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Abstract

The Zhonggu orefield is located within the southern Ningwu volcanic basin and is one of the largest iron ore districts within the
Middle-Lower Yangtze River Metallogenic Belt (MLYRMB) of eastern China. The area hosts the Gushan iron oxide—apatite
(IOA) deposit and the Baixiangshan, Longshan, Hemushan, Zhongjiu, and Taipingshan skarn-type iron deposits. Here, we
employ laser ablation—inductively coupled plasma—mass spectrometry (LA-ICP-MS) to determine trace element concentrations
in magnetite from these deposits. Combining these new data with geological information from these deposits indicates that the
iron ore within the Gushan deposit has V and Ti compositions that are strongly suggestive of a Kiruna-type IOA origin.
Specifically, the V and Ti chemistry of magnetite in iron ore breccias from the Gushan deposit suggests that this style of
mineralization formed at a high temperature and as a result of magmatic magnetite precipitation. This was followed by precip-
itation of lower temperature magmatic—hydrothermal massive magnetite. Both types of magnetite host exsolved ilmenite.
Elemental mapping also indicates that Gushan breccia-hosted magnetite records hydrothermal fluid activity that formed late-
stage vein mineralization. In comparison, other deposits within the Zhonggu orefield all contain magnetite with compositions that
are indicative of skarn mineralization. This implies that these deposits formed as a result of magmatic-hydrothermal rather than
purely magmatic or purely hydrothermal activity, contrasting with the Gushan deposit. Finally, the geochemistry of magnetite
within thick anhydrite units in the Longshan deposit indicates the formation by low-temperature sedimentary processes, and this
magnetite was subsequently overprinted as a result of hydrothermal activity during the formation of the main Longshan deposit.
Overall, this study indicates that the IOA, skarn-type, and sedimentary anhydrite-type iron mineralization in the Zhonggu iron ore
field record evolving metallogenic processes from initially orthomagmatic mineralizing systems to high- to moderate-
temperature magmatic—hydrothermal systems and finally to low-temperature hydrothermal mineralization.
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Introduction

The Middle-Lower Yangtze River Metallogenic Belt
(MLYRMB) of eastern China hosts significant amounts of
Cu, Au, Mo, and Fe mineralization, making it one of the most
important regions for mineral exploration in China. More than
200 mineral deposits, within seven separate ore districts, have
been identified in this region (Zhou et al. 2008, 2012; Jiang
et al. 2010; Wang et al. 2011; Yang et al. 2017). The Ningwu
iron district is the largest district within the MLYRMB and
contains several orefields, including Zhonggu. This orefield
contains several iron deposits, including the Baixiangshan,
Longshan, Hemushan, Zhongjiu, and Taipingshan deposits.
These deposits were originally labeled porphyry-type iron de-
posits by Chinese researchers (Ningwu Research Group 1978)
and are all temporally and spatially related to local
intermediate—mafic magmatic rocks. In addition, this area also
hosts the Gushan iron deposit, which contains magnetite—
apatite and hematite—apatite ore that is generally free of hydro-
thermal alteration. This led some researchers to suggest that this
deposit is a Kiruna-type iron oxide—apatite (IOA) deposit (Hou
et al. 2009, 2010; Yuan et al. 2010). The genetic concepts for
Kiruna-type IOA deposits are broadly split into magmatic and
hydrothermal replacement-type models. The former involves
dominantly orthomagmatic processes such as magmatic crys-
tallization, crystal segregation, and the high-temperature exso-
lution of magmatic fluids to generate intrusive and extrusive
iron ores as a result of high-temperature magmatic activity
(Frietsch 1978; Lundberg and Smellie 1979; Pollard 2000;
Nystrom et al. 2008; Tornos et al. 2011; Jonsson et al. 2013;
Westhues et al. 2016, 2017). In comparison, the hydrothermal
model for Kiruna-type IOA mineralization (Parak 1975, 1984;
Hitzman et al. 1992; Ali et al. 1996; Rhodes and Oreskes 2009;
Sillitoe and Burrows 2002; Ghasem and Majid 2013) involves
hydrothermal replacement or precipitation at temperatures
<600 °C. These IOA deposits may represent the deep roots of
iron oxide—copper—gold (IOCG) systems, based on magnetite
and associated pyrite isotopic and trace element data for the Los
Colorados IOA deposit in northern Chile (Knipping et al.
2015a, b; Reich et al. 2016), although other researchers dis-
count the link between IOA and IOCG systems (e.g., Groves
et al. 2010). Similar magmatic (Song et al. 1981; Hou et al.
2009, 2011; Li et al. 2014; Jiang 2015) and hydrothermal (Lu
et al. 1990; Gu and Ruan 1988, 1990) models have been pro-
posed for the Gushan deposit, indicating that the genesis of this
deposit remains unresolved. All of the deposits in the study area
are closely related to intermediate—mafic intrusions that formed
contemporaneously from magmas derived from a single source
and underwent similar magmatic evolutionary processes (Yuan
et al. 2014; Sun et al. 2017). However, the genetic relationship
between individual deposits in the study area remains unclear.
For example, it is currently unknown whether and how the
formation of the Kiruna IOA-type Gushan deposit is linked to
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the magmatic—hydrothermal mineralizing activity recorded
elsewhere in the Zhonggu iron orefield. Lastly, the Longshan
deposit hosts poorly understood magnetite mineralization that
is hosted by a massive, and thick, bedded anhydrite unit.

A number of studies report magnetite chemistry from band-
ed iron formations (BIF), Kiruna-type IOA deposits, magmatic
Fe-Ti oxide deposits, and Fe skarn deposits (Dupuis and
Beaudoin 2011; Huberty et al. 2012; Nadoll et al. 2012), as
well as within IOCG and porphyry Cu—Au (Huang et al.
2018) systems. Magnetite contains trace amounts of Al, Ti, V,
Si, Ca, Mn, and Mg (Dupuis and Beaudoin 2011; Nadoll et al.
2012), and the concentrations and ratios of these elements can
provide insights into the different processes that form magne-
tite. Thus, magnetite trace element concentrations can be used
to fingerprint and differentiate between different types of min-
eral deposits (Carew 2004; Singoyi et al. 2006; Beaudoin et al.
2007; Rusk et al. 2009; Dare et al. 2012; Nadoll et al. 2012,
2014a, b; Boutroy et al. 2014). Variations in the geochemical
properties of magnetite are believed to reflect changes in phys-
icochemical conditions (Dupuis and Beaudoin 2011), including
fluid compositions and changes in temperature, pressure, and
oxygen and sulfur fugacity conditions (Nadoll et al. 2012). This
means that magnetite compositions can both constrain the phys-
icochemical conditions of mineralization and also differentiate
between different types of mineral deposit (Dupuis and
Beaudoin 2011; Zhao et al. 2016).

