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The Tianhu Fe deposit (N104Mt at 42% TFe) in the Eastern Tianshan (NWChina) is hosted in the schist, quartzite,
marble, and amphibolite of the Neoproterozoic Tianhu Group. The deposit consists of disseminated, banded and
massive ores. Metallic minerals are dominantly magnetite and pyrite, with minor titanite, pyrrhotite, chalcopy-
rite, and sphalerite. Gangue minerals include dolomite with minor forsterite, diopside, apatite, biotite, chlorite,
tourmaline, tremolite, talc, calcite, and magnesite. Pyrite separates from ores have 10.7 to 54.7 ppb Re and
0.033 to 0.175 ppb common Os. Those from the massive ores have a model 1 isochron age of 535 ± 36 Ma
(2σ), in agreement with the isochron age (528 ± 18 Ma) of pyrite from the banded ores by regression of
seven Re–Os analyses. The Re–Os age of ~530 Ma reflects the timing of a hydrothermal event that remobilized
the Tianhu deposit. Magnetite has Mg, Al, Ti, V, Mn, Zn, and Ga contents ranging from ~5 to 3500 ppm and Cr,
Co, Ni, and Sn contents ranging from ~1 to 200 ppm. Most magnetite grains have Ca + Al+Mn and Ti+ V con-
tents similar to those of the banded iron formation (BIF). Some grains have elevated Ti and V contents, indicating
that that magnetite was formed by sedimentary process and overprinted by hydrothermal activity. Pyrite has
δ34SCDT values from −9.23 to 10.96‰, indicating that the sulfur was reduced from the marine sulfates either
by bacterial or thermochemical processes. Pyrite has relatively high Co (~346 to 3274 ppm) but low Ni (~5.6
to 35.4 ppm)with Co/Ni ratios ranging from ~10 to 270, indicating remobilization from a volcanic–hydrothermal
fluid. Therefore, the Tianhu Fe depositwas originally a sedimentary type deposit butwas overprinted by a hydro-
thermal event related to volcanic activity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

There are commonly magmatic, structure-related, sedimentary, and
metamorphic iron deposits (Dill, 2010). Some deposits may have in-
volved multiple hydrothermal events after the formation. These de-
posits are generally hosted in Precambrian metamorphic rocks and are
characterized by banded structures/textures. Most Precambrian Fe de-
posits are deformed, metamorphosed, and dismembered, making pre-
cise dating difficult by using traditional lithophile isotopes. Moreover,
the sources of ore-forming materials are not easy to constrain due to
multiple tectonothermal events. It has been documented that Re–Os
isotopic systematic of pyrite (sometimes Cu-sulfides) is robust for
dating sedimentary mineralization system and can remain unaffected
by greenschist-facies metamorphism (e.g. Huang et al., 2013b; Kirk
et al., 2001; Selby et al., 2009). The initial 187Os/188Os ratios obtained
from isochron diagrams can be used to infer the source of Os and by in-
ference the other ore-forming metals (Mathur et al., 2000, 2002;
Morgan et al., 2000). In addition to chronological studies, Re–Os isotopic
systematic was also used to discuss the fluid mixing or fluid remobi-
lization (e.g. Mathur et al., 2012; Spry et al., 2013). Therefore, Re–Os
isotopes of pyritemay be suitable to date the pyrite-bearing Fe deposits
and trace the mineralization process.

The Paleozoic Tianshan tectonic belt of theCentral Asia Orogenic Belt
has been recognized as an important polymetallic mineralization prov-
ince in China (Wang et al., 2006) (Fig. 1). Numerous magmatic Fe de-
posits in the eastern part of the Tianshan tectonic belt are hosted in
the gabbroic intrusions such as the Weiya deposit (Wang et al., 2005;
Zhang et al., 2005) (Fig. 1b). There are also magmatic–hydrothermal
Fe deposits hosted in volcanic rocks such as the Yamansu, Heifengshan,
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Fig. 1. (a) Location of the study area in the Central Asia Orogenic Belt (modified from Zhang et al., 2009). (b) Geological map of the Eastern Tianshan, also showing the distribution of Fe
deposits (modified from1:1,000,000 geologicalmapofmineral resources of eastern Tianshan in2008). Iron deposits: 1—Yamansu deposit; 2—Heifengshan deposit; 3— Shuangfengshan
deposit; 4 — Shaquanzi deposit; 5 — Weiya deposit; 6 — Tianhu deposit.
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Shuangfengshan and Shaquanzi Fe(–Cu) deposits (Hou et al., 2014a,b;
Huang et al., 2013a, 2014; Li and Chen, 2003; Mao et al., 2005; Zhang
et al., 2014) (Fig. 1b). Being an exception, the Tianhu deposit is hosted
in metamorphic rocks (Jia, 1991; Song et al., 1989). Being one of the
largest Fe deposits in the Tianshan tectonic belt, the Tianhu deposit
has beenmined since the 1960s and accounts for about 20% ore reserve
of Fe deposits in the Tianshan tectonic belt (Chen, 2006). In spite of sig-
nificant economic values, there are only sparse studies and the genesis
of the Tianhu deposit remains a matter of debate. The deposit was
thought as a contact metasomatic deposit (magnesian skarn deposit)
(BNGEXUAR, 1976; Luo and Zhu, 1986; Zhang, 1985; Zhao, 1989) or
metamorphosed sedimentary deposit overprinted by younger hydro-
thermal event (Chen, 2007; Jia, 1991; Song et al., 1989). Recent studies
have demonstrated that in situ trace element compositions ofmagnetite
by laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP‐MS) can reflect different styles of mineralization or fluid evolution
processes (Beaudoin and Dupuis, 2009; Carew, 2004; Dare et al.,
2012; Dupuis and Beaudoin, 2011; Gao et al., 2013; Huang et al.,
2013c; Müller et al., 2003; Nadoll et al., 2012, 2014; Rusk et al.,
2009; Singoyi et al., 2006). The main ore mineral, magnetite, of the
Tianhu deposit, thus provides an opportunity to examine the origin
of the deposit. In the Tianhu deposit, there is abundant pyrite that
is ideal to investigate if it is formed during the sedimentary or hydro-
thermal process.

In this paper, we describe the geology of the Tianhu Fe deposit and
report the Re–Os isotope age of pyrite and LA-ICP‐MS data ofmagnetite.
Sulfur isotope and trace element composition of pyrite were also ob-
tained to constrain the origin of ore-forming fluids.

2. Geological background

2.1. Regional geology

The Central Asian Orogenic Belt (CAOB) is the largest Phanerozoic
orogen in the world and was formed by multiple subduction–accretion
and collision processes from the Neoproterozoic to the Late Paleozoic
(Jahn et al., 2000, 2004; Sengör and Burtman, 1993; Windley et al.,
2007; Xiao et al., 2008, 2009b). The Tianshan tectonic belt along the
southern margin of the CAOB extends west–east for about 1500 km
(Fig. 1a). The Tianshan tectonic belt was formed by subduction, accre-
tion and collision of various continental blocks between the Siberia
and Tarim–North China Cratons (Fig. 1a). The final amalgamation of
these blocks occurred in the Late Carboniferous (Ji et al., 1994; Ma
et al., 1993, 1997; Qin et al., 2002; Xia et al., 2008; Yang et al., 1997)
or Permian (Xiao et al., 2009a).

The Eastern Tianshan consists of the North, Central and South
Tianshan Belts (Fig. 1b). The North Tianshan Belt consists of Carbonifer-
ous calc-alkaline volcanic and sedimentary rocks, intruded by Permian–
Carboniferousmafic and intermediate–felsic plutons. The Carboniferous
rocks may have formed by northward or southward subduction of the
oceanic crust (Pirajno et al., 2008). The South Tianshan Belt contains
fragments of oceanic crust in fault contacts with middle Silurian to
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middle Carboniferous sandstone, shale, chert and limestone, which
were possibly deposited on a passive margin of the northern Tarim
block (Carroll et al., 1995).

