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Abstract The Chagangnuoer deposit is a typical submarine
volcanic rock-hosted skarn iron deposit, where orebodies
mainly occur in andesitic rocks of the Dahalajunshan Forma-
tion (DF) with skarns well developed around orebodies. The
volcanic rocks of the DF in the Chagangnuoer deposit display
calc-alkaline characteristics. The ore-bearing andesitic rocks
have high ¥'Sr/*Sr; (0.7058-0.7117) and low exg(?) (—3.51 to
1.67). They probably formed through mixing of basaltic melts
and the induced crustal melts. LA-ICP-MS U-Pb zircon ages
of 250 and 305 Ma are obtained for the granite and granodiorite
in the Chagangnuoer deposit, respectively, which are signifi-
cantly younger than the timing of the skarn formation
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(316 Ma). These age data indicate that the granitoids have no
contribution to the skarn and associated iron mineralization.
This paper proposes a new genetic model for submarine vol-
canic rock-hosted skarn iron deposits, in which the iron min-
eralization, skarn formation and volcanic magmatism are
necessary aspects of the same system; the iron separates and
concentrates from the silicate magma in the form of Fe(Il)
carbonate complex. While this conceptual model is largely
based on observations on the Chagangnuoer deposit, it may
have general significance for skarn-type iron deposits associ-
ated with submarine volcanic rock sequences and warrants
further testing and improvement.

Keywords Volcanic rocks-hosted skarn iron
deposit - Petrogenesis of ore-bearing andesitic rocks -
U-Pb zircon ages - New genetic model

1 Introduction

Submarine volcanogenic iron oxide (SVIO) ore systems
mainly include volcanic-associated and (volcano sedimen-
tary)-hosted iron deposits. Many of these deposits are
characterized by well-developed skarn assemblages, such as
the Chagangnuoer, Anzas, Tuomuerte, Dunde, Yamansu
and Beizhan iron deposits [1-8]. In these deposits, skarn
rocks and orebodies occur in specific volcanic rock forma-
tions and lack clear link with intrusive rocks in time and
space; these deposits are thus inconsistent with conventional
intrusion-related skarn deposits with characteristic features
including spatial zonation of skarn mineral assemblages and
proximity to contacts with igneous intrusions. These skarns
could be interpreted as a distal expression of magmatic
activity [8—10]. Some researchers suggested that later
hydrothermal alteration might have led to the skarn
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formation and their associated mineralization [2, 11, 12].
However, geochronological data indicate that the skarn
formation and magmatism of the volcanic rocks are coeval
in most cases, such as the Chagangnuoer deposit in western
Tianshan [13-15] and the Yamansu deposit in eastern
Tianshan [8]. Therefore, it is logical to infer that the ore
genesis and the skarn development must be genetically
related to the evolution of magmatic-hydrothermal fluids
derived from the exhalation of coeval submarine volcanism
or deep intrusion [7-10, 16]. The fluids could travel some
distance from their source to interact with appropriate
country rocks (Ca-rich volcanic rocks and/or carbonates) to
generate skarns [8, 16]. However, the mechanisms of skarn
formation and associated metallogenesis in these models
remain ambiguous and controversial, e.g., how iron actually
aggregates and precipitates is unclear. Some researchers
proposed the concept of “deep skarn environment”, where
skarns were thought to develop at magma/wall-rock con-
tacts beneath volcanoes [17-19], and hence the associated
metallogenesis [20-24]. They envisaged that deep magma
assimilated limestone and underwent subsequently immis-
cible separation of iron-enriched ore melt. However, what
may have led to ore melt immiscibility is still an enigma.

The eastern Awulale Metallogenic Belt (AMB) in western
Tianshan is one of the important Chinese SVIO-metallogenic
provinces [25] (Fig. 1), in which several iron deposits have been
discovered or explored, such as Chagangnuoer, Zhibo, Beizhan,
Dunde, with more than 1.2 billion tons iron ores [29] (Table 1).
All these deposits (Table 1) occur in the Dahalajunshan For-
mation (DF) which is predominantly composed of basalt, tra-
chyte, trachyandesite, andesite, rhyolite, tuff, volcaniclastic
sedimentary rocks, and sandstone and limestone [30]. The
Chagangnuoer deposit is one of the major iron deposits, where
orebodies occur mainly in the andesitic rocks of DF and skarns
develop pervasively around the orebodies [29] (Fig. 1b). Recent
studies have shown that the iron deposit formed in the later
Carboniferous [4] and the volcanic rocks of DF in the eastern
AMB in this special time displayed an arc-affinity [7, 10]. The
basaltic rocks are derived from depleted mantle [30], and the
skarn mineralogy characteristics in this deposit are consistent
with typical skarn iron deposits [4]. The above understandings
are important. However, (1) the petrogenesis of ore-bearing
andesitic rocks is poorly understood; (2) the suggested link
between iron mineralization and granitoids in the ore district is
unverified; and (3) the origin of the skarns and their associated
iron mineralization in the Chagangnuoer deposit, like other such
deposits elsewhere, is currently controversial.