Here, we present the results of laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-MS) determi-
nation of the concentrations of a large suite of trace and rare
carth elements (REE) within magnetite from a number of dif-
ferent iron deposits within the Zhonggu orefield. These data
enable the geochemical characterization and comparison of
magnetite from different types of deposit and provide insights
into the processes that formed the different styles of mineral-
ization. The results therefore provide insights into the genetic
links between the deposits in this region and the processes that
generate different types of iron ore deposits.

Geological background

The MLYRMB is located on the northern margin of the
Yangtze Block to the south of the Qinling—Dabie orogenic
belt and the North China Craton. The Middle-Lower
Yangtze River valley contains pre-Sinian metamorphic base-
ment rocks (~1.7 Ga, Yang et al. 1987; Chang et al. 1991),
Sinian (870-500 Ma) clastic rocks, dolomite and chert, wide-
spread Cambrian to Early Triassic carbonate sedimentary suc-
cessions, Jurassic continental clastic rocks, and Cretaceous
continental volcanic rocks intercalated with red bed sedimen-
tary rocks. It is bounded by the Yangxing—Changzhou Fault to
the southeast, the Tan—Lu Fault to the northwest, and to the
north by the Xiangfan—Guangji Fault (Fig. 1). The belt
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Fig. 1 Geological map showing the location of ore deposits and associated igneous rocks in the Middle-Lower Yangtze River Valley Metallogenic Belt

(modified after Chang et al. 1991; Mao et al. 2011)

contains major E-W and NNE-SSW trending faults that con-
trolled both magmatism and the distribution of mineral de-
posits (Zhai et al. 1992). Magmatism and mineralization in
the study area is closely related to the Jurassic—Cretaceous
Yanshanian tectonic and magmatic event (Fig. 1), which gen-
erated a series of uplifted blocks and fault-bound basins; mul-
tiple stages of explosive, effusive, and intrusive magmatism;
and voluminous polymetallic Cu, Mo, Fe, and Au mineraliza-
tion. The mineral deposits are divided into the Edong, Jiurui,
Anqing—Guichi, Luzong, Tongling, Ningwu, and Ningzhen
ore districts (Fig. 1).

Geology of the Ningwu Basin

The Mesozoic Ningwu continental volcanosedimentary basin is
located along the northern margin of the Yangtze Block within
the eastern MLYRMB (Pan and Dong 1999; Fig. 2). The basin
is partially filled by continental volcanic rocks that have been
intruded by cogenetic subvolcanic to plutonic rocks. It is
bounded by the NNE-SSW trending Yangtze fault, the NNE-
SSW trending Fangshan—Nanling fault, the NW-SE trending
Nanjing—Hushu fault, and the NW-SE trending Wuhu fault.
The basement of the volcanic basin is dominated by sedimen-
tary rocks of the Middle Triassic Zhouchongcun and Triassic

Huangmaqing formations, the Lower—Middle Jurassic
Xiangshan Group, and the Upper Jurassic Xihengshan
Formation. The volcanic sequence within the basin is divided
from bottom to top into the Longwangshan (~20% of the vol-
canic rocks), Dawangshan (~70%), Gushan (~5%), and
Niangniangshan (~5%) formations, with the Niangniangshan
Formation only cropping out in the Niangniangshan area within
the central part of the basin (Fig. 2). Zircon LA-ICP-MS U-Pb
dating of the volcanic rocks yielded consistent Early Cretaceous
ages (Zhou et al. 2011), and the dioritic intrusions within the
basin are geochemically similar to the volcanic rocks of the
Dawangshan Formation that host these intrusive rocks. The
Ningwu Basin contains (from north to south) the Meishan,
Washan, and Zhonggu orefields, which host iron deposits asso-
ciated with magmatic rocks.

Geology and mineral deposits of the Zhonggu
orefield

The Zhonggu orefield is located in the southern part of the
Ningwu volcanic basin (Fig. 3). The area records intense fold-
ing and faulting as well as voluminous magmatism. The min-
eralizing and magmatic events were spatially controlled by
NNE-SSW and WNW-ESE trending faults. The orefield
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contains a sedimentary basement sequence that is subdivided  siltstones of the Lower—Middle Jurassic Xiangshan Group
into the Middle Triassic Zhouchongcun anhydrite/marlstone  on the other (Fig. 3). In total, the Zhonggu orefield contains
and Huangmagqing sandstone formations on one side and > 800 Mt of iron mineralization (Sun et al. 2017).
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Gushan deposit

The Gushan deposit is an open pit mine producing magnetite—
hematite—apatite iron ore. The deposit is hosted by a caldera
associated with andesitic volcanic rocks and a porphyritic
gabbrodiorite intrusion (Fig. 4). The porphyritic gabbrodiorite

0 100m 20°
e e

crops out over an area of 5 km® and was emplaced into brec-
ciated sandstone, muddy siltstone, and shale units of the
Triassic Huangmaqing Formation. Mineralization occurs both
within the intrusion and in brecciated zones along the contact
between the intrusion and the surrounding sandstone and shale
units (Yuan et al. 2014; Jiang 2015; Fig. 4). The deposit has

SR L
SR 5 Ly o 1 A
1 4 L L 4+ oroe g 4L oL oxoa. 50
5
R I I O, - L 2 L2

Zhongjiu deposit

Pt

15 S O T TGO S T O T O S R (I |

- o I S e e S T S Y O S SRS C S

T T T S IO T B T I T S T
B S S "SNP SN N ICRNY NN NN SN SN SN S (DY MUY NN NS SN S S N N Y N S S

Hemushan deposit

o

0 100m 345
[ | —
\—m\\ 3 ~ = i > Y 2 X X 3
-7Q0m X s TS s xS N S xS
SN S N _Sembee——tieetlPE S N S

Vv v Vi

N
7y

v

VN
X X
4 7
“ v
5

4

4 Vi
vl
>
T oy
SR
v
AN
A
SN
A

7
S
Vi
<
v
<
<
Vi
x>
<
o

s

Baixiang deposit

Taipingshan deposit Longshan deposit
11 1 .. AT B .. .. Sz . ..
. . | Diorite ., | Porphyritic diorite « , | Monzonite - Gabbrodiorite
BE : s P Middle Trassic -—-- - Middle Trassic
~ | Andesite - Porphyritic gabbrodiorite anhydrite/marlstone |—--— sandstone
— = -] Early-middle - Early Cretaceous -
-+ — -1 Jurassic siltstone Conglomerate andesitic volcanics Orebody

Fig. 4 Geological cross-sections through the Zhonggu Fe deposits (modified after Ningwu Research Group 1978). a Zhongjiu deposit. b Baixiangshan
deposit. ¢ Hemushan deposit. d Gushan deposit. e Taipingshan deposit. f Longshan deposit

@ Springer



Miner Deposita (2019) 54:1243-1264

1249

produced ~ 180 Mt of iron ore at grades of 50-60 wt% Fe;Oy,
with high grade ores having grades of 80 wt% Fe;O,4. The
orebodies are ring-shaped in the east, but are irregularly
shaped in the west, and the southwestern part of the deposit
contains NE-SW trending vein orebodies.