The Central Tianshan Belt is separated from the North Tianshan
Belt by the Shaquanzi fault (Fig. 1b). The Central Tianshan Belt has
been regarded as a composite volcanic arc composed of Precambrian
basement rocks of amphibolite facies, overlain by calc-alkaline ba-
saltic andesite, volcanoclastics, minor I-type granite and granodio-
rite (Xiao et al., 2004). The Precambrian basement consists of
gneiss, quartz schist, migmatite, and marble, which has U–Pb and
Sm–Nd ages ranging from 1400 to 1800 Ma (Chen et al., 1999; Hu
et al., 2000). There are Ordovician basalt, andesite, dacite, rhyolite,
greywacke, and Silurian turbidite (Shu et al., 2002). Early Silurian
and Early Carboniferous active margin sequences are widespread
in this belt (Fang, 1994; Zhang, 1994; Zhou et al., 2001). Silurian ter-
restrial clastic rocks and limestones are in conformable contact with
those of Devonian. Overlying Silurian rocks are Early Carboniferous
volcanic rocks. Carboniferous fossils in the Precambrian basement
Fig. 2. (a)Geologicalmap of Tianhu area showing the distribution of Paleozoic granitic and diori
1965). (b) Cross-section of No. 50 exploration line showing the occurrence of the larger No. 1
rocks are imbricated with deformed volcanics, clastics, limestones,
and ultramafic rocks and were considered as remnants of volcanic
arc because of their calc-alkali geochemistry (Fang, 1994; Zhou
et al., 2001). Granitic rocks in the Central Tianshan Belt were possi-
bly formed in the Precambrian or Carboniferous (BGMRXUAR, 1993).
The Central Tianshan Belt is thus considered a remnant of an
Andean-type magmatic arc possibly with N-dipping subduction
polarity underneath its southern margins in the Late Ordovician–
Silurian to Devonian–Early Carboniferous (Hu et al., 2000; Xiao
et al., 2004). Recent studies have showed that the Central Tianshan
Belt might have been part of the Tarim Block (Lei et al., 2011; Ma
et al., 2012) and records the assembly of the Tarim Block within the
Columbia supercontinent (Ma et al., 2013).

2.2. Geology of the Tianhu area

In the Tianhu area, the eastern part of the Central Tianshan Belt
(Fig. 1b), Proterozoic basement is overlain by Cambrian rocks, Pre-
tic rocks (modified from1:200,000 geologicalmap of Shaquanzi area numbered K-46-23 in
and No. 2 orebodies (modified from Yao et al., 1993).

image of Fig.�2
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Devonian strata, and Paleozoic granitic intrusions (Fig. 2a). The base-
ment is represented by theMesoproterozoic Xingxingxia and Kawabulag
Groups and the Neoproterozoic Tianhu Group, and has been metamor-
phosed mainly to upper greenschist or amphibolite facies (Gao et al.,
1993).

The Xingxingxia Group is mainly composed of granitic gneisses, mar-
bles, migmatites, quartzites, and schists, which experienced greenschist
and amphibolite facies and local to granulite facies metamorphism
(Dong et al., 1996; Liu et al., 2004). The granitic gneisses and amphibo-
lites in the Xingxingxia Groupwere thought to have prolithos of volcanic
rocks or plutons (Hu et al., 1998). Sedimentary rocks of the Xingxingxia
Group are considered to have deposited on an active continental margin
or continental island-arc setting in the Late Mesoproterozoic and have
sourced from Paleoproterozoic crust mixed with minor juvenile arc-
magma materials at ~1.2 Ga (Li et al., 2005). The Xingxingxia Group
was intruded by Early Paleozoic (~430Ma) granodiorite (Lei et al., 2011).

The Kawabulag Group contains granitic gneisses, magnesium-
enriched marbles, and minor terrestrial and tuffaceous clastic rocks
(Liu et al., 2004). The Kawabulag Group is intruded by the ~1141 Ma
granodiorite (Xiu et al., 2002).

The Tianhu Group comprises mainly schist, quartzite, marble, and
minor amphibolite, whichwere metamorphosed from terrestrial clastic
rocks and minor interbedded mafic volcanic rocks (Liu et al., 2004). It
was probably formed between ~1000 and 660 Ma (Hu et al., 1986).
The Tianhu Group was intruded by Early to Late Paleozoic granitic
rocks, which have zircon U–Pb ages of ~460 Ma (Fig. 2a; Hu et al.,
1986, 2007; Li et al., 2001).

3. Deposit geology

The Tianhu Fe deposit was discovered by a comprehensive survey in
1960 using geological and magnetic methods (Yao et al., 1993). The de-
posit contains N104 Mt (million tons) Fe ores with an average grade of
Fig. 3. Photos of ores from the Tianhu Fe deposit. (a) Disseminated ore composedof fine-grained
and dolomite. The wave-like bands indicate that the ore may have suffered from intense deform
dolomite. The dark bands are composed of magnetite and pyrite, whereas the light bands cons
seminated in the ore (THG10A) and coarse-grained pyrite injecting the ore (THG10B); (d) band
crosscut the ore, forming brecciated structure. Mag, magnetite; Py, pyrite; Dol, dolomite.
42% TFe and the oreswith grade of 45% TFe exceed 30Mt reserve (Chen,
2007). The deposit is hosted in the Tianhu Group with the most
orebodies hosted in the dolomitic marble of the group. The mineraliza-
tion zone is approximately 6 km long, 2 to 3 kmwide, and covers an area
of ~6 km2. The ore-bearing sequence includes interbedded Fe ore layers
and altered dolomitic marble in the upper and lower parts, and biotite–
quartz schist in themiddle part. Individual ore layers are commonly 2 to
10 m thick and ~1000 m deep with the largest thickness of 26.1 m.
There are more than ten orebodies, among which the No. 1 orebody is
the largest and accounts for 38.8% of the total ore reserve (Chen,
2007). Orebodies commonly appear in bedded, near-bedded and lentic-
ular shapes. Generally, orebodies trend 97–100° with a north-dipping
angle of 70–80°. Individual orebodies have a length of 50–120 m, thick-
ness of 1–7 m and depth of 10–17 m. The No. 1 orebody has a length of
3760 m and a depth of 200 to 1000 m, and is composed of three ore
layers (Yao et al., 1993) (Fig. 2b). Other orebodies are relatively small
with a length of 50–750 m and depth of 0.3–2.7 m, and have ore
grade ranging from 32 to 50% (Yao et al., 1993).

Hydrothermal alteration in the Tianhu Fe deposit formed tremolite,
serpentinite, chlorite, actinolite, and talc. Dolomiticmarble is commonly
altered to talc–chlorite schist and serpentine. According to mineral as-
semblage and Fe content, ores can be divided into carbonate and silicate
types. Carbonate type Fe ores commonly show disseminated and mas-
sive structures and have major gangue mineral of dolomite with
minor chlorite, tremolite, calcite, and apatite. Silicate type Fe ores
occur as disseminated and banded structures with gangue minerals
dominated by tremolite, talc, serpentine, and olivine with minor dolo-
mite, chlorite, muscovite, biotite, magnesite, apatite and calcite. Both
types of ores contain pyrite, pyrrhotite, chalcopyrite, and sphalerite.
Carbonate ores are commonly iron-rich with an average ore grade of
50.87%, whereas silicate ores are iron-poor with ore grades ranging
from 32 to 38% (Chen, 2007; Song et al., 1989). Both types are common-
ly transitional in terms of mineral abundance.
magnetite, pyrite, and dolomite; (b)massive ore composed ofmagnetite, andminor pyrite
ation after its formation; (c) banded ore composed of interbedded magnetite, pyrite, and

ist of dolomite and pyrite. There are two types of pyrite, including fine-grained pyrite dis-
ed ore has amineral assemblage of magnetite, pyrite, and dolomite. Pyrite–dolomite veins