In this paper, we report new petrological, geochemical
and geochronological data for the host rocks, with which
we discuss the petrogenesis of ore-hosting andesitic rocks
in the DF, and propose a new genetic model for the sub-
marine volcanic-hosted skarn iron deposit, which may
prove to be of general significance.

@ Springer

2 Regional geology

The Tianshan orogenic belt in northwestern China is
located in the southern part of the Central Asian Orogenic
Belt, which is divided into Western and Eastern Tianshan
Belts [33-35]. The Western Tianshan Belt comprises four
segments, including the North Tianshan arc accretionary
complex, the Yili block, the central Tianshan arc terrane
and the northern margin of the Tarim block [36]. The
Western Tianshan Belt has undergone a complex tectonic
evolution before Phanerozoic eon, including accretion and
breakup of Pangea and Rodinia supercontinents. In the
early Paleozoic, its tectonic setting may belong to
multi-continental blocks and multi-island arcs. It may
have resulted from the closure of three Paleozoic oceans
(the Terskey, North Tianshan and South Tianshan oceans)
and the related amalgamations of micro-continents dur-
ing the Late Paleozoic [36, 37]. Although the ocean
closing time is in debate, the Western Tianshan Belt
evolved into the post-collisional evolution stage in the
Permian [36].

Recently, many significant Fe—-Cu-Mo-Au deposits
have been recognized and evaluated in the western
Tianshan. The Awulale Metallogenic Belt (AMB) in the
northeast of Yili block is one of the major iron ore
mining areas (Fig. 1b). The Yili block is a triangular-
shaped terrain. During the subduction of the North
Tianshan and South Tianshan seafloors, Late Devonian to
Carboniferous arc magmatism produced a number of
volcanic and intrusive complexes in the Yili block [5-7,
10]. The Carboniferous volcanic activities in the AMB
have a close spatial-temporal relationship with the iron
deposits.

The AMB displays numerous E-W-striking, north-dip-
ping high-angle faults and a synclinal structure [10].
Remote sensing image data show that there is a caldera
structure in the AMB [15]. The AMB has a Precambrian
basement dominated by Meso- to Neo-Proterozoic gneis-
ses, marble, migmatite and clastic rocks [15, 38, 39].
Silurian volcano sedimentary rocks and Devonian volca-
niclastic sedimentary rocks outcrop along the northern and
southern margins of the AMB. Limestones of Silurian and
Devonian ages develop well in the Chagangnuoer deposit
[15]. The Carboniferous volcanic and volcaniclastic rocks
are widely distributed in the AMB as a result of slab
subduction [40]. Most iron deposits are confined within the
Carboniferous Dahalajunshan Formation, where ~300 m
limestone exist [14]. The Permian, Triassic and Jurassic
strata locally occur and mainly consist of conglomerate,
sandstone, mudstone and shale [15]. Cretaceous strata are
lacking. Quaternary sediments are exposed in the southern
margin. There are large volumes of Permian granitoids in
the AMB.
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Fig. 1 (a) Tectonic sketch map of the Central Asian Orogenic Belt (modified after Han et al. [26] and Xiao et al. [27]); (b) The iron ores deposits
in Awulale Metallogenetic Belt (AMB) (modified after Jiang et al. [28]); and (c¢) Geological map of the Chagangnuoer iron ore deposit (c after

Zhang et al. [14])

3 Local geology

The Chagangnuoer iron deposit is located in the eastern
segment of the Awulale Metallogenic Belt (Fig. 1b), and the
iron reserve exceeds 200 million tons. The Carboniferous
Dahalajunshan Formation (DF), Yishijilike Formation,
granitoids and Quaternary sediments are exposed in the ore
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district (Fig. 1c). Granitoids develop in the northeastern part
and granite crops out east of Fe I ore body (Fig. lc).
Recently, hidden amonzonitic granite is found in the south of
Fe I orebody with mafic magmatic enclaves.