The deposit contains brecciated, massive, and vein iron min-
eralization, with the former two types forming 80% of the total
iron resource. The breccia-hosted mineralization within the de-
posit consists of fragments of shale and sandstone country rock
cemented by magnetite (Fig. 5a). The iron ore breccias also
contain clasts that appear to define chimney-like vents, possibly
reflecting the movement of ore-forming magmatic—hydrothermal
or hydrothermal fluids in this area (Fig. 5d, e). These breccias
transition into massive iron mineralization along gradual contacts
(Fig. 5f), contrasting with the sharp boundaries of the vein-hosted
iron ore. Approximately 40% of the deposit consists of lenses
and irregularly shaped bodies of massive magnetite. Vein-hosted
iron ore commonly cross-cuts both massive and breccia-hosted
iron ores as well as the surrounding country rock (Fig. 51). The
vein-hosted ores contain magnetite intergrown with euhedral ap-
atite that contains abundant fluid inclusions (Fig. 5j). Some of
this apatite within the vein-hosted ores has weathered out, leav-
ing voids that were later filled by o-quartz (Fig. 5j, k). The
deposit records minor late-stage hydrothermal oxidation that
transformed the rims of individual magnetite crystals to hematite,
especially within the upper parts of the orebodies (Fig. Sh). The
ore records later supergene alteration associated with the devel-
opment of jasper. The deposit is dominated by magnetite—hema-
tite—apatite, magnetite—apatite—siderite, hematite—quartz, and
calcite—halcedony assemblages associated with silicification
and kaolin and carbonate alteration. Apatite is present within all
three ore types but seems more abundant in the vein-hosted iron
ore (Fig. 5j).

The samples analyzed from the Gushan deposit include
two iron ore breccia samples (gk-29 and A-35; Fig. 5a), two
massive ore samples (gs-3 and gs-16; Fig. 5g), and two vein-
hosted ore samples (gs-32 and gk-30; Fig. 5i).

Other deposits in the Zhonggu orefield

The other deposits within the Zhonggu orefield, namely the
Longshan, Taipingshan, Baixiangshan, Zhongjiu, and
Hemushan deposits, are located in areas containing Triassic
sandstone and muddy limestone units (Fig. 4). These units are
associated with zoned alteration and minor amounts of miner-
alization that increase in abundance with proximity to the ore-
related intrusions (Fig. 6a), with the majority of iron orebodies
located along the contact between muddy limestones and in-
trusions. Unaltered portions of the intrusions contain idiomor-
phic diopside, amphibole, and actinolite. Alteration associated
with iron ore formation is widespread (Fig. 6d, e), and plagio-
clase has frequently undergone albitization (Fig. 6¢). This ore-
related alteration formed diopside, albite, and epidote, with

this alteration most pronounced near the contact with the mud-
dy limestone (Fig. 6b, c¢). The iron ore mineralization consists
of magnetite intergrown with phlogopite along with lesser
amounts of epidote and chlorite (Fig. 6f, h—j). The paragenesis
of this alteration is shown in Fig. 6g, where diopside has been
replaced by phlogopite, and then phlogopite has been replaced
by chlorite. The mineralization also records some
postmineralization carbonate and clay mineral alteration
(Fig. 6j). The magnetite is typically disseminated, forming
small anhedral crystals (Fig. 6i, j) that are in some cases re-
placed by postmineralization pyrite and/or kaolin (Fig. 6k, 1).
All stages of mineralization and postmineralization alteration
are associated with anhydrite that, with the exception of the
Gushan deposit, is intergrown with diopside, amphibole, epi-
dote, and magnetite, indicating a common anhydrite formation
event (Fig. 6d, f, g). In addition, drilling around the Longshan
deposit identified thick evaporite units dominated by anhy-
drite, with minor amounts of rounded magnetite that yielded
Fe;0,4 grades of 15-25 wt%. The characteristics of each de-
posit are summarized in Table 1.

The samples from the Longshan deposit included two dis-
seminated (LS401-439 and LS0028, Fig. 6j) and one anhy-
drite formation-hosted (LS002-910, Fig. 6m) iron ore sam-
ples. Representative disseminated ore samples from the
Hemushan (HM2501-682), Taipingshan (TP402-49 and
TP003-24, Fig. 6k), Zhongjiu (ZZK-6 and ZZK-22), and
Baixiangshan (BX3304 and BX3709) deposits were also an-
alyzed during this study.

Analytical techniques

Mineral major and minor element compositions were deter-
mined by EMPA employing a JEOL JXA 8230 electron mi-
croprobe at the School of Resources and Environment
Engineering, Hefei University of Technology, Hefei, China.
We used a 15-kV accelerating voltage, a beam current of
20 nA, an electron beam size of 5 um, and 10-20 s peak
counting times. The samples were also imaged using
backscattered electron (BSE) imaging prior to quantitative
EPMA. The analyses were calibrated using natural and syn-
thetic mineral standards as follows: spinel for Mg and Al,
diopside for Si, ilmenite for Ti, chromite for Cr and Fe, man-
ganese oxide for Mn, niccolite (NiAs) for Ni, sphalerite for
Zn, albite for Na, and phlogopite for K. Iron was determined
as total iron (FeOy), and Fe** and Fe’™ were calculated by
assuming an R**R**,0, formula and balancing RO: R,0; =
1 for magnetite. The results of these analyses are given in
ESM 1, and EPMA-derived Fe concentrations were used for
internal standardization during laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP—-MS) analysis
and data reduction.
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Fig.5 Representative photographs and photomicrographs of samples from
the Gushan deposit. a Iron ore breccia and associated photomicrograph
(cross-polarized light) showing the edge of this breccia. b BSE image of
high- and low-Ti magnetite within the iron ore breccia; black pits show the
location of LA-ICP-MS analyses. ¢ Exsolution of ilmenite (gray) from
magnetite (light gray). d, e Exhaust vent or chimney (?) within iron
ore breccia. f Contact between iron ore breccia and massive iron
ore. g Representative example of massive iron ore. h Massive