image of Fig.�3
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There are disseminated, massive, and banded ores (Fig. 3a–d).
Different types of ores have similar mineral assemblage of magne-
tite, pyrite, and dolomite (Fig. 3). Some disseminated ores also
Fig. 4. Photomicrographs of ores from the Tianhu Fe deposit. (a) Disseminated ore contains gan
grains show good psephicity, indicating that pyrite has experienced transport process or suffe
biotite, dolomite, and magnetite–pyrite parallel to each other (under polarized light). Some
(d) bands of magnetite and pyrite parallel to biotite grains (under polarized light). Biotite wa
earlier formation of pyrite (BSE); (f) Chalcopyrite associated with magnetite, apatite and dolom
(BSE). The differences in color of sphalerite may be due to the different contents of iron; (h) gan
formation (BSE). Ap, apatite; Bt, biotite; Ccp, chalcopyrite; Chl, chlorite; Dol, dolomite; Ilm, ilm
contain biotite and chlorite associated with dolomite (Fig. 4a).
Some pyrite grains in disseminated ores are well rounded
(Fig. 4b). Pyrrhotite commonly infills the fracture of pyrite
gueminerals of biotite, chlorite, and dolomite (under polarized light); (b) euhedral pyrite
red from metamorphism reformation after it formed (under reflected light); (c) bands of
anhedral to subhedral dolomite grains infill the space between magnetite and pyrite;

s deformed due to modification process; (e) pyrrhotite infills pyrite grains, indicating the
ite (BSE); (g) pyrite replaced by sphalerite and associated with magnetite, and dolomite
gueminerals of ilmenite, magnesite, and talc enclosed inmagnetite indicates their earlier
enite; Mag, magnetite; Mgs, magnesite; Py, pyrite; Sp, sphalerite; Tlc, talc.

image of Fig.�4
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(Fig. 4e), and chalcopyrite usually replaces pyrite (Fig. 4f). Massive
ores consist of ~90 modal% magnetite, ~5 modal% pyrite, and
~5 modal% dolomite, which retain relict bands (Figs. 3b and 4c). Py-
rite is locally replaced by sphalerite (Fig. 4g). Banded ores are character-
ized by interbedded dark and light bands that are commonly one
centimeter wide (Fig. 3c). The dark bands are composed of magnetite
and pyrite, whereas light bands consist of dolomite ± biotite (Fig. 4d).
Some banded ores show brecciated structures with later pyrite and do-
lomite veins infill the fracture of magnetite (Fig. 3d). Small ilmenite,
magnesite, and talc grains are enclosed by magnetite, indicating their
earlier formation (Fig. 4h).

The paragenesis of the Tianhu Fe deposit was controversial due to
the complexity of minerals and multiple generations of some minerals.
According to previous studies and our observation, four main stages of
mineralization and alteration are recognized (Fig. 5) (BNGEXUAR,
1976). Stage 1 is dominantly sedimentary diagenesis, forming the
Fig. 5. Paragenetic sequence of alteration and
Modified from BNGEXUAR (1976).
dolomitic carbonate rocks. Stage 2 is the high-temperature hydrother-
mal stage (500–300 °C), which has a mineral assemblage of titanite,
forsterite, diopside, enstatite, and minor apatite and tourmaline. Stage
3 is themiddle-temperature (300–200 °C) hydrothermal stage, produc-
ing minerals that include magnetite, epidote, biotite, humite, horn-
blende, zoisite, tremolite, actinolite, and phlogopite. Stage 4 is low-
temperature (b200 °C)mineralization stage, characterized by dolomite,
quartz, chlorite, serpentine, fluorite, anhydrite, magnetite and large
amounts of sulfides such as pyrite, pyrrhotite, chalcopyrite, and sphaler-
ite. There are amounts of magnetite in stages 3 and 4.
4. Analytical results

Pyrite separates from the ores of the Tianhu Fe deposit were ana-
lyzed for Re–Os isotopes, sulfur isotopes, and trace elements. In situ
mineralization at the Tianhu Fe deposit.

image of Fig.�5
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trace elements of magnetite were determined by LA-ICP‐MS. Detailed
analytical procedures are described in Appendix A.

4.1. Re–Os isotopes

Eight samples are selected for pyrite separation and include dissem-
inated ores (Fig. 3a), massive ores (Fig. 3b), and banded ores (Fig. 3c and
d). According to the occurrence of pyrite (Fig. 3c), fine-grained pyrite
disseminated in ore (THG10A) and coarse-grained pyrite infilled in
ore (THG10B) are separated from the same sample. A total of sixteen
analyses are obtained and are listed in Table 1.

Pyrite separates from the Tianhu Fe deposit have 10.7 to 54.7 ppb Re,
0.124 to 0.364 ppb total Os, and 0.033 to 0.175 ppb common Os
(Table 1). All samples have low 187Re/188Os (360 to 4216) and 187Os/
188Os ratios (4.8 to 33.7). Uncertainty correlation factors (rho) between
187Re/188Os and 187Os/188Os ratios range from 0.29 to 0.98. These pyrite
samples contain significant amounts of common Os and are different
from “LLHR” (low-level, highly radiogenic) sulfides as defined by Stein
et al. (2000). Therefore, conventional isochron plots of 187Re/188Os
versus 187Os/188Os ratios are used and uncertainty correlation fac-
tors are also considered in the regression analysis. Regression of
four pyrite separates from two massive ores yields a model 1 iso-
chron age of 535± 36Ma (2σ, MSWD= 0.27; Fig. 6a), with an initial
187Os/188Os ratio of 7.22± 0.49. Regression of seven pyrite separates
from three banded ores yields an identical model 1 isochron age of
528 ± 18 Ma (2σ, MSWD = 1.6; Fig. 6b), with an initial 187Os/
188Os ratio of 1.55 ± 0.29. Four analyses are plotted off the
isochrones (Fig. 6c).

4.2. Chemical composition of magnetite

The mean contents of trace elements determined by LA-ICP‐MS and
standard deviation of the selected elements for each sample are sum-
marized in Table 2 and detailed results are given in the Appendix B. In
general, magnetite grains from the Tianhu Fe deposit have Mg, Al, Ti,
V, Mn, Zn, and Ga contents ranging from ~5 to 3500 ppm, 100 to 1000
times their respective detection limits (Table 2). Chromium, Co, Ni,
and Sn in magnetite are commonly 1 to 100 times the detection limits
(~1 to 200 ppm) (Table 2), whereas Ca, Sc, Cu, Ge, Rb, Sr, Y, Zr, Nb,
Mo, Ag, Cd, In, Ba, Hf, Ta, W, Pb, Bi, Th, and U are typically below or
close to the detection limits (Appendix B).

As illustrated in Fig. 7, trace element contents in magnetite vary less
than two orders ofmagnitude.Magnetite from the sample THG8 has the
highestMg, Mn, and Co contents, whereas magnetite from two samples
THG1 and THG4 have higher Ga and lower Sn contents than others.
Compositional variations between different magnetite samples can be
further identified by binary plots of selected elements (Fig. 8). In gener-
al, there are no obvious differences in trace element contents of magne-
tite among disseminated, massive, and banded ores. For individual
sample, almost all the samples show awell positive correlation between
Mg and Al, whereas sample THG8 shows a weakly negative correlation
between these elements (Fig. 8a). Magnesium also correlates posi-
tively withMn formost samples (Fig. 8b). Aluminum shows aweakly
positive correlation with Mn for most samples (Fig. 8c). In the plots
of Al vs. Mn and Al vs. Ti, trace elements of magnetite define four sep-
arated fields (Figs. 8c and d). Samples THG1, 5, 9, and 10 show a good
correlation between V and Ti (Fig. 8e). There is no obvious correla-
tion of V and Cr except for the sample THG4 (Fig. 8f). Zinc shows a
weakly positive correlation with Mn (Fig. 8g). Magnetite grains are
divided into four groups in terms of different Mn and Ga contents
(Fig. 8h).