Six orebodies have been recognized and they occur
mainly in andesitic rocks of the DF. The orebodies are
mostly tabular or lenticular (Fig. 2). Fe I orebody and Fe II
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orebody are economically large (Fig. 1c). The average ore g 2=
grade of Fe II orebody is 37 % and 33 % in Fe I orebody. 5 2 : 3 3
The skarns are very common in the Chagangnuoer E é‘l 1: = 5
deposit, where progressive skarnization such as garnet,
diopside, actinolite and retrogressive alteration such as g o
chlorite, epidote, sulfides, silica and calcite are well 5 < §
developed around ore bodies. As shown in Fig. lc, from = 9‘ =
east to west of Fe II orebody, garnet alteration zone, E ‘2 '*E
actinolite alteration zone and marble alteration zone are 5 '%) E
well defined. The borehole samples show that there exist § 52 &
garnet alteration, epidote-actinolite alteration, epidote- § :2; '—% %
diopside alteration and marble around iron bodies (Fig. 2). g g S §
Hong et al. [3] subdivided the deposit into magnetite- g @ S o
diopside stage, chlorite-pyrite stage, magnetite-garnet- % % % %’ i
actinolite stage, epidote-chlorite stage, sulfide stage and Eﬂ ? s ""z f
quartz-carbonate stage. g [ € fE = <
The ore minerals are magnetite and hematite. The major - s é s E‘J - =
gangue minerals are garnet, diopside and epidote plus minor E § = § < E §
actinolite, chlorite, plagioclase, quartz and carbonate. Eight
types of ores have been recognized by Feng et al. [15], of
which the most important is brecciated ores (Fig. 3a, e). Ore 5 5 o
textures are dominated by xenomorphic-hypidiomorphic “aé S 5 By 5;2:
granular and auto-hypidiomorphic granular. %% gg g g g %E
BnolaT A A =
4 Samples
g g
A total of 14 samples (6 andesitic rock samples and 5 B g §
granodiorite samples and 3 iron ore samples) have been ‘g g % g g % g g
analyzed for major and trace elements. The six andesitic = k= £ AR §
samples have been analyzed for Sr and Nd isotopes, and " § g Z g § g g § g
their rock types and petrography are summarized in = g ¥ £ —9: 8 £ —9; 8
Table 2, which includes descriptions of two iron ore 2 § % g &° B % ° =
samples and two granodiorite samples. Three intrusive g .
rock samples were chosen for zircon LA-ICP-MS U-Pb § o e g S o8
age dating. The geochemical data on these samples and i ;,3 E’ 5‘ s E
other samples in the literature [10, 15, 28, 30, 41] are used 5 -
for discussion. é £
S| 5|2 E
5 Analytical techniques 5 cS| 8 &
g
Bulk rock major and trace element analysis of volcanic “i . o
rocks and iron ores (Table 3) were conducted at the State § % 1% g 2. f 5 5
Key Laboratory of Geological Process and Mineral B i 28 835 £ 5
Resources of the China University of Geosciences, Beijing g|E : 2 8 2 ki g= s 2
(CUGB). Major elements were determined using Leeman % E § 8 % 88 ¢ L; E
Prodigy inductively coupled plasma-optical spectroscopy § g E s é S g g g 3
(ICP-OES) system with high dispersion Echelle optics. & 5
Precisions for most major elements based on rock stan- § g g
dards BCR-1, AGV-2 [US Geological Survey (USGS)] and - 2 §0 o
GSR-3 (national geological standard reference materials 21 ¢ Y £ "ﬂé j‘;
(SRM) of China) are better than 1 % with the exception of Ele [6 & & A
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Fig. 2 Cross sections illustrate the skarn alteration phenomena of host rocks in the Chagangnuoer mine. Both of a and b are modified from Feng

et al. [15]

TiO, (1.5 %) and P,05 (2.0 %) (see [42] for analytical
details). Trace elements were analyzed using ICP-MS after
Teflon bomb-assisted total acid digestion and dilution (see
[42] for analytical details). Sample was dissolved in equal
mixture of subboiling distilled HF and HNO; with a Teflon
digesting vessel on a hot plate for 24 h using high-pressure
bombs to ensure complete digestion/dissolution (see [42]
for analytical details).