Magnetite trace element compositions were determined
using LA-ICP-MS analysis of polished thick sections at the
In Situ Mineral Geochemistry Lab, Ore Deposit and
Exploration Centre (ODEC), Hefei University of Technology,
Hefei, Anhui Province, China. These analyses were undertaken
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magnetite with martite rim shown under reflected light. i Vein-hosted iron
ore cross-cutting earlier-formed massive ore. j Automorphic apatite
intergrown with magnetite cross-cut by later quartz and apatite containing
fluid inclusions. k BSE image showing magnetite and x-quartz filling
voids left by the alteration and removal of apatite. Abbreviations: Mag =
magnetite, Ap = apatite, Qz = quartz, Lm = limonite, Sd = siderite, [lm =
ilmenite; L = liquid phase fluid inclusion, L + G = liquid + gas phase fluid
inclusion

using an Agilent 7900 Quadrupole ICP-MS coupled to a
Photon Machines Analyte HE 193-nm ArF Excimer Laser
Ablation system equipped with a SQUID signal smoothing
device. Helium was used as a carrier gas and was mixed with
argon used as a makeup gas via a T-connector before entering
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the ICP. Each analysis used a uniform spot size diameter of
30 um at a laser pulse frequency of 8 Hz and with a laser energy
of ~2 J/em® for 40 s after measuring a gas blank for 20 s
(ESM 2 and 4). Standard reference materials GSE-1g, GSC-
1g, BCR-2G, and NIST 612 were used as external standards to
plot calibration curves using preferred element concentrations
for the USGS reference glasses from the GeoReM database
(http://georem.mpch-mainz.gwdg.de/). Off-line data processing
was undertaken using the ICPMS Data Cal software package
(Liu et al. 2008), and trace element compositions of oxide min-
erals were calibrated against multiple reference materials using
37Fe for internal standardization. The analytical uncertainties of
the major and trace elements determined during this study are 5
and 10%, respectively, with the uncertainties on the major ele-
ment compositions of magnetite and hematite determined by
LA-ICP-MS being 5% or less. Individual magnetite grains
were analyzed within each sample and some grains were ana-
lyzed twice.

In addition to these spot analyses, the compositional varia-
tions within single magnetite crystals in thick sections of iron
ore breccia (A23) and massive ore (gs-16) samples from the
Gushan deposit were also determined by elemental LA-ICP—
MS mapping. These multi-element analyses yielded results
expressed in counts per second (CPS) to give relative elemen-
tal abundances and the resulting data were processed using the
Matlab LIMS data processing software package, yielding
color-coded maps showing the distribution of elements within
this sample. All of the resulting data are given in ESM 3.

Results
Iron ores from the Gushan deposit

The major element analysis of magnetite by EMPA from the
iron ore breccia (Gushan-B), massive iron ore (Gushan-M),
and vein-hosted iron ore (Gushan-V) from the Gushan deposit
included a number of elements (CaO, Na,O, SiO,, and NiO)
with concentrations below the limits of detection (LOD).
Almost all MgO, Al,Os, and TiO, concentrations are above
0.02 wt% and the results are given in ESM 1. The majority of
the magnetite in these samples contain <1 wt% TiO,, al-
though some magnetite within the iron ore breccias contains
higher concentrations (4.1-9.5 wt% TiO,). BSE imaging of
these magnetites indicates that they are subhedral, contrasting
with the smaller and lower TiO, magnetite in the iron ore
breccia (Fig. 5b). However, beyond this difference in grain
size and shape, we detected few other visible differences be-
tween high- and low-Ti magnetite during BSE imaging. High-
magnification BSE imaging did identify grid-patterned ilmen-
ite lamellae within high-Ti magnetite (Fig. 5c). These ilmen-
ites contain 42.5-49.5 wt% TiO, as determined by using a
focused 3-pm electron beam.

The LA-ICP-MS analysis of magnetite within the Gushan-
B iron ore breccia samples yielded fairly uniform concentra-
tions of Mg, Al, V, Ti, and Ga but variable concentrations of Ca,
Zn, Ni, and Ti. These concentrations differ by up to almost an
order of magnitude, as exemplified by Ca concentrations (12—
619 ppm; ESM 2; Fig. 7). Only minor compositional differ-
ences are present between massive and vein-hosted magnetite
within other deposits in the study area. Both of these types of
magnetite contain similar concentrations of Mg, Cr, V, Ti, Co,
Ni, and Zn but variable amounts of Ca and Al (ESM 2). The
correlations between the concentrations of these elements are
shown in Fig. 8. Elemental mapping of magnetite within the
Gushan iron ore breccia sample identified core-to-rim compo-
sitional variations (Fig. 9). In addition, BSE imaging identified
fracturing within the magnetite as well as metasomatic rims that
are both associated with minor amounts of metasomatic mag-
netite alteration. The magnetite also contains Co, Nb, Sr, Y, and
REE compositional zoning (with the latter associated with
variations in P and Ca concentrations; Fig. 9). Other elements
(e.g., V) gradually change in concentration within the magne-
tite. The elemental mapping of massive magnetite within
Gushan-M samples yielded minor to negligible spatial compo-
sitional variations barring minor variations in elements such as
Vand Ti (Fig. 10).

Some of the magnetite REE analyses yielded values below
the LOD, and average REE concentrations calculated using
values above the detection limit were used to plot chondrite-
normalized REE variation diagrams (Fig. 10). These diagrams
indicate that both massive and brecciated magnetite ores are
light REE (LREE; La, Ce, Pr, and Nd) enriched, with
chondrite-normalized LREE values > 1 and with negligible
Eu anomalies. These REE compositions are similar to those
of'the ore-related porphyritic gabbrodiorite intrusion as well as
the dioritic Zhonggu magmatic rocks, all of which are LREE-
enriched but are heavy REE (HREE) depleted (Sun et al.
2017; Fig. 11). The magnetite within the iron ore breccias
from the Gushan deposit also contains lower concentrations
of Mg, Ni, and Zn but higher concentrations of V and Ti than
the massive and vein-hosted magnetite.