4.3. Sulfur isotope

Analytical results for pyrite and pyrrhotite from the Tianhu Fe de-
posit are summarized in Table 3 and plotted in Fig. 9. Generally,



Fig. 6. Isochron plots of 187Re/188Os vs. 187Os/188Os for pyrite separates frommassive ores
(a) and banded ores (b), and scatter diagram for all analyses showing the behavior of Re–
Os decoupling (c). Isochron ages are calculated using 187Re/188Os ratios, 187Os/188Os ratios,
and uncertainty correlation factor (rho) between them by Isoplot/Ex, Ver. 3.23 (Ludwig,
2003).
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sulfides have variable sulfur isotopic composition (δ34SCDT) ranging
from about −9.2 to +11.1‰ (Fig. 9). Most samples have δ34SCDT
values clustering between +6 and +12‰. There are no obvious dif-
ferences in δ34SCDT values for different ore types (Table 3). Fine-
grained (THG10A) and coarse-grained (THG10B) pyrite separates
from the same ores have similar δ34SCDT values of −0.47‰ and
−0.78‰, respectively.
4.4. Trace elements of pyrite

Pyrite from the Tianhu Fe deposit typically contains relatively high
Co (346–3274 ppm) and Cu (149–2695 ppm), moderate Cr, Ni, Zn, Pb,
As, and Mo (1.9–127 ppm), and low Ag, Ga, Ge, Y, Zr, Nb, Sn, Sb, La,
Ce, Bi, Th, and U (from b0.1 to 33 ppm) (Table 4). Pyrite from the dis-
seminated ore, THG1, has the highest trace element contents, particu-
larly Co, Cu, Mo, and Pb. Fine-grained pyrite (THG10A) from the ore
THG10 has lower Cu, Y, Sb, La, Ce, and Pb than coarse-grained pyrite
(THG10B) from the same ore. All pyrite samples have Co/Ni ratios rang-
ing from ~10 to 270. Most pyrite samples have Co contents similar to
those from volcanogenic and hydrothermal deposits, but have lower
Ni contents (Fig. 10). In the Co–Ni correlation diagram (Bajwah et al.,
1987; Brill, 1989), all the samples are obviously different from sedimen-
tary and magmatic deposits and plot in the field of volcanogenic field
with lower Ni contents (Fig. 10).

5. Discussion

5.1. Origin of the Tianhu deposit

The Tianhudepositwasfirst considered as amagnesian skarn depos-
it (BNGEXUAR, 1976; Luo and Zhu, 1986; Zhang, 1985; Zhao, 1989) be-
cause large skarn alteration zones occur in the bottom of orebodieswith
a mineral assemblage of forsterite, tremolite, diopside, actinolite, and
serpentine. The deposit was also thought to be a sedimentary deposit
with hydrothermal overprint (Chen, 2007; Jia, 1991; Song et al.,
1989). The debate is centralized on the derivation of the ore-forming
fluids from sedimentary strata, magmatic hydrothermal process, or
both.

The orebodies and ores display sedimentary features even if the
Tianhu deposit was subjected to deformation, metamorphism, and
migmatization. For example, orebodies occur as stratified or stratoid
beds in the dolomitic marble of the Tianhu Group. Dolomites from
the ores and dolomitic marble have a carbon and oxygen isotope
composition similar to that of marine carbonates (Song et al.,
1989). Some ores exhibit laminated to banded structures (Fig. 3b
and c). Moreover, ore and gangue minerals also show oriented ar-
rangement. Magnetite and pyrite bands are approximately parallel
to biotite and dolomite grains (Fig. 4c and d). These relict sedimentary
structures or textures indicate that the ores may have been originally
deposited by a sedimentary process. Trace element composition of
magnetite also reveals a sedimentary origin of magnetite. Most magne-
tite grains have Ca + Al + Mn and Ti + V contents (Fig. 11) similar to
those of banded iron formation (BIF), indicating the derivation of sedi-
mentary process.

However, the pure sedimentary origin cannot be supported by
trace element composition of magnetite. In general, all themagnetite
grains have similar trace element patterns normalized to the bulk
continental crust (Fig. 7), indicating that they may share a common
source. However, the absence of obvious variation trends of trace el-
ement pairs for all magnetite grains cannot be explained by a single
fluid evolution process. For example, magnetite grains from the sam-
ple THG8 contain significantly high Mg andMn but low Al than those
from other samples (Fig. 8a–c), inconsistent with the synchronous
decrease of all trace elements if the same fluids evolve from early
to late (e.g. from high temperature to low temperature). The higher
Mg, Mn, and Ti but lower Al contents in magnetite grains from sam-
ple THG8 are possibly due to selective metasomasis which has added
Mg, Mn, and Ti but discarded Al. This suggestion is consistent with
the fact that the ilmenite, talc, and magnesite were enclosed in the
magnetite grains (Fig. 4h). No obvious differences in trace elements
of magnetite grains among disseminated, massive, and banded ores
indicate the complexity of fluid evolution. Even for magnetite grains
from the same type of ores such as massive ores, THG4, THG6, and
THG9, trace elements of magnetite also define different fields in the
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Table 2
LA-ICPMS results for trace elements (in ppm) in magnetite from the Tianhu Fe deposit.

Mg Al Ti V Cr Mn Co Ni Zn Ga Sn

DLa 1.5 0.82 1.0 0.20 2.1 1.6 0.036 1.1 0.64 0.046 0.74
THG1 ave (n = 9)b 95 508 517 532 68.1 185 8.5 3.5 63.1 22.1 1.14

stdev 24 80 105 49 95.5 23 2.6 0.8 15.0 7.1 0.28
THG2 ave (n = 17) 270 77 48 161 3.1 497 2.8 5.3 177 4.2 2.96

stdev 53 20 10 6 0.5 35 2.6 1.5 52 1.0 1.00
THG4 ave (n = 15) 177 290 338 351 16.7 178 3.6 1.66 74 19.7 3.4

stdev 41 60 106 110 7.1 16 2.6 0.45 15 3.5 0.3
THG5 ave (n = 17) 389 291 501 298 4.3 156 0.99 15.0 79 5.4 9.5

stdev 113 86 65 39 2.8 34 0.69 4.6 28 0.3 5.9
THG6 ave (n = 19) 319 124 144 170 5.0 405 6.1 2.18 56 4.4 12.4

stdev 41 22 10 8 2.6 18 1.9 0.83 13 0.4 4.6
THG7 ave (n = 9) 534 187 271 202 28.6 196 0.35 1.54 65.8 5.0 16.4

stdev 137 25 21 8 17.7 50 0.17 0.95 19.4 0.4 8.0
THG8 ave (n = 4) 3585 59 545 205 7.4 1656 14.9 2.76 97 4.8 13.5

stdev 886 37 91 22 0.9 124 3.20 0.64 36 0.9 3.8
THG9 ave (n = 7) 453 194 120 144 3.4 197 1.32 1.84 81 7.0 12.2

stdev 40 52 19 38 0.8 19 0.63 0.58 16 0.6 2.3
THG10 ave (n = 18) 463 225 148 162 4.7 158 0.99 3.41 95.5 6.37 15.8

stdev 77 66 24 55 1.6 16 0.55 1.54 22.8 0.30 8.9

Abbreviation: D.L. = detection limit, ave = average, stdev = standard deviation.
a Detection limit (D.L.) = 3 × σbackground

i × CRM
i /cpsRMi , where σbackground

i is the standard deviation of multiple determinations of element i in the background, CRMi and cpsRM
i are con-

centration and peak intensity of element i in the reference material, respectively.
b Numbers in parenthesis represent the number of analyzed spots.
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binary plots (Fig. 8), also indicating the extremely complex fluid evo-
lution. In the Ca + Al + Mn vs. Ti + V diagram (Fig. 11), some mag-
netite grains plot in the center or margin of “iron oxide–copper–gold
(IOCG) deposits” field, indicating they were probably formed from a
later hydrothermal event.