Sr was analyzed using TIMS and Nd isotope by Neptune
Plus MC-ICP-MS at the State Key Laboratory of Geolog-
ical Process and Mineral Resources of the China University
of Geosciences, Wuhan (CUGW) (Table 4). About 100 mg
samples were digested in a Teflon bomb with a mixture of
concentrated HNO; and HF. The sealed bombs were kept
in an oven at 190 °C for 48 h. The decomposed samples
were then dried on a hot plate and converted into chlorides
by adding one milliliter of 6 mol/L HCI, followed by a
final evaporation. The samples were dissolved again in
1 mL of 2.5 mol/L HCI and then centrifugated. The final
solutions were used for separating and purifying elements
Sr and Nd by means of ion exchange columns of Dowex
AG50WX12 cation resin and Eichrom Ln-Spec resin
successively.

U-Pb dating and trace element analysis of zircons were
done simultaneously using LA-ICP-MS at the State Key
Laboratory of Geological Processes and Mineral Resour-
ces, China University of Geosciences (CUGW) (Table S1).
Laser sampling was conducted using a GeoLas 2005

&) SCIENCE CHINA PRESS

System with a spot size of 32 um. An Agilent 7500a ICP-
MS instrument was used to acquire ion-signal intensities
(see [43, 44] for analytical details).

6 Results
6.1 Geochronology

Three granitoid samples were chosen for LA-ICP-MS U-
Pb zircon analyses. The data are listed in Table S1.

In sample CGNE12-01, most zircon grains are euhedral
with a clear oscillatory zoning (Fig. 4). The Th/U ratio of
the analyzed grains varies from 0.40 to 0.72. These char-
acteristics indicate a magmatic origin [45, 46]. All of the
seventeen analyzed spots cluster on the concordant and
yield a weighted mean 2°°Pb/***U age of 2499 + 1.3 Ma
(MSWD = 0.13) (Fig. 5a).

In sample CGNE12-05, all the zircon grains are color-
less and subhedral with blurred oscillatory zoning (Fig. 4).
They are 90-110 pm in length with length to width ratios
of 1.5:1 to 3:1. All of the sixteen analyzed zircon grains
cluster on the concordant yielding 2*°Pb/***U ages between
247 and 260 Ma, giving a weighted mean 2°°Pb/**®U age of
249 £ 1.9 Ma (MSWD = 1.4) (Fig. 5b).

In sample ZK06-830, all zircon grains are colorless.
They are subhedral, stubby prismatic crystals with length to
width ratios of 1.1:1 to 1.5:1. All the grains exhibit well-
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Fig. 3 Ore feature and granitoids from Chagangnuoer deposits. a brecciated ores in which breccias are magnetite cemented by altered mineral,
b garnet in Chagangnuoer 3001 adit, ¢ garnet, epidote and diopside, d epidote alteration, e brecciated ores in which breccias are debris cemented
by magnetite, f calcite was alterated and formed garnet, g micrograph of CGNE12-01 granite, h CGNE12-05 granite, i granodiorite exposed in
the northeastern of ore district, j pyrite and magnetite, k magnetite and hematite, 1 magnetite and hematite. Gt, garnet; Ep, epidote; Di, diopside;

Cal, calcite; Mag, magnetite; Hem, hematite

developed oscillatory zoning (Fig. 4). The Th/U ratios for
analyzed grains vary from 0.42 to 0.86 (Table S1), higher
than those of metamorphic zircon grains (<0.2) [46, 47],
indicating a magmatic origin. Except for analyses at spots
of the cores, all the 18 analyzed spots yield a weighted
mean 2°°Pb/**®U age of 305 + 1.3 Ma (MSWD = 1.14)
(Fig. 5d).

@ Springer

6.2 Geochemical and isotopic characteristics

The results for bulk-rock analysis are given in Table 3. The
rocks of the DF vary significantly in composition, includ-
ing basalt, trachybasalt, basaltic trachybasalt, basaltic
andesite, trachy-andesite, dacite and rhyolite. The DF
volcanic rocks plot in the calc-alkaline field in FeO'-MgO
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Table 2 Petrography of studied samples

Sample Rock type Petrographic description

CGNE-3 Volcanic rock Fresh; glass shards (>40 %), crystal clasts of plagioclase and andesitic clasts (~ 15 %) and very
fine-grained volcanic ash (~45 %)

CGNE-15 Volcanic rock Porphyritic and fresh; ~15 % phenocrysts and 85 % groundmass; Phenocrysts: plagioclase
(~10 %) and amphibole (~5 %)

ZB-3 Volcanic rock Porphyritic and fresh; ~12 % phenocrysts and 83 % groundmass and ~5 % clasts

ZB-8 Volcanic rock Porphyritic and fresh; ~10 % phenocrysts and 88 % groundmass and ~2 % clasts

ZB-17 Volcanic rock Porphyritic and fresh; ~17 % phenocrysts and 83 % groundmass; phenocrysts: plagioclase
(~9 %) and amphibole (~8 %)