Iron ore from the Hemushan, Longshan,
Baixiangshan, Zhongjiu, and Taipingshan deposits

Magnetite from these deposits is homogeneous during BSE
and reflected light imaging (Fig. 6j, k), suggesting it was not
metasomatized by late-stage fluids. The magnetite from the
Hemushan deposit contains a wide range of Ca, Mg, and Al
concentrations and a very narrow range of Cr, Mn, V, Co, Ni,
and Zn concentrations. The magnetite from the Zhongjiu de-
posit is compositionally similar to magnetite from the
Hemushan deposit but has a wider range of Ca and Al con-
centrations and a narrow range in Mn, V, Ti, Co, Ni, Zn, and
Ga concentrations (ESM 2; Fig. 7). Magnetite from the
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Hemushan, Longshan, Baixiangshan, Zhongjiu, and
Taipingshan deposits also generally has a wide range of con-
centrations of Ca, Mg, Al, Cr, and Zn, but a limited range in
Mn, V, Ti, Co, Ni, and Ga concentrations (Fig. 7). Our LA—
ICP-MS data indicate that the Hemushan magnetite contains
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the highest concentrations of Mg and Al of any of the iron ores
analyzed as well as having the highest Ca + Al + Mn values
(0.2-2 wt%; average 0.9 wt%). Lower Ca + Al + Mn values
were obtained for magnetite from the Baixiangshan (0.33—
0.98 wt%; average 0.6 wt%), Taipingshan (0.72—0.93 wt%;
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«Fig.6 Representative samples from the Zhonggu Fe deposits other than the
Gushan deposit. a Triassic sedimentary units and associated
mineralization within drillcore shown from shallow (~440 m) to
deep (~694 m). b Representative sample of diorite showing igneous
mineralogy (left) and later albite, chlorite, epidote, and diopside alteration
(right). ¢ Enlarged mosaic derived from four photomicrographs showing
variations in the intensity of alteration (from left to right) taken under
cross-polarized light. d Early stage diopside altered by chlorite imaged
under cross-polarized light. ¢ Amphibole-actinolite assemblage altered
to chlorite and imaged under cross-polarized light. f Photograph of a hand
specimen containing a typical mineralization assemblage. g
Photomicrograph of a thin section of F showing representative min-
eralogy under plane-polarized light. h Photograph of a hand speci-
men containing disseminated magnetite. i Enlarged polished surface
showing a representative example of disseminated and fine-grained
iron ore. j BSE image showing disseminated iron ore and original
LA-ICP-MS analysis positions within a sample from the Longshan
deposit. k BSE images of representative magnetite samples from the
Taipingshan deposit. 1 Later pyrite alteration overprinting earlier-
formed magnetite. m Photomicrograph showing rounded magnetite
within anhydrite from the Longshan deposit (reflected light).
Abbreviations: Ab = albite; Kfs = K-feldspar, Pl = plagioclase, Di
= diopside, Amp = amphibole, Chl = chlorite, Ep = epidote, Act =
actinolite, Phl = phlogopite, Mag = magnetite, Py = pyrite, Cal =
calcite, Anh = anhydrite

average 0.82 wt%), Longshan (LS-1 0.11-0.76 wt%; average
0.44 wt%), and Zhongjiu (0.35-0.97 wt%; average 0.5 wt%)
deposits. The three types of magnetite within the Gushan de-
posit contain lower Ca, Al, and Mn values than magnetite
from the skarn-type deposits described above as well as the
anhydrite-associated magnetite.

The anhydrite-hosted magnetite (sample LS-2) con-
tains moderate but variable concentrations of Ca and
Al, with the latter lower than that of disseminated mag-
netite from the Longshan deposit (sample LS-1).
Anhydrite-hosted magnetite also contains lower concen-
trations of Mn than disseminated magnetite, as well as
the lowest concentrations of V, Co, and Zn of any mag-
netite analyzed during this study. This difference is clear
in Co/Zn, Mn/Ga, and V/Ga ratio diagrams (Fig. 8).

Discussion
Gushan deposit
Classification of the Gushan deposit

The Gushan deposit was originally described as a porphyry-
type iron deposit by Chinese researchers (Ningwu Research
Group 1978; Gu and Ruan 1988, 1990). Later, it was classi-
fied as an IOCG deposit by Mao et al. (2008) and as a Kiruna-
type IOA deposit by Hou et al. (2011). Considerable confu-
sion remains over what exactly constitutes a Kiruna-type iron
oxide—apatite deposit (e.g., Gu and Ruan 1988, 1990; Groves
et al. 2010; Yuan et al. 2010; Jiang 2015), and Knipping et al.

(2015b) suggested that magnetite Cr and V concentrations
can be used to distinguish between IOCG and Kiruna-type
IOA mineralization. Magnetite containing < 100 ppm Cr
and > 500 ppm V is usually associated with Kiruna-type
IOA deposits. All three types (brecciated, massive, and vein)
of magnetite from the Gushan deposit contain concentrations
of Vand Cr similar to magnetite from the IOA type locality in
Kiruna, Sweden (Knipping et al. 2015b). However, although
this diagram can effectively discriminate IOA-type minerali-
zation from other types of mineral deposit, it fails to identify a
specific mineral deposit type for the other iron deposits within
the Zhonggu iron orefield. This includes the Taipingshan,
Zhongjiu, and Baixiangshan deposits, which have samples
that are scattered and often plot outside of the porphyry,
IOCG, and IOA fields (Fig. 12).

Magnetite from the Gushan deposit is different from that
from the Longshan, Hemushan, Baixiangshan, Zhongjiu, and
Taipingshan deposits in terms of textures and mineral associa-
tions. For example, the Gushan deposit is free of syn-
mineralization diopside, amphibole, phlogopite, or chlorite al-
teration, all of which are present in the other five deposits. The
Gushan deposit also contains brecciated and massive ore asso-
ciated with variable amounts of apatite, an assemblage that is
typically found in IOA-type deposits (Hou et al. 2009; Jonsson
et al. 2013; Weis 2013). The other five deposits are dominated
by fine-grained disseminated magnetite associated with differ-
ent alteration assemblages. The disseminated magnetite ore in
these deposits is associated with zoned alteration, generally
focused on a central zone of albite and phlogopite alteration
that also contains the highest concentrations of magnetite, con-
trasting with the alteration-free Gushan deposit. This indicates
that although some of the magnetite from these five deposits
plots within the Kiruna-type IOA field (Fig. 12), their other
characteristics distinguish them from IOA-type deposits.