5.2. Origin of pyrite

The Re–Os isotopes of pyrite from the Tianhu Fe deposit pro-
vide important constraints on not only mineralization age but
also possible metal sources. Isochron diagrams for massive and
banded ores yield initial Os isotope ratios of 7.22 ± 0.49 and
1.55 ± 0.29, respectively. These ratios are much more radiogenic
than the chondritic 187Os/188Os ratio of 0.12 at 530 Ma, indicating
that the source of Os, by inference, other ore materials are mainly
Fig. 7. Multi-element variation diagram of the median trace element concentration
crust-derived. Although Re–Os dating of pyrite separates showed
that massive and banded ores have formed almost simultaneous-
ly, they have different initial Os isotope ratios and sulfur isotopes
(Fig. 12). Pyrite from massive ores has more radiogenic initial Os
isotope ratios and is richer in heavy sulfur isotopes than those
from banded ores (Fig. 12), indicating that they probably experi-
enced different ore-forming processes. Pyrite from sample THG8
has similar initial Os isotope ratios to those from the other band-
ed ores, but has heavier sulfur isotope composition, indicating
that this sample may have been modified by low radiogenic Os
but heavy sulfur-enriched fluids. Pyrite separates from ores
THG1, 2, and 5 plot off the isochron defined by those from
other ores (Fig. 6c), showing open behavior of Re–Os systematic.
It's worthy noting that magnetite grains from almost the same
ores show IOCG affinity in terms of their trace element
s in magnetite normalized to bulk continental crust (Rudnick and Gao, 2003).
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Fig. 8. Binary plots of selected trace elements in magnetite from the Tianhu Fe deposit.
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composition. The good coupling between pyrite Re–Os isotopes
and magnetite trace elements of the same ores indicate that
these ores may have suffered from hydrothermal modification.

The remobilization of ores was also supported by trace ele-
ment and sulfur isotope composition of pyrite. Pyrite from the
Tianhu deposit has Co contents similar to those of volcanogenic
and hydrothermal deposits, but obviously higher than pyrite
from sedimentary deposits (Fig. 10). Some pyrite samples have
Co/Ni ratios similar to volcanogenic deposits, but other samples
have elevated Co/Ni ratios due to extremely low Ni contents
(Fig. 10). The depleted Ni contents in pyrite were probably
attributed to metamorphic conversion of pyrite to pyrrhotite be-
cause Co is concentrated in pyrite while Ni does so in pyrrhotite
(Campbell and Ethier, 1984; Loftus-Hills and Solomon, 1967).
However, the composition of pyrite cannot be significantly al-
tered even under high grade metamorphic conditions, except
under particular circumstances involving hydrothermal remobili-
zation (Bralia et al., 1979). Moreover, microscopic observations
show that pyrrhotite accounts for only a small proportion of sul-
fides and pyrite is dominant (Fig. 4e). Therefore, hydrothermal
remobilization rather than mineral transformation may account
for the low Ni contents of pyrite.
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Table 3
Sulfur isotopic composition of sulfides from the Tianhu deposit, NW China.

Sample no.a Ore type Mineral δ34SCDT (‰) Reference

THG1 Disseminated Pyrite 10.31 This study
THG2 Disseminated Pyrite 10.96 This study
THG5 Disseminated Pyrite −9.23 This study
THG4 Massive Pyrite 8.15 This study
THG9 Massive Pyrite 5.93 This study
THG7 Banded Pyrite −0.86 This study
THG8 Banded Pyrite 7.62 This study
THG10A Banded Pyrite −0.47 This study
THG10B Banded Pyrite −0.78 This study
T1 Unknown Pyrite 10.98 IGCAS, 1976
T2 Unknown Pyrite 8.31 IGCAS, 1976
T3 Unknown Pyrite 10.19 IGCAS, 1976
T4 Unknown Pyrite 11.07 IGCAS, 1976
T5 Unknown Pyrite 7.69 IGCAS, 1976
T6 Unknown Pyrrhotite 10.35 IGCAS, 1976

a “THG10A” and “THG10B” indicate fine-grained pyrite and coarse-grained pyrite from
the same ore specimen THG10, respectively.

Fig. 9. Histogram of sulfur isotopic composition of sulfides from the Tianhu Fe deposit.

Table 4
Selected trace element contents (ppm) of pyrite from the Tianhu deposit, NW China.

Sample no. THG1 THG2 THG4 THG5

Cr 21.1 18.9 22.5 19.9
Co 3274 553 1979 346
Ni 33.3 19.1 7.25 35.4
Cu 2695 482 154 281
Zn 86 61 27.2 34
Ga 0.23 0.21 0.23 0.14
Ge 0.59 0.62 0.50 0.43
As 5.9 4.8 19.4 2.61
Y 0.94 0.35 0.39 0.086
Zr 5.5 2.61 1.02 1.32
Nb 0.27 0.85 0.12 0.048
Mo 43 18.5 6.9 4.2
Ag 1.57 33 0.10 4.77
Sn 1.68 1.13 0.69 3.9
Sb 2.42 1.01 1.05 1.35
La 0.69 1.98 0.45 0.066
Ce 1.42 3.14 0.91 0.13
Pb 28.5 18.4 10.5 13.2
Bi 2.85 1.32 1.23 0.85
Th 0.13 0.64 0.024 0.57
U 0.51 1.07 0.072 0.96
Co/Ni 98 29 273 9.8

a “THG10A” and “THG10B” indicate fine-grained pyrite and coarse-grained pyrite from the s
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Large variations of δ34S values (−10 to +12‰) of sulfides from
the Tianhu deposit argue against a single sedimentary or hydro-
thermal origin of sulfur (Velasco et al., 1998). Most sulfides have
δ34S values clustering between +6‰ and +12‰, indicating deri-
vation frommarine sulfates. Although no sulfur isotope data of ma-
rine sulfates are available in the study area, δ34S values of marine
evaporites in the Proterozoic strata are estimated as +17‰
(Claypool et al., 1980). Bacterial sulfate reduction can produce sul-
fate–sulfide fractionations that typically range from 15 to 60‰
(Goldhaber and Kaplan, 1982), whereas those associated with abi-
otic thermochemical reactions with organic compounds range
from zero to as much as 10‰ (Kiyosu, 1980; Orr, 1974). Therefore,
the negative δ34S values of pyrite indicate that part of sulfur prob-
ably has derived from bacterial sulfate reduction of marine sulfates,
whereas those positive values may indicate complete reduction of
the original sulfates either by bacterial or thermochemical sulfate re-
duction processes. Some sulfides have δ34S values close to zero, indi-
cating that sulfur may have derived from bacterial reduction of
sulfates. However, the process involving magmatic or hydrothermal
activity cannot be excluded because contemporary granitic
magmatism (ca. 543 Ma) (Song et al., 1989) was also indentified in
this area. Therefore, the sulfur, by inference, the iron, is most likely
to derive from the replacement of sulfates in the Precambrian strata
by a hydrothermal fluid.
5.3. Timing of Fe mineralization

There are two different views about the age of the Tianhu Fe de-
posit (Li and Chen, 2003). The deposit was considered to have a
Neoproterozoic age similar to that of the hosting metamorphic
rocks because orebodies appear in bedded or near-bedded shapes
parallel to the stratum (Chen, 2007). Magnetite ores and amphibo-
lites have Nd model ages between ~1266 and 892 Ma with an aver-
age age of ~1007 Ma, which was interpreted as the maximum
formation age of the Tianhu Fe deposit (Li and Chen, 2003). Others
argued that the deposit was formed in Late Carboniferous or Early
Permian and was closely related to contemporaneous intrusions of
granites (Zhao, 1989).
THG7 THG8 THG9 THG10Aa THG10Ba

19.4 19.3 22.5 19.6 21.1
1143 1090 874 647 1222

6.68 16.8 5.63 14.3 7.05
396 149 413 275 647
118 40 92 56 127

0.16 0.12 0.15 0.15 0.29
0.47 0.46 0.66 0.58 0.55
6.4 8.0 10.8 6.0 3.8
0.12 0.070 0.095 0.081 0.59
0.96 0.44 1.77 1.05 0.45
0.020 0.031 0.41 0.059 0.043
3.4 1.85 3.3 4.9 2.07