ZB-19 Volcanic rock Fresh; glass shards (>35 %), crystal clasts of plagioclase, amphibole, andesitic clasts (~ 15 %)
and very fine-grained volcanic ashes (~50 %)

CGNE-6 Massive ore Massive structure, >90 % magnetite, ~8 % pyrite and ~2 % gangue minerals

CGNE-14 Massive ore Massive structure, >90 % magnetite, ~10 % pyrite

CGNEO06-5.9 Granodiorite Fresh; feldspar (~ 14 %), plagioclase (~30 %), quartz (~30 %), biotite (~5 %) and amphibole
(~21 %)

CGNE06-546 Granodiorite Fresh; feldspar (~8 %), plagioclase (~23 %), quartz (~35 %), biotite (~ 10 %) and amphibole

(~24 %)

space (Fig. 6a). The chondrite-normalized rare earth ele-
ment (REE) patterns of andesitic samples are characterized
by light REE-enrichment, relatively flat heavy REEs and a
subtle negative Eu anomaly (Fig. 6f). Sr and Nd isotopic
compositions of volcanic rocks are given in Table 4.
Andesitic rocks have high ®’Sr/**Sr;, values varying from
0.7058 to 0.7117, and their eng(?) values range from —3.51
to 1.67 (Table 4). Basalt in the Chagangnuoer deposit gives
ena(f) > 0, which indicate that their source is depleted
mantle [30]. The TiO, and P,O5 abundances in the massive
ores (FeO' > 85 wt %) are very low, varying from 0.022
to 0.117 wt %, from 0.045 to 0.163 wt %, respectively
(Table 3).

The 305 Ma granodiorite samples have SiO, contents
varying from 62.39 to 71.70 wt % and plot in calc-alkaline
field of FeO"™-MgO space (Fig. 6a), and their FeO" con-
tents decrease with increasing SiO, (Fig. 6b). They have
A/CNK  [molar  AlLO3/(CaO + Na,O + K,0)] of
0.86—1.02 and K,0/Na,O ratios between 0.8 and 2.6. The
chondrite-normalized REE pattern is characterized by
enrichment in LREEs, flat HREEs and a negative Eu
anomaly (0.47-0.61) (Fig. 6d). Furthermore, on primitive
mantle-normalized spider diagrams, the samples show
enrichments in LILEs with distinct negative Nb, Ta and Ti
anomalies (Fig. 6¢).

7 Discussion

7.1 Granitoids in ore district

The tectonic setting for the Later Carboniferous country
rocks in the AMB is still controversial, including intra-
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continental rift [50, 51], post-collisional mantle plumes
[52, 53] and active continental margin [28, 30]. Recently,
U-Pb ages of 321 and 302 Ma [28, 30] have been
obtained for the DF rhyolite from the Chagangnuoer iron
deposit, and the geochemical characteristics of these
rocks indicate that they formed in an active continental
margin setting. Furthermore, all of the DF volcanic rocks
in the eastern AMB display calc-alkaline series with arc-
affinity, including 300 Ma dacite and 329 Ma andesite in
the Zhibo deposit [14, 28], 301 Ma dacite and 304 Ma
rhyolite in the Beizhan deposit [32] and 316 Ma dacite in
the Dunde deposit [7]. The geochemical characteristics of
the granitoids in this district may give some hints
regarding the tectonic setting of the region in the Late
Carboniferous. The composition of the granitoids in the
eastern part of AMB, including the 305 Ma granodiorite
in the Chagangnuoer deposit and 319 Ma diorite and 304
Ma granite intrusions in the Zhibo deposit, also indicates
an arc-affinity, i.e., enrichment of LILE and LREE with
distinct depletion of Nb, Ta, Ti and HREE. Thus, these
age data and their geochemical characteristics demon-
strate that the DF and granitoids in the northeastern AMB
are products of multiple magmatism of 300-320 Ma in a
subduction-related environment.

