It is much lower than that of the pri-
mary diorite magma at Baogutu. It is also clearly lower than
that of the supercritical fluids in most porphyry Cu deposits
worldwide which could form abundant magnetite, hematite,
and anhydrite. In addition, the Stage 1A at Baogutu is barren
of Cu, Au, and Mo. It is also different from some porphyry Cu
deposits in which the supercritical fluid stage is the minerali-
zation stage with pyrrhotite-chalcopyrite association, such as
El Salvador, Chile (Gustafson and Quiroga 1995).

Hydrothermal fluid oxygen fugacity

As consolidation and cooling of the Baogutu intrusive com-
plex progressed, the structural and chemical character of the
accompanying alteration and mineralization shifted. Barren
discontinuous and irregular veining gave way to mineralized
continuous veins and the Ca-Nassilicate alteration evolved into
potassic and phyllic alteration.

Magnetite is common in potassic alteration, but ilmenite is
rare in the main ore genesis stage of the porphyry copper
deposits all over the world. At Baogutu, chalcopyrite, rutile,
ilmenite, and sphene occurred in the potassic alteration zone
(Fig. 5a—c). No high fO, minerals occur in fluid inclusions
hosted in mineralized quartz veinlets in the biotite zone (Shen
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etal. 2010a, b). On the contrary, CH,4 gas in these fluid inclu-
sions (Table 3) suggests that the fluid fO, in Stage 1B could
be near to the FMQ buffer.

At Baogutu, there was more CO, in the hydrothermal fluids
of the phyllic stage (Fig. 8h). The transfer of CO, to the vapor
in the fluids can be explained by the changes in alteration style
from potassic to phyllic. This is supported by the fact of the
oxidation of CH4 to CO, and H,O by chloritization of biotite
(Fig. 5d, e) during the phyllic stage (Tarantola et al. 2009).

CH, + 20,—C0O, + 2H,0 (1)

12Fe,03(biotite) >8 Fe3 04 (chlorite) + 20, (2)

CH,4 + 12Fe, 05 (biotite) —>CO, + 8 Fe304(chlorite) + 2H,O0 (3)

In the phyllic stage (Stage 1C), the sericite alteration is
widespread and the pH was lower than neutral. Thus, the
phyllic alteration assemblages, mineralized veins with chalco-
pyrite, pyrite, and molybdenite (Fig. 5f), and the H,O-CO,-
CHj, system suggest that the fluid oxygen fugacity in Stage 1C
above the FMQ buffer.

Evolution of the magmatic-hydrothermal system

The main-stage stock at Baogutu underwent magma crystalli-
zation, magma and country-rock assimilation-contamination, Ca-
Nasilicate (Stage 1A), potassic (Stage 1B), and phyllic (Stage 1C)
alteration stages. In the magmatic stage, ore-bearing magmas have
been generated as oxidized partial melts in subduction zones
(Shen et al. 2009), with subsequent ascent and emplacement
in the West Junggar terrain (Fig. 12a). The magma was under
the oxidation states (>*NNO) with Mg-hornblende, Mg-biotite,
magnetite, sphene, and ilmenite assemblages. Under oxidizing
conditions, sulfur is dissolved mostly as S°" in silicate melts
(Matthews et al. 1999; Jugo et al. 2005). Therefore, the
chalcophile elements in magma behave incompatibly and they
can be partitioned into the supercritical fluid. As a conse-
quence, chalcophile elements at Baogutu should be exsolved
from the magma chamber and dissolved in the fluids. The
Baogutu dioritic magma was emplaced at about 800 °C and
at 8 km deep (Fig.12a), and it assimilated surrounding felsic,
carbon-bearing wall rocks prior to mineralization (Fig. 12b).
This caused the wall rocks heated by hot dioritic to melt and
continuously produce CHy.

In Stage 1A, the fluids exsolved from the magma chamber
at depth were channeled upwards along faults into the
Baogutu main-stage stock. The CH,4 gas derived from the wall
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Fig. 12 Schematic cross-section through the Baogutu porphyry copper
forming system. a Magma stage (logfO,>FMQ+1): upper crustal
batholith complex of basaltic-andesitic composition under oxidized
condition includes incompatible chalcophile elements retained in the
magmatic hydrothermal fluids. After further fractionation at this level,
evolved, volatile-rich andesitic magmas are emplaced at shallow levels.

rocks was incorporated into the exsolved fluids. This can re-
duce SO,> to H,S, ferric to ferrous iron, and consequently
promotes pyrrhotite crystallization and inhibits anhydrite and
magnetite precipitation (Fig. 12b). Fluid oxygen fugacity is
below the FMQ buffer and is much lower than that of the
primary magma.