30.6 6.76 0.81 10.0 0.59
1.80 0.71 1.08 1.96 1.19
1.18 0.91 1.37 1.23 5.2
0.16 0.031 0.052 0.11 0.85
0.32 0.060 0.13 0.25 1.54

16.2 9.4 10.7 10.8 79
1.95 0.85 1.26 0.91 1.01
0.62 0.033 0.86 2.53 0.25
0.52 0.031 0.56 1.62 0.45

171 65 155 45 173

ame ore specimen THG10, respectively.
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Fig. 10. Co–Ni concentration plot of pyrite from the Tianhu Fe deposit. “THG10A” and
“THG10B” represent fine-grained pyrite and coarse-grained pyrite in the same ore speci-
men, respectively. Reference fields for different types of deposits or geological environ-
ments are defined according to Co and Ni values from Bajwah et al. (1987) and Brill
(1989).
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Pyrite Re–Os isotope ages first provide important constraints on
the timing of sulfide formation. Pyrite separates from the massive
and banded ores have a similar Re–Os age of ca. 530 Ma. Pyrite is
commonly associated with magnetite in the banded ores or occurs
as veins infilling in the massive ores, indicating that pyrite and
magnetite were formed almost simultaneously or pyrite was
formed later than magnetite. But the age of pyrite cannot be
interpreted to the mineralization of magnetite, because the volca-
nic rather than sedimentary origin of pyrite contradicts the
Fig. 11. Plot of Ca + Al +Mn vs. Ti + V for LA-ICP‐MS data of magnetite from the Tianhu
deposit. Because Ca content ofmagnetite is lower than the detection limit (~156 ppm), Ca
content is calculated using zero ppm. Reference fields are after Dupuis and Beaudoin
(2011). BIF: banded iron formation, Skarn: Fe–Cu skarn deposits, IOCG: iron oxide–
copper–gold deposits, Porphyry: porphyry Cu deposits, Kiruna: Kiruna apatite–magnetite
deposits, Fe–Ti, V: magmatic Fe–Ti-oxide deposits.
sedimentary environment of the host carbonate rocks which were
metamorphosed to dolomitic marble. We therefore interpret the
Re–Os age of pyrite as the time of a later hydrothermal mineraliza-
tion event after the formation of the Tianhu Fe deposit. Although
the contemporary tectono-thermal event was not widespread in
the Tianhu area, ca. 534 Ma granitoid intruding the Tianhu Group
was reported (Hu et al., 1986).

Although no isotope data is available for the timing of magnetite
mineralization, the deposit was proposed to be syngenetic with the
sedimentary carbonate rocks or metamorphosed equivalents
(Chen, 2007). The minor remained siderite bodies in the western
part of the main magnetite bodies may be another supporting evi-
dence (Song et al., 1989). We thus also believe the original Fe miner-
alization was nearly contemporary with the sedimentary diagenesis
in Neoproterozoic. Because the Tianhu Fe deposit has experienced
complex geological events, multiple stages of mineralization also
cannot excluded.

5.4. Open behavior of the Re–Os isotopic system

The isochron diagram demonstrates that some of pyrite separates
show open system behavior of Re–Os isotopes by the process of Re
gain and/or Os loss (Fig. 6c). Re–Os isotopic system can be perturbed
by a variety of processes such as hydrothermal or supergene alteration,
deformation, and metamorphism (Lambert et al., 1998; Morelli et al.,
2004; Ruiz and Mathur, 1999; Tristá-Aguilera et al., 2006).

The Tianhu deposit has undergone extensive deformation and con-
tact metamorphism after the deposition of magnetite. For example,
orebodies are locally brecciated and rounded to smooth tectonic lens
due to the late tectonic activity. Some ores are crosscut by late pyrite
and dolomite veins, forming the brecciated structure (Fig. 3d). The
well rounded pyrite also indicates tectonic transformation (Fig. 4b).
Re–Os isotope data of pyrite separates for intensively deformed ores
(THG1), show a little scatter below the ~528 Ma isochron of banded
ores (Fig. 6c), indicating that deformation process may not significantly
alter the Re–Os isotope systematic. However, pyrite separates from
weakly tectonised disseminated ores (THG2 and THG5) have much
scatter below the ~528 Ma isochron (Fig. 6c), providing evidence that
Re can be gained or Os can be lost as a result of certain processes except
deformation effects.

In addition to deformation and metamorphism, hydrothermal or
supergene processes can also redistribute Re and/or Os. Experimen-
tal studies have demonstrated that Re can only be remobilized by
very oxidized hydrothermal fluids under high-temperature (above
400 °C) conditions (Xiong and Wood, 1999; Xiong et al., 2006) and
Fig. 12. Plot of δ34SCDT values versus initial 187Os/188Os ratios showing different sulfur and
osmium isotope compositions for pyrite separates from massive and banded ores.
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disturbance of Re–Os systematics will not be severe as long as low-
temperature (100–200 °C) hydrothermal alteration is restricted to
oxygen fugacity conditions under which sulfide is stable (Xiong
et al., 2006). As described above, the host strata of the Tianhu
Group was intruded by Early Paleozoic granitoids. ~528 Ma pyrite
is older than ~460 Ma granitoids, indicating that some pyrite sam-
ples may also have suffered from the modification related to granitic
magmatism. Therefore, the open-system behavior of Re–Os isotopes
of part of pyrite separates from the Tianhu deposit is most likely to
result from high-temperature hydrothermal alteration after ore
formation.

6. Conclusions

Pyrite separates of Fe ores from the Tianhu Fe deposit have a Re–
Os isochron age of ~530 Ma, which was interpreted to be post-ore
hydrothermal timing for sulfide formation. Magnetite at Tianhu
was derived from sedimentary process overprinted by hydrothermal
activity. Sulfur isotopic composition of pyrite reveals that the sulfur
was likely to derive frommarine sulfate reduction either by bacterial
or thermochemical processes. Trace element composition of pyrite
indicates hydrothermal remobilization of ores. Therefore, the Tianhu
Fe deposit may be a hydrothermal overprint sedimentary type de-
posit. Re–Os isotope of sulfides was a good indicator for post-ore
process.
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Appendix A. Summary of analytical methods

A.1. Re–Os isotopes

Re–Os isotope analyses were performed at the State Key Labora-
tory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS). Samples of approximately 0.1 to 0.5 g
of pyrite were accurately weighed and loaded into a 120 ml Carius
tube with known amounts of 185Re and 190Os spikes (Shirey and
Walker, 1995). Samples were digested and equilibrated using 10–
20 ml of concentrated HNO3 and 2 ml of HCl at 200 C for about
12 h. Osmium was separated as OsO4 from the matrix using the in-
situ distillation equipment, whereas Re was separated from the re-
maining solution after Os distillation using the anion exchange
resin (Biorad AG 1 × 8, 200–400 mesh) technique (Qi et al., 2007,
2010).

Rhenium and Os were determined by a PE ELAN DRC-e ICP-MS.
Procedural blanks are 6.4 ± 1.1 pg and 2.0 ± 0.4 pg, respectively,
with an average 187Os/188Os value of 0.70 ± 0.11 (1σ, n = 5). Abso-
lute uncertainties (2σ) are derived from error propagation of uncer-
tainties in Re and Os mass spectrometer measurements, blank
abundances and isotopic compositions, spike calibrations. To moni-
tor long-term mass spectrometry reproducibility, in-house standard
solutions of Re and Os were analyzed repeatedly. The Re standard
(~1 ppb) yielded an average 187Re/185Re ratio of 1.697 ± 0.031
(1σ, n = 10), whereas the Os standard (~50 pg/g) yielded an
average 187Os/188Os ratio of 0.117 ± 0.003 (1σ, n = 10). The dupli-
cate analyses of the same sample also show good short-term repro-
ducibility (Table 1). Iridium was added to the Re- and Os-bearing
solutions for mass discrimination correction as proposed by
Schoenberg et al. (2000) for Re. The analytical results of Chinese na-
tional Re–Os reference materials, JCBY (Cu–Ni sulfides) and RCOR
(cobalt-rich ferromanganese crusts) were in good agreement with
the certified values (Huang et al., 2013a,b,c).