Hong et al. [13] reported a mineralization-associated
garnet Sm-Nd isochron age of 317 Ma for the Cha-
gangnuoer deposit, which differs from the zircon U-Pb age
of granitoids (305, 250 Ma). This indicates that the grani-
toids have no contribution to the skarn development.
Moreover, the DF volcanic rocks (300-320 Ma) and
granitoids (305 Ma) in the Chagangnuoer deposit display
calc-alkaline characteristics (Fig. 6a), which indicate that
their evolved melt via fractional crystallization does not
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Table 4 Sr—Nd isotopic compositions of the representative andesitic volcanic samples from Chagangnuoer deposits. CGNE-3 and CGNE-15 are

from Chagangnuoer deposit

Sample Lithology Rb (ppm)  ¥'Sr/*sr ¥SySr;, 420 Nd (ppm)  '"®Nd/"¥Nd  +2¢ ena(®)
CGNE-3 Andesitic tuff 62.22 0.70877 0.70679 6 x 107  11.87 0.512900 7 x 107° 1.67
CGNE-15  Andesite 230.6 071736  0.71167 5x107%  27.00 0.512649 5x107° 0.26
ZB-3 Andesitic rock 58.04 0.70718 0.70583 5x107° 8.128 0.512800 5x107° —1.09
7ZB-8 Andesitic rock 31.96 0.70643 0.70617 5x107°  17.01 0.512666 6x10° =351
7ZB-17 Andesitic rock 26.69 0.70667 0.70599 5x107° 1879 0.512763 5x107° —215
7ZB-19 Andesitic rock ~ 109.5 0.71022  0.70783 6 x107°  13.20 0.512624 4x107° —2381

7ZB-3, ZB-8, ZB-17 and ZB-19 are from Zhibo deposit

87Sr/86555pmem) = 37S/% S 1)+ RO/ St presenyy X (€% — 1), where 1= 142 x 107", =300 Ma, "*Nd/"*Ndpreseny = *+*Nd/"**Ndg;, +

7S/ Nd presenty ¥ (6”7 — 1), where 1 = 6.54 x 107"t = 300 Ma

SN;I(Z) = [(143Nd/ lMNdmck(t)/ N/ 144NDCHUR(;)) — 1] x 10,000, where, BN/ IMNdCHUR(present) = "BNd/ 144NdCHUR(x) + 147sm/144NdCHUR(present) X
" = 1), "N Ndcpurpreseny = 0-512638, "7Sm/' *Ndcrur presenty = 0.1967, Jgm = 6.54 x 107"

have Fe-rich characteristics. Therefore, the models of iron-
rich fluid/melt derived from evolved magmas [54] cannot
be applied to explain the ore genesis of the Chagangnuoer
deposit.

7.2 The petrogenesis of andesitic rocks

As discussed above, the DF volcanism was genetically
associated with a subduction-zone environment. It is likely
that the basalts of DF in the Chagangnuoer deposit were
derived from depleted mantle wedge [30]. However, the
petrogenesis of ore-bearing andesitic rocks remains poorly
understood. In order to evaluate the potential magma
source for the andesitic rocks, we need to consider pro-
cesses that can effectively explain the composition of these
rocks, especially the trace element characteristics and iso-
topic signatures. The generation of intermediate arc mag-
mas is widely attributed to three main processes:
differentiation of primary mafic magmas by crystallization
within the crust or uppermost mantle [55, 56], partial
melting of older crustal rocks [57, 58] and basaltic magmas
were contaminated by crustal felsic materials with or
without fractional crystallization [59, 60].

The andesitic rocks have low eng(320 Ma) (—3.51t0 1.67,
Fig. 7b) than basalt (5.7-7.3) [30] from the DF in Cha-
gangnuoer iron deposit. Therefore, fractional crystallization
of basaltic magmas cannot account for the isotopic compo-
sitions of andesitic volcanic rocks in the Chagangnuoer
deposit. Moreover, the main constituent of the DF is andes-
itic rather than basaltic rocks. The volumetrically significant
andesitic rocks require partial melting of basaltic rocks as has
been well-established (see [61] for a review).

The old mafic lower crust of the AMB is represented by
the Tianshan Proterozoic metamorphic basement, whose

@ Springer

end(320 Ma) range from —8 to —4 [62, 63]. Such low eng
precludes the possibility that the andesitic volcanic rocks
(ena(320 Ma) = —3.51 to 1.67) were derived from such
old mafic lower crust.

The DF andesitic rocks may thus have been generated
from basaltic magmas via crustal assimilation, i.e., a
mixing process. In the andesitic rocks of the DF, Th/Ta
ratios increase with increasing Zr/Nb and SiO, (Fig. 7a, c).
These geochemical features tend to suggest that the
parental magma of these andesitic rocks may have been
contaminated by crustal materials, which are further sup-
ported by the positive correlation between SiO, and
87S1/*°Sr;, for the andesitic rocks (Fig. 7d). Since the
basaltic rocks in DF are derived from depleted mantle [30],
we select DM and enriched lower crust as end-member
components to evaluate the isotopic signatures of the DF
andesitic volcanic rocks. As shown in Fig. 7b, mixing of
depleted mantle and enriched crust can well explain the
isotopic characteristics of andesitic rocks in DF.