In the hydrothermal stage (Stage 1B and 1C), the CH4-CO,
fluids interacted with the diorite and produced the potassic
alteration, characterized by rutile, sphene, and relict ilmenite
rather than secondary magnetite. The evolution of alteration
from potassic to phyllic resulted in the transfer of CO, to the
vapor in the fluids and to form the CO,-CH,4 fluids forming
dominant disseminated and minor vein mineralization
(Fig. 12¢). The fluid oxygen fugacity is above the FMQ
buffer.

[

Volcano-sedimentary formation

2
o
K

B

[
[

Crystalline basement
Diorite porphyry

Precursor pluton

-
s

Ca-Na silicate alteration

Inner potassic alteration

Outer propylitic alteration

Overprinted phyllic alteration

Disseminated and vein-style
mineralization

2 B BB

b Assimilation stage and late-magma stage (logfO,<FMQ): diorite
assimilates carbon-bearing wall rocks and CHy-rich hydrothermal fluids
and forms magmatic pyrrhotite. ¢ Hydrothermal stage (logfO,>FMQ):
CH,4-CO, fluids interact with the diorite and produce potassic and
propylitic zones overprinted by phyllic alteration

Comparison with classic porphyry Cu deposits

Classic porphyry copper deposits are characterized by abun-
dant primary high fO, minerals (magnetite, hematite, and an-
hydrite) in equilibrium with hypogene copper-iron sulfide
minerals (chalcopyrite, bornite) and have fluid inclusions with
CO,>>CHj, that are indicative of high fO,. The Baogutu data
suggest that the dioritic magma initially was oxidized, but was
then reduced by the assimilation-contamination of the carbon-
bearing wall rocks forming the CHy-rich fluids.

1. The Baogutu diorite is characterized by primary magne-
tite and ilmenite assemblage rather than the magnetite,
hematite, and anhydrite assemblage. Baogutu dioritic
magma initially was oxidized (*>FMQ+1), but its
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oxidation states may be lower than the states of most
porphyry magmas (>FMQ+2; Mungall 2002).

2. During the magma crystallization process, the tempera-
ture (7=812 °C) and pressure (P=2.5 kbar) of the
Baogutu diorite were higher than the P-T conditions of
most porphyry magmas. The magmatic conditions could
have caused partial melting and assimilation-contamination of
adjacent country rocks.

3. The decreases in oxygen fugacity coincide with abundant
reduced CH,4 gas formation and pyrrhotite crystallization.
The occurrences of magmatic sulfides at Baogutu are dif-
ferent from those of porphyry deposits. The latter are dis-
solved and entrained into a magmatic chamber; they may
act as a temporary storage medium for the ore metals (i.e.,
Halter 2005; Audétat et al. 2008).

4. Classic porphyry Cu deposits have a gradually decreasing
fO, from magma to hydrothermal stages. High fO, de-
stroys sulfide in the source region and keeps the melt
sulfide under-saturated, thereby promoting porphyry cop-
per mineralization. The Baogutu porphyry Cu deposits
had a fluctuating fO, which changes from high fO, mag-
ma, through very low fO, supercritical fluid, to a moder-
ate fO, hydrothermal fluid. The carbon contamination is
essential for the fO, fluctuation.

Conclusions

1. Although the Baogutu porphyry Cu deposit is character-
ized by considerable amounts of CHy in hydrothermal
fluids, its primary host, dioritic magma, is an oxidized
magma.

2. The host diorite underwent the carbon-bearing coun-
try-rock contamination. The CHy (613CVPDB=—28.2 to
—36.0%o) is thermogenic CH4 which is generated by
the thermal decomposition of organic matter from
country rock.

3. The dioritic magma was reduced by country-rock contam-
ination, which has played an important role in the decreas-
ing fO, of the supercritical fluids exsolved from them.
The sharply decreasing redox potential of the fluid is the
key to, and a direct cause of, the formation of the reduced
porphyry Cu deposit.

4. The fO, of the magmatic hydrothermal system is vari-
able. The evolution sequence is magmatic stage
(logfO,>FMQ+1) with primary magnetite, sphene, and
ilmenite — assimilation-contamination and late magma
stage (logfO,<FMQ) with CHy-rich fluids and primary
pyrrhotite —hydrothermal stage (logfO,>FMQ) with
CH4-CO; fluids, relict ilmenite, and mineralized quartz-
sulfide.
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