A.2. Chemical composition of magnetite

Major and trace elements of magnetite were determined by a Co-
herent GeoLasPro 193 nm Laser Ablation system coupled with an
Agilent 7700× ICP-MS at the State Key Laboratory of Ore Deposit
Geochemistry, IGCAS. Detailed operating conditions for the laser ab-
lation system and the ICP-MS instrument and data reduction are de-
scribed in Liu et al. (2008). Helium was applied as a carrier gas and
argon was used as the make-up gas and mixed with the carrier gas
via a T-connector before entering the ICP. Each analysis includes a
background acquisition of approximately 20 s (gas blank) followed
by 40 s of data acquisition from the sample. Analytical spots
(60 μm) were ablated by 160 successive laser pulses (4 Hz). Element
contents were calibrated against multiple-reference materials (GSE-
1G, BCR-2G, BIR-1G, BHVO-2G and NIST610) using 57Fe as an internal
standard (Gao et al., 2013). Every 8 sample analyses were followed
by one analysis of GSE-1G as a quality control to correct the time-
dependent drift of sensitivity and mass discrimination. Off-line se-
lection and integration of background and analyte signals, and
time-drift correction and quantitative calibration were performed
by ICPMSDataCal (Liu et al., 2008).

A.3. Sulfur isotopes

Sulfur isotopes were analyzed using a EuroVector EA3000 ele-
ment analyzer (EA) coupled to a GV IsoPrime isotope ratio mass
spectrometer at the State Key Lab of Environmental Geochemistry,
IGCAS. Appropriate amounts of powdered sulfide separates were
weighed and packed in tinfoil. Sulfur in sulfide minerals was con-
verted to SO2 for isotopic analysis by burning in the reactor under a
constant temperature of about 1000 °C using a stream of purified ox-
ygen. The sulfur dioxide was then carried by helium into the mass
spectrometer. The sulfur isotopic compositions are expressed using
the delta per mil notation (δ34S) with respect to Vienna Canyon
Diablo Troilite (V-CDT). Repeated analyses of national Ag2S stan-
dards GBW04414 and GBW04415 yielded δ34S values of −0.07 ±
0.09‰ (1σ, n = 27) and 22.33 ± 0.09‰ (1σ, n = 3), respectively,
in good agreement with the certified values of −0.07 ± 0.13‰ and
22.15 ± 0.14‰ (1σ) (Ding et al., 2001).

A.4. Trace elements of pyrite

Trace element contents of pyrite were determined by a PE ELAN
DRC-e ICP-MS at the State Key Laboratory of Ore Deposit Geochemis-
try, IGCAS. The detailed method was described by Qi et al. (2000).
Fifty milligrams of pyrite powder was accurately weighed and placed
in a PTFE bomb. About 1ml of concentrated HNO3was added for each
sample. The bombswere then placed on a hot plate, and the solutions
were evaporated to dryness to remove most of sulfur. One milliliter
of HF and 0.5 ml of HNO3 were then added. The sealed bombs were
then placed in an electric oven at 190 °C for 12 h. After cooling, the
solutions were evaporated to dryness on a hot plate at about
150 °C followed by the addition of 1 ml of HNO3 and again evapora-
tion to dryness. The residues were re-dissolved by adding 8 ml of 40%
(v/v) HNO3, and 1 ml of 0.5 μg ml−1 Rh solution was also added as an
internal standard. The bombs were re-sealed and placed in the electric
oven at 140 °C for about 4 h. After cooling, 0.4 ml of the resulting solu-
tion was diluted to 10 ml using Millipore water. The final solution was
used for ICP-MS analyses. Precisions were typically better than 5% RSD
(relative standard deviation).