The foregoing discussion and reasoning suggest that the
petrogenesis of the DF andesitic rocks may have resulted
from mantle-derived basaltic magma with significant con-
tinental crustal assimilation or mixing, which better explain
the chemical and isotopic data than other suggestions dis-
cussed above.

7.3 The origin of iron mineralization

The Chagangnuoer deposit is a typical SVIO deposit in the
western Tianshan, China [25]. The origin of the Cha-
gangnuoer iron deposit, like similar deposits elsewhere
such as Yamansu, Abagong, Anzas and Tuomuerte iron
deposits, is in debate and has been interpreted differently:
(1) magmatic origin [64, 65]; (2) exhalative-
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Fig. 4 Representative CL images from granitoids in the Chagangnuoer deposit. Sample CGNE12-01 is abbreviated to 01, CGNE12-05 to 05 and

ZK06-830 to 830

synsedimentary [66]; and (3) hydrothermal replacement
(skarnization) deposit [11, 12, 16]. Although magmatic
origin model is used to explain the genesis of some SVIO
deposits with signatures of magmatic origin, such as high
proportion of apatite in the magnetite ores (e.g., Abagong
in Altay, [65, 67]), but how the ore-bearing melt formed is
still unclear [25, 68]. Moreover, some of the SVIO deposits
have very low contents of P, Ti and display no P, Ti cor-
relation with FeO" in massive iron samples (Fig. 8), which
argue against the magmatic origin as a result of oxide melt
immiscibility (and fractional crystallization) from the sili-
cate magmas [54, 69]. If exhalative-synsedimentary model
is applicable, considering the submarine volcanic envi-
ronment, the deposit should be accompanied by other
facies of chemical exhalite, such as pyritic chert, jasper and
Fe-Mn oxide deposits [68]. However, these have not been
recognized in the Chagangnuoer deposit and elsewhere,
such as Yamansu deposit [8]. We suggest that the metal-
logenesis of the Chagangnuoer deposit should be geneti-
cally associated with skarn formation because: (1) the
skarn is pervasive around ore bodies and the paragenetic
textures between skarn minerals and magnetite are
conspicuous under microscope (Figs. 1c, 2, 3b, c, f, i); (2)

&) SCIENCE CHINA PRESS

the mineral assemblages of grossular garnet, diopsidic-
hedenbergitic pyroxene and epidote are consistent with
typical skarn iron deposits [4, 16]; and (3) the timing of the
skarn formation (316 4+ 6.7 Ma) is essentially the same
within error as the iron mineralization [13-15].

Like Chagangnuoer iron deposit, skarn minerals (e.g.,
diopside and garnet) are extensively developed in some
SVIO deposits, such as Dunde and Yamansu iron deposits
[7, 8]. The common feature of these deposits is the fact that
the host rocks all contain carbonate rocks [25]. However,
these iron skarn deposits occur within volcanic rocks and are
unrelated to the intrusive rocks in time and space. Therefore,
reaction modeling cannot be applied to such volcanic-hosted
skarn iron deposits. Two competing models have been
proposed to explain the origin(s) of these skarns and asso-
ciated iron mineralization: (1) metasomatism by fluids
related to the exhalation of coeval submarine volcanism or
deep intrusions [8-10, 16, 70]; and (2) “deep skarn envi-
ronment” origin [20-24]. The iron source in the first models
remains controversial, such as leaching from host rocks by
fluids [8] or sequestering from magmas by fluids [29].
Moreover, what causes iron precipitatation to form deposits
in volcanic rocks remains an enigma. The “deep skarn

@ Springer
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Fig. 5 a, b and c are Laser ablation ICP-MS U-Pb zircon concordia diagrams of granitoids in the Chagangnuoer deposit. d shows weighted

average age for ZK06-830 without core data

environment” model suggests that deep magmas assimilate
limestone and undergo subsequently immiscible separation
of iron-enriched ore melts. However, the cause(s) that led to
iron-enriched ore melt immiscibility is poorly understood.
Based on observations on the Chagangnuoer deposit, we
envisage a new ore-forming process as follows for volcanic-
hosted skarn iron deposits.