Genesis of the Gushan I0OA deposit

Gushan shares characteristics and geological features with sev-
eral representative IOA deposits, including the Los Colorados
deposit in Chile and the Gréngesberg and Kiruna deposits in
Sweden (Jonsson et al. 2013; Weis 2013; Knipping et al.
2015b). Geometrically, the Gushan iron deposit is located in a
large volcanic crater that controls the bell-shaped nature of the
deposit. The edge of the deposit consists of iron ore breccias
that are associated with contact-type metamorphism and horn-
fels (Fig. 5a). These features suggest that the early iron miner-
alization formed at high temperature. Samples from the Gushan
deposit indicate that clinopyroxene and plagioclase were the
major fractionating phases during the magmatic evolution of
the Gushan porphyritic gabbrodiorite. Magnesium concentra-
tions decrease during the evolution of magmas with these com-
positions, whereas Fe is not preferentially incorporated into
clinopyroxene but will instead continue to increase in

@ Springer
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Fig. 7 Box and whisker plots showing variations in magnetite
compositions from the six deposits within the Zhonggu orefield.
Abbreviations: Gushan-M: massive magnetite ore from the Gushan
deposit; Gushan-B: magnetite ore breccia from the Gushan deposit;

concentration in the evolving liquid. Previous research deter-
mined that clinopyroxene cores and rims within the Gushan
porphyritic gabbrodiorite record an abrupt change in Fe and
Mg content, where Fe contents suddenly decrease and Mg con-
tents suddenly increase (i.e., abrupt reverse zoning; Hou et al.
2011). In addition, plagioclase phenocrysts within this
gabbrodiorite are normally zoned and do not record evidence
for magma mixing. Hou et al. (2011) suggested that these data
indicate the generation of a Fe-rich immiscible melt during the
early (i.e., during clinopyroxene fractionation) evolution of the
system, a model that is supported by experimental data
(Mungall et al. 2018; Hou et al. 2018).

Gushan-V: vein magnetite ore from the Gushan deposit; Longshan-1:
type-1 magnetite from the Longshan deposit; Longshan-2: type-2 anhy-
drite-hosted magnetite associated with the Longshan deposit

Magnetite from the Gushan iron ore breccia also provides
evidence about the processes that formed the deposit. This mag-
netite contains fairly uniform concentrations of TiO, that can be
separated into two groups, a low-Ti magnetite group containing
<1 wt% TiO, which is similar in composition to massive and
vein magnetite as well as magnetite from IOA deposits else-
where (Jonsson et al. 2013; Weis 2013; Knipping et al. 2015b).
The high-Ti group, which contains magnetite with 4-9.5 wt%
TiO, (ESM 2), is split into two different types of magnetite. The
first appears homogeneous during BSE imaging (Fig. 5b),
whereas the second type contains small ilmenite lamellae that
were analyzed directly by focused beam EPMA and were

@ Springer
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documented using high-magnification BSE imaging (Fig. 5c).
The ilmenite likely exsolved from the host magnetite as a result
of a decrease in temperature accompanied by a change in fO,
conditions and is distributed along cleavage or lattice planes
within the magnetite, a texture that is common in magmatic
iron deposits (Badmatsyrenova and Orsoev 2005). This means
that the LA-ICP-MS data obtained for this high-Ti magnetite is
a heterogeneous mix of ilmenite and magnetite as a result of the
30-um diameter of the laser beam. BSE imaging yields an area
ratio between ilmenite and magnetite of 1:4 (Fig. 5¢), enabling
the relative proportions of ilmenite and magnetite to be estimat-
ed using this ratio. These relative proportions were converted to
volume ratios assuming that the magnetite containing exsolved

@ Springer

ilmenite has a cubic form, yielding a magnetite:ilmenite volume
ratio of 8:1. This was combined with the average density of
magnetite (5.17 g/em®) and ilmenite (4.7 g/cm®) to yield a
magnetite:ilmenite mass ratio of 11.36:1. Combining this with
the concentration of TiO, in ilmenite (50 wt%) and the low-Ti
magnetite (1 wt%) in the study area (given that all magnetite in
this area contains some Ti) yields an estimated TiO, concentra-
tion in magnetite of 4.96 wt%. This value is consistent with the
homogeneous high-Ti magnetite identified using LA-ICP-MS
analysis (ESM 2), indicating that these two subtypes of high-Ti
magnetite could have formed by subsolidus exsolution from an
originally homogeneous high-Ti magnetite. Titanium concen-
trations in Fe oxides are thought to be controlled by temperature
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Fig. 9 LA-ICP-MS compositional maps (in counts per second; CPS) showing variations in the composition of magnetite from ore breccias in the
Gushan deposit

variations during formation (Dare et al. 2012; Nadoll et al. ~ Gushan-V magnetite and the remaining Gushan-B magnetite
2012; Huang et al. 2013), and the calculated high-Ti concentra-  plot in a region of this diagram containing overlapping igneous
tions of most of the breccia-hosted Gushan magnetite plot with- ~ and hydrothermal fields (Fig. 13a). This suggests that the mag-
in the igneous field of a V vs. Ti magnetite discrimination  netite from the Gushan deposit is a mix of or a continuum
diagram (Fig. 13a). In comparison, the Gushan-M and  between magmatic and magmatic-hydrothermal magnetite

, Massive Mag
Gushan

kil
‘.‘f\g‘% A

3D mode

Fig. 10 LA-ICP-MS compositional maps (in counts per second; CPS) showing variations in the compositions of massive magnetite in the Gushan
deposit
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Fig. 11 Chondrite-normalized REE diagram showing variations in the REE composition of magnetite from iron ore deposits in the study area and
associated intrusions (Sun et al. 2017), chondrite composition from Sun and McDonough (1989)
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Fig. 12 Diagram showing variations in Cr vs. V for Zhonggu magnetite samples; modified after Knipping et al. (2015b) with typical IOCG magnetite
compositions from Carew (2004) and Dare et al. (2014)
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end-members. The majority of the massive and vein-hosted
magnetite plots in the porphyry and Kiruna fields in the Ca +
Mn + Al vs. Ti + V diagram (Fig. 13b), with the majority
plotting in the latter. In comparison, magnetite from Gushan-
B sample plots within the magmatic Fe-Ti—V deposit and por-
phyry fields of this diagram (Fig. 13b; Dupuis and Beaudoin

2011; Nadoll et al. 2014b). Li and Xie (1984) reported that
magnetite from the Gushan deposit contains inclusions that
decrepitate between 350 and 1040 °C, suggesting that earliest
magnetite within the deposit formed apparently at temper-
atures > 900 °C, under orthomagmatic conditions. These
high temperatures have been further confirmed by
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Fig. 13 a Diagram showing variations in Ti vs. V for magnetite; red and
blue areas indicate igneous and hydrothermal magnetite compositions,
respectively (Nadoll et al. 2014b). b Diagram showing variations in the

Ca + Mn + Al vs. Ti + V compositions of magnetite (Dupuis and
Beaudoin 2011); red trend indicates variations in magmatic magnetite
compositions (Knipping et al. 2015a)
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modeling oxygen isotope fractionation between magnetite
and an andesitic parent magma (Zheng 1991; Zhao and
Zheng 2003), supporting the presence of both magmatic
and magmatic—hydrothermal magnetite in the Gushan
deposit.