Spot no. Mg Al Ti V Cr Mn Co Ni Zn Ga Sn

Detection limit 1.45 0.82 1.01 0.2 2.08 1.58 0.036 1.07 0.64 0.046 0.74

THG1–01 99 556 370 455 31.4 203 9.34 4.08 66.9 14.4 b.d.l

THG1–02 85 486 440 532 11.5 184 3.83 3.46 56.2 13.4 1.39

THG1–03 127 611 509 490 37.5 211 9.20 3.58 89.5 16.5 0.83

THG1–04 95 523 623 582 54.3 182 9.79 3.71 63.1 33.1 1.52

THG1–08 114 573 647 569 19.7 200 6.17 2.60 66.4 23.3 0.99

THG1–09 123 584 678 560 17.7 208 7.80 1.80 70.1 24.3 0.79

THG1–10 51 346 500 611 11.6 141 6.02 3.35 28.4 21.8 b.d.l

THG1–12 96 447 505 493 b.d.l 180 12.9 3.92 64.9 34.0 1.33

THG1–14 65 444 383 496 78.7 155 11.0 4.57 62.0 17.8 b.d.l

THG2–01 277 91 56 159 b.d.l 506 8.51 4.62 189 4.62 4.12

THG2–02 228 53 52 151 b.d.l 507 7.18 5.54 130 3.83 1.38

THG2–03 332 66 43 156 b.d.l 534 0.85 5.85 251 5.04 2.19

THG2–04 364 90 43 156 3.72 565 0.78 6.10 268 5.33 2.69

THG2–05 272 74 39 156 2.84 541 0.56 4.40 168 5.23 2.51

THG2–06 351 106 37 150 2.62 522 0.86 4.71 258 4.98 3.77

THG2–08 245 52 37 161 b.d.l 509 0.62 4.41 163 4.68 2.55

THG2–09 203 57 43 161 2.54 483 1.27 5.04 109 3.00 1.77

THG2–10 254 74 69 168 2.46 486 4.02 3.62 143 2.69 3.26

THG2–11 253 88 49 165 b.d.l 494 1.44 4.18 180 4.36 4.81

THG2–12 298 103 48 169 3.30 498 1.73 4.91 221 4.60 4.30

THG2–13 208 61 41 160 b.d.l 482 3.91 4.54 122 2.20 2.41

THG2–14 255 94 38 165 3.70 487 1.96 4.08 186 2.87 4.13

THG2–16 216 75 55 162 3.12 485 1.03 4.75 149 3.88 3.07

THG2–17 247 92 70 171 b.d.l 400 6.04 7.52 154 5.08 2.94

THG2–18 226 37 54 165 3.23 467 5.43 6.30 99.4 3.97 1.47

THG2–20 359 93 44 167 3.80 492 1.14 9.66 223 4.85 3.02

THG4–02 182 322 384 419 15.0 185 6.95 1.73 84.1 21.7 3.37

THG4–03 217 355 425 315 7.54 214 8.65 1.13 101 23.7 3.20

THG4–04 172 252 388 307 5.91 185 6.84 1.76 70.3 22.4 3.19

THG4–05 177 311 408 299 11.5 168 1.62 2.30 76.2 24.0 3.38

THG4–06 263 363 410 298 13.2 174 3.14 1.35 73.6 22.9 3.26

THG4–07 205 314 474 418 14.3 177 2.29 2.06 89.5 24.1 3.10

THG4–11 148 304 275 335 16.0 177 1.51 1.63 65.8 16.8 3.91

THG4–12 138 295 353 418 18.6 176 1.25 1.45 74.2 18.3 3.61

THG4–13 132 280 362 425 31.1 156 3.71 0.69 56.0 18.2 3.23

THG4–14 152 296 318 402 16.3 176 2.64 1.36 80.9 18.2 3.33

THG4–16 231 283 279 386 22.4 187 3.10 2.16 67.8 15.8 3.25

THG4–17 107 233 327 419 28.0 150 1.82 1.69 47.6 16.3 3.39

THG4–19 169 298 341 388 12.6 190 7.89 b.d.l 86.8 22.1 3.87

THG4–21 198 339 323 438 21.6 196 2.43 2.26 85.2 18.0 4.14

THG5–02 468 395 490 252 11.1 221 0.49 19.0 125 5.25 4.24

THG5–03 361 381 463 250 2.79 156 1.61 25.5 59.7 5.67 3.62

THG5–04 389 407 483 252 b.d.l 164 1.68 25.5 95.8 5.18 7.20

THG5–07 195 221 494 293 5.43 134 1.47 12.5 44.5 5.52 1.87

THG5–08 245 241 582 329 b.d.l 144 2.26 9.61 64.1 5.33 14.4

THG5–09 248 254 541 330 2.33 145 2.21 9.78 55.6 5.47 7.64

THG5–10 569 485 401 337 2.32 250 1.53 14.7 157 5.84 6.11

THG5–11 403 304 518 278 b.d.l 146 1.14 13.2 77.8 4.94 9.83

THG5–12 386 320 508 277 b.d.l 169 0.73 16.2 81.2 4.85 3.68

THG5–13 262 306 504 293 3.34 134 0.75 15.7 58.9 5.44 11.4

THG5–14 363 274 632 377 4.25 152 0.26 12.4 92.2 5.90 7.68

THG5–15 464 217 363 263 b.d.l 152 0.56 12.6 76.2 4.99 9.78

THG5–16 482 249 485 270 b.d.l 155 0.74 14.1 82.6 5.64 14.8

THG5–17 463 222 440 268 3.78 118 0.82 10.4 55.8 5.23 25.3

THG5–18 335 202 578 329 3.07 160 0.21 13.1 77.4 4.82 16.5

THG5–19 609 315 500 343 b.d.l 139 0.25 14.6 78.9 5.25 12.6

THG5–20 376 159 535 327 b.d.l 116 b.d.l 16.5 56.1 5.67 5.14

Appendix B. Full analytical results (in ppm) for laser ablation ICP-MS of magnetite from the Tianhu Fe deposit, northwestern China
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THG6–01 287 116 154 175 3.86 411 5.14 b.d.l 49.2 4.36 21.2

THG6–02 362 155 136 179 4.02 441 6.08 b.d.l 78.3 4.64 10.2

THG6–03 347 141 132 173 3.06 419 6.46 2.23 59.0 4.28 9.43

THG6–04 285 97 147 170 b.d.l 404 6.00 1.41 49.2 4.18 10.4

THG6–05 310 134 135 164 b.d.l 410 6.80 1.52 52.1 3.85 10.5

THG6–06 422 148 139 174 3.07 415 7.75 b.d.l 79.0 4.81 16.7

THG6–07 254 89 132 168 3.22 389 7.19 b.d.l 38.1 4.18 7.93

THG6–08 315 117 141 179 6.97 398 6.64 b.d.l 52.8 4.05 14.9

THG6–09 299 112 146 179 11.0 393 7.53 3.86 45.7 4.61 8.58

THG6–10 278 94 147 176 9.37 392 8.01 1.55 42.8 4.06 8.23

THG6–11 331 124 142 156 6.69 397 2.95 2.67 62.1 4.80 12.1

THG6–13 293 119 165 181 1.51 365 9.42 3.56 45.8 4.44 13.6

THG6–14 351 137 164 173 2.28 404 7.56 1.87 55.4 5.01 22.9

THG6–15 307 127 148 167 3.88 394 7.23 1.31 48.0 4.01 8.76

THG6–16 346 147 144 159 6.55 429 5.12 b.d.l 74.8 3.98 9.07

THG6–17 345 162 143 169 3.73 430 5.58 1.46 75.7 4.73 15.8

THG6–18 297 111 145 169 b.d.l 399 5.73 1.98 44.2 4.70 9.78

THG6–19 268 90 128 162 5.06 386 1.11 2.11 41.0 4.11 7.52

THG6–21 357 132 140 153 6.03 419 3.75 2.83 66.9 5.04 18.0

THG7–01 735 185 268 213 68.2 178 0.31 3.02 53.8 4.38 20.0

THG7–03 460 159 248 201 22.5 124 b.d.l b.d.l 47.0 5.15 3.93

THG7–04 531 229 295 217 47.7 216 0.29 1.13 59.8 5.06 19.0

THG7–06 556 182 264 198 12.8 249 0.54 1.19 84.7 4.39 11.2

THG7–10 573 217 308 201 19.4 170 0.21 2.24 50.3 5.44 27.3

THG7–11 433 149 260 197 18.9 230 0.35 b.d.l 60.8 4.86 14.4

THG7–12 749 200 244 194 22.0 243 0.38 2.38 104 5.13 12.8

THG7–13 388 183 278 201 22.0 234 0.58 1.15 80.1 5.17 28.3

THG7–14 377 178 271 197 23.4 118 0.43 1.23 51.5 5.33 10.7

THG8–03 2631 64 539 232 6.71 1627 12.5 2.03 76.8 5.01 16.5

THG8–04 3140 42 455 193 b.d.l 1663 13.5 b.d.l 60.1 5.40 11.3

THG8–05 3914 107 671 215 b.d.l 1817 14.0 3.06 142 5.33 17.0

THG8–07 4652 21 514 182 8.02 1517 19.6 3.20 109 3.44 9.29

THG9–01 508 183 142 167 2.55 183 1.02 2.51 69.0 7.89 10.9

THG9–03 419 182 108 149 3.11 197 0.96 1.47 78.2 7.43 16.4

THG9–04 503 181 118 108 2.95 219 2.18 1.55 98.0 7.03 11.2

THG9–06 431 174 87 80 3.44 202 1.71 b.d.l 80.8 6.75 12.6

THG9–07 415 139 141 193 3.86 169 1.97 b.d.l 53.7 7.06 9.58

THG9–09 465 306 122 155 4.73 223 0.63 b.d.l 96.6 6.42 13.8

THG9–10 429 192 118 158 b.d.l 187 0.74 b.d.l 89.2 6.23 11.1

THG10–02 497 311 199 200 3.28 162 0.55 1.55 113 6.75 44.7

THG10–03 621 368 160 179 4.70 179 0.67 3.77 131 7.08 13.7

THG10–04 484 210 163 181 4.51 161 1.06 4.84 98.8 6.09 21.6

THG10–05 410 142 137 139 4.51 137 2.46 3.65 62.6 6.35 18.0

THG10–06 517 200 165 233 8.57 150 1.87 7.14 88.8 6.52 15.2

THG10–07 492 184 159 247 3.49 154 1.68 5.98 89.9 6.52 11.0

THG10–08 379 135 160 241 7.01 131 1.04 1.09 54.5 5.71 8.49

THG10–10 448 176 140 150 b.d.l 158 0.97 1.29 89.6 6.54 11.2

THG10–11 483 271 132 114 4.79 175 0.96 2.70 117 5.99 9.96

THG10–12 511 303 136 108 3.14 170 0.68 2.71 115 6.32 11.3

THG10–13 420 163 150 168 4.22 150 0.78 3.95 78.1 6.09 15.8

THG10–14 502 247 142 138 b.d.l 166 0.72 3.96 111 6.32 13.8

THG10–15 504 297 137 132 3.13 174 1.03 3.84 126 6.40 13.1

THG10–16 494 277 134 128 b.d.l 172 0.98 1.99 114 6.42 9.69

THG10–17 444 207 132 120 b.d.l 157 0.89 2.65 89.4 6.40 9.54

THG10–18 427 184 166 173 5.06 157 0.92 3.62 86.1 6.52 29.6

THG10–19 464 205 167 230 b.d.l 164 0.31 3.25 100 6.48 9.79

Spot no. Mg Al Ti V Cr Mn Co Ni Zn Ga Sn

Abbreviation: b.d.l = below detection limit.
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