As discussed above, skarn is important to metallogenesis
of the Chagangnuoer deposit. The skarn forming and
magmatism of the volcanic rocks are coeval. Ore-bearing
andesitic rocks of DF have been generated from basaltic
magmas via crustal contamination. Carbonate rocks of
Proterozoic, Silurian, Devonian and Carboniferous are
abundant [15]. For example, within the DF alone, the
limestone is about 300 m thick [14]. Therefore, during
ascent through the crust, the basaltic magma not only
assimilate/contaminate the silicate rocks, but also reacts

@ Springer

with the limestone. High-temperature basaltic magma will
lead limestone to melt directly under low CO,/H,O envi-
ronment [71]. The generated carbonate melts can react with
basaltic magmas to form skarn minerals. Since in the
reaction of basaltic magmas with carbonates, skarn pro-
ducts have consumed Si—O thought to be bound to Fe
during evolution of slowly cooling basaltic magmas. As
shown in Fig. 9, the residual components become FeO'-
rich after reaction. The “excess” iron component (relative
to Si, Ca and Mg consumed) combine with CO%’ to form
Fe(Il) carbonate complex (e.g., FeCOzyq), FeCOZ~, [72)).
This explains how iron becomes separated from silicate
melts and concentrated in the infiltrating fluids.

Percolation and migration of the FeCO;-fluids toward
surface will lead to magnetite precipitation through the
following reaction, favored by decreasing pressure and
temperature:
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Fig. 6 a FeO'™-MgO diagram of volcanic rocks and granitoids (after Pearce et al. [48]); b FeO'™-SiO, plots of 305 Ma granodiorite. Primitive
mantle-normalized spidergrams of the granodiorite (¢) and andesitic rocks (e), normalization values after Sun et al. [49]. Chondrite-normalized
REE patterns of the granodiorite (d) and andesitic rocks (f), normalization values after Sun et al. [49]. Yellow circles represent andesitic rocks
from this study, and red circles represent granitoids (G) from this study. Blank circles represent volcanic rocks of DF from triangles represent

volcanic rocks of DF [10, 28, 30]

3FeC03[aq] + H,0 — Fe304 + 3CO, (g) + Hz(g)

8 Conclusions

(1) The Chagangnuoer deposit is a typical submarine
volcanic-hosted skarn iron deposit, where orebodies
occur in andesitic volcanic rocks with well-developed

2

skarns around orebodies. The ore-bearing andesitic
rocks have high ¥’Sr/ %Sr(i) values varying from 0.7058
to 0.7117, and their eng(320 Ma) values range from —
3.51 to 1.67. They probably formed through mixing of
basaltic melts and the induced crustal melts. The DF
volcanic rocks display calc-alkaline characteristics.

LA-ICP-MS U-Pb zircon ages of 250 and 305 Ma are
obtained for granite and granodiorite in the

) SCIENCE CHINA PRESS &) Springer
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DF. Yellow circles are from this study. The blue and black circles are published data, which are from Feng et al. [15], Zhu et al. [41], Wang et al.
[30] and Jiang et al. [28]. DM represent depleted mantle with ®’Str/*°Sr;, = 0.703946 and enq(7) = 7.86. Both of enriched member I and II are
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Fig. 8 Plots of TiO, vs. FeOT (a) and Plots of P,Os vs. FeOT (b) for massive ores and magnetite composition. Published data are from Hong
et al. [4]

Chagangnuoer deposit, which are significantly young-
er than the skarn formation, thus the granitoids have

no contribution
mineralization.

@ Springer

to

3)

skarn and associated iron

This paper proposes a new model for the genesis of
volcanic-hosted skarn Fe deposits (Fig. 10). This
model emphasizes that (i) iron separates from silicate

magmas in the form of Fe(I) carbonate complex; and
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Fig. 9 Ternary plots show that basaltic magma component changes before and after representative skarn forming in our research area. All
element abundance has been turned to mole percent. Vectors show the compositional changes driven by skarns formed and the minerals
proportions (by weight) in the skarn trend 1, 2 and 3 are Ep 1 Dig 4Gto 4, Dig sGto s and Dig 15Gtg g5, respectively. Tick marks on the curves show
the extracted weight fraction of skarns. The garnet data are from Feng et al. [15]; the clinopyroxene and epidote data are from Hong et al. [4] and
Jiang et al. [28]
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“)

(ii) this complex results from interaction between
limestone-generated carbonate melts and basaltic
components. When the fluids containing Fe(Il) car-
bonates complex move toward the surface, magnetite
precipitate as a result of decreasing temperature and
pressure.

While this conceptual model is largely based on
observations on the Chagangnuoer deposit, it may
have general significance for skarn-type Fe deposits
associated with marine volcanic rock sequences,
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