Formation of the Gushan IOA deposit

The breccias and massive ores from the Gushan deposit are
closely spatially related (Fig. 5f). Both massive and brecciat-
ed ores are cross-cut by Gushan-V magnetite—apatite ores.
Apatite-hosted fluid inclusions in these veins (Fig. 5j) ho-
mogenize between 261 and 392 °C (unpublished data), indi-
cating that this magnetite formed under relatively low-
temperature conditions. The fluids that formed the Gushan-
V magnetite contain P, Ca, and the REE (Yu and Mao 2002)
and may have interacted with porous Gushan-B ores. This is
supported by the elemental mapping of magnetite that indi-
cates that later fluids moved through and interacted with frac-
tures within this magnetite (Fig. 9). This caused metasomatic
alteration around Gushan-B magnetite rims as well as along
fractures, decreasing V concentrations but increasing Co, Nb,
P, Ca, and REE concentrations, all of which are enriched in
the Gushan-V magnetite—apatite ores (Fig. 9). In comparison,
the elemental mapping of the massive Gushan magnetite did
not identify metasomatic alteration (Fig. 10). Massive mag-
netite also has spatially uniform concentrations of the major-
ity of the elements barring V and Ti (Fig. 10). These data
indicate that, unlike the brecciated ores, the massive ores
within the Gushan deposit were not affected by late-stage
interaction with the fluids that formed the Gushan-V miner-
alization. This reflects the impermeable nature of the massive
ores within the innermost parts of the Gushan deposit.
Variations in V and Ti counts reflect the presence of exsolved
ilmenite lamellae within the massive magnetite, similar to the
high-Ti magnetite within the Gushan-B iron ore. However,
there are far fewer ilmenite lamellae within the Gushan-M
magnetite than in the high-Ti Gushan-B magnetite because
the former contains lower concentrations of Ti (Fig. 13a).
This, combined with (i) the geology of the Gushan deposit;
(ii) the plotting of magnetite of the Gushan-M and Gushan-V
samples in the overlap region between igneous and hydro-
thermal fields in Fig. 13a; (iii) the similar concentrations of
trace elements such as Mg, Ti, Co, and Mn compared to
magnetite within hydrothermal deposits elsewhere within
Zhonggu iron orefield; and (iv) the correlations between Ti
and Al, Co and Zn, and Al and Mg, supports the interpreta-
tion that the formation of the Gushan deposit began with the
generation of the magmatic iron ore breccia. Brecciation of
these ores was followed by the formation of the massive
magmatic-hydrothermal magnetite. The final stage of miner-
alization within the Gushan deposit was the formation of the
lower temperature (hydrothermal) vein Gushan-V magnetite.
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Genesis of the Longshan, Hemushan, Baixiangshan,
Zhongjiu, and Taipingshan iron deposits

Deposit types

The Longshan, Hemushan, Baixiangshan, Zhongjiu, and
Taipingshan deposits were also originally tentatively classified
as porphyry-type iron deposits (Ningwu Research Group 1978;
Chang et al. 1991; Zhou et al. 2008, 2012). The magnetites
within the Longshan, Hemushan, Baixiangshan, Zhongjiu,
and Taipingshan deposits all contain similar concentrations of
Ti and Co, indicative of formation at similar temperatures (Dare
et al. 2012; Nadoll et al. 2012; Huang et al. 2013). Magnetite
from the Longshan, Hemushan, Baixiangshan, Zhongjiu, and
Taipingshan deposits displays positive correlations between Mn
and Al, Ti and Al, Al and Mg, Mn and Zn, and Co and Zn
concentrations (Fig. 8). The majority of these magnetites also
have similar chondrite-normalized REE patterns except the
anhydrite-hosted magnetite, which differs in both slope and
Eu anomalies (Fig. 11).

The Baixiangshan deposit is hosted by the Triassic
Huangmaging Formation and a diorite intrusion, whereas the
Hemushan, Longshan, Zhongjiu, and Taipingshan deposits are
all located along the contact between dioritic intrusions and the
Triassic Zhouchongchun Formation (Ningwu Research Group
1978; Chang et al. 1991). The intensity of both hydrothermal
alterations and the volume of magnetite within these intrusions
increase with proximity to the contact with the surrounding
country rock (Fig. 6b, ¢). The location of orebodies is also
closely associated with the distribution of hydrothermal alter-
ation. Magnetite from these deposits is associated with early-
formed idiomorphic skarn minerals such as diopside, amphi-
bole, and actinolite that are overprinted by later alteration. Most
of the magnetite from these deposits also plots in the skarn field
of Fig. 13b although some data from the Longshan (sample LS-
1), Baixiangshan, and Zhongjiu deposits plot within the por-
phyry field of Fig. 13b. This suggests some of the magnetite
formed within skarns associated with porphyry systems. In this
respect, we note the magnetite from the Vegas Peledas Fe skarn
deposit in Argentina (Pons et al. 2009) and the Tengtie Fe skarn
deposit in China (Zhao and Zhou 2015) also plot within the
skarn and porphyry fields of this diagram. No magnetite from
these deposits plots in the fields for [IOCG deposit compositions
in Cr vs. V diagrams, suggesting that these deposits do not
belong to the IOCG deposit type (Dupuis and Beaudoin 2011;
Dare et al. 2014). The deposits from the Ningwu Basin also
contain low concentrations of Cu and Au, again indicating these
are not IOCG deposits, although some magnetite plots within
the IOCG field in Fig. 13b. In summary, the geochemical and
geological characteristics of the Longshan, Hemushan,
Baixiangshan, Zhongjiu, and Taipingshan iron deposits suggest
they are skarn deposits formed by magmatic—hydrothermal sys-
tems associated with the diorite magmatism.
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Genesis of anhydrite-hosted magnetite

The magnetite sample (LS-2) is from thick and massive anhy-
drite units within the Longshan deposit and contains euhedral-
subhedral magnetite hosted by an anhydrite and calcite gangue.
This magnetite contains the lowest concentrations of Al (aver-
age of 729 ppm), Mn (average of 284 ppm), V (average of
36 ppm), and Co (average of 0.9 ppm) of any of the magnetite
within the Zhonggu orefield, as shown in Co vs. Zn, Mn vs. Ga,
and V vs. Ga diagrams (Fig. 8). Vanadium concentrations in
magnetite can record the evolution of melts or hydrothermal
fluids as well as magma replenishment and mixing (McCarthy
and Cawthorn 1983; Barnes et al. 2004; Tegner et al. 2006;
Namur et al. 2010). Only the V** ion of vanadium is incorpo-
rated into the magnetite crystal lattice (Toplis and Corgne 2002;
Bordage et al. 2011; Nadoll et al. 2014a), and increasing
amounts are incorporated with progressively more reducing
conditions (Toplis and Corgne 2002). The low concentrations
of V in the LS-2 magnetite are thus indicative of formation
under high fO, conditions, consistent with the high fO, condi-
tions usually associated with anhydrite generation (Toplis and
Corgne 2002). This is consistent with the low-Ti nature of this
magnetite, indicating a nonmagmatic origin. The majority of the
LS-2 samples (n = 8) plot outside the hydrothermal field of a V
vs. Ti diagram (Fig. 13a). This indicates that the LS-2 magnetite
most likely formed during deposition of the host anhydrite.
Sulfate minerals in sample LS-2 are dominantly sedimentary
anhydrite, the formation of which was controlled by the temper-
ature and salinity of the sedimentary environment (Freyer and
Voigt 2003; Leitner et al. 2013). The anhydrite in sample LS-2 is
granular and forms thick and almost monomineralic beds, con-
trasting sharply with the anhedral hydrothermal anhydrite from
the Longshan deposit that is associated with epidote, chlorite,
pyrite, and magnetite (Fig. 6f). This type of sedimentary anhy-
drite formation has been recorded in other locations, including
Stassfurt in Germany, Wieliczka in Poland, and Blabberg in
Austria (Goldscheider and Bechtel 2009; Leitner et al. 2013).
Unusually for sample LS-2, two of the magnetites plot within
the hydrothermal field of the V vs. Ti diagram (Fig. 13a), sug-
gesting that some of this magnetite was either altered or reacted
with hydrothermal fluids after initial low-temperature forma-
tion. This sedimentary to hydrothermal model is supported by
the fact that LS-2 magnetite plots in both skarn and BIF fields in
aCa+ Mn + Al vs. Ti + V diagram, confirming that this lower
grade anhydrite-hosted magnetite mineralization was influenced
by both sedimentary and skarn-type processes (Fig. 13b).

Influence of anhydrite formation on the genesis of iron
deposits within the Middle-Lower Yangtze River
Metallogenic Belt

A thick anhydrite formation crops out throughout the
MLYRMB, especially within the Luzong and Ningwu basins

(Ningwu Research Group 1978; Chang et al. 1991; Fan et al.
1995; Hou et al. 2010). Previous research has also suggested
that this anhydrite may have played a role in the generation of
the iron mineralization in this area (Fan et al. 1995; Li et al.
2014; Zhou et al. 2014). Li et al. (2014) suggested that the
Triassic anhydrite unit acted as an oxidation barrier and pro-
vided elements for the sodic, scapolite, and skarn alteration as
well as the Cl  that enabled the transportation of FeCl, (Chou
and Eugster 1977). However, drill holes that intercepted this
evaporite indicate that it could have, moreover, interacted with
silicate magmas and hydrothermal fluids, causing the oxida-
tion of Fe** to Fe>*. This increased the amount of iron within
the regional magmas and fluids that then formed the magnetite
mineralization (Li et al. 2014). The iron within the majority of
these deposits (barring the magmatic Gushan magnetite) was
thus sourced from magmatic-hydrothermal systems that like-
ly interacted with anhydrite during metallogenesis (Ningwu
Research Group 1978; Li et al. 2014; Zhou et al. 2014). This
suggests that some of the Fe skarn deposits in the region may
contain a recycled iron component from the sedimentary an-
hydrite units, although this concept requires further dedicated
testing in the future.

Relationships between the Gushan IOA deposit
and other Fe deposits within the MLYRMB

The Zhonggu iron orefield formed as a result of regional-scale
Early Cretaceous magmatism (132.6 to 129.4 Ma; Fan et al.
2010; Sun et al. 2016, 2017). Phlogopite intergrown with mag-
netite in the Longshan, Hemushan, and Baixiangshan deposits
yielded “’Ar/*’Ar ages of 134 to 132 Ma (unpublished data;
Yuan et al. 2010), slightly younger than the ages of associated
intrusions. This magmatism and mineralization was contempo-
raneous with the second stage (135 to 127 Ma) of magmatism
and mineralization elsewhere in the MLYRMB (Sun et al.
2017). The mineralized intrusions within the Zhonggu iron ore
field are geochemically similar, were probably derived from
similar sources, and probably underwent similar igneous evolu-
tionary processes (Fig. 11; Sun et al. 2017). This suggests that
the dioritic magmas within the Zhonggu orefield, including the
Gushan porphyritic gabbrodiorite associated with the Kiruna-
type IOA mineralization, may have been derived from a single,
deep-seated magma source (Ningwu Research Group 1978;
Hou et al. 2010; Sun et al. 2017). In addition, Hemushan and
Taipingshan magnetites, some magnetite from the Baixiangshan
deposit, and the Kiruna-type Gushan-M and Gushan-V magne-
tite all plot in the overlap region between igneous and hydro-
thermal fields in Fig. 13a. Magnetite from the Hemushan and
Baixiangshan deposits and the LS-1 magnetite from the
Longshan deposit also plot between the porphyry and skarn
fields in Fig. 13b, whereas the Gushan-M, Gushan-V, and some
Gushan-B magnetites plot between the porphyry and Kiruna-
type fields in Fig. 13b. All of this suggests that the majority of
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magnetite in the Zhonggu region formed from skarn-dominated
magmatic—hydrothermal systems. The main exception to this is
the magmatic Gushan brecciated magnetite. However, the later
magmatic-hydrothermal massive and hydrothermal vein mag-
netite formed from a very similar magmatic—hydrothermal sys-
tem as the other main deposits in this region. This suggests that
the main deposits in the study area record different stages of
probably cogenetic magmatic to hydrothermal ore-forming
systems.

Conclusions

1. The Gushan iron oxide apatite deposit is a Kiruna-type
deposit that contains early-formed high-Ti and high-
temperature magmatic brecciated magnetite and later-
formed magmatic-hydrothermal massive and hydrother-
mal vein magnetite mineralization. Early magnetite within
the brecciated iron ores was partly overprinted by
magmatic-hydrothermal fluids, providing insights into
the relative timing of formation of these ores.

2. The Longshan, Hemushan, Baixiangshan, Zhongjiu, and
Taipingshan deposits are all skarn-dominated deposits
formed by magmatic—hydrothermal systems. The
Longshan deposit also contains original sedimentary magne-
tite hosted by a thick anhydrite unit (sample LS-2) that was
overprinted by later low-temperature hydrothermal activity.

3. The geological and geochemical characteristics of the iron
ore deposits reflect changing styles of mineralization that
record different stages of the similar magmatic—
hydrothermal systems that operated within the Zhonggu
orefield.
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