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Abstract The Sandaowanzi gold deposit is an extremely
Au-rich deposit in the Northern Great Hinggan Range in
recent years. Zircon U-Pb geochronology, Hf isotope
analysis, and the geochemistry of andesites of the Long-
jiang Formation from the Sandaowanzi gold deposit were
used to investigate the origin, magmatic evolution as well
as mineralization and tectonic setting of the Early Creta-
ceous epithermal gold deposits in the northern Great
Hinggan Range area. Zircon U-Pb dating reveals an
emplacement age of 123.4 & 0.3 Ma, indicating that the
andesites of the Sandaowanzi gold deposit was formed
during the Early Cretaceous. The andesites are enriched in
light rare earth elements relative to heavy rare earth ele-
ments and have weak negative Eu anomalies (O0Eu =
0.76-0.90). The rocks are also enriched in large-ion
lithophile elements, such as Rb, Ba, Th, U, and K, and
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depleted in the high-field-strength elements, such as Nb,
Ta, and P. These characteristics are typical of volcanic
rocks related to subduction. Igneous zircons from the
andesite samples have relatively homogeneous Hf isotope
ratios, '°Hf/'”’Hf values of 0.282343-0.282502,
eHf(t) values of — 12.58 to — 6.95, and two-stage model
ages (Tpwmp) of 1743—-1431 Ma. The characteristics of the
andesites of the Longjiang Formation are consistent with
derivation from partial melting of enriched mantle wedge
metasomatized by subducted-slab-derived fluids. These
rocks formed in an extensional environment associated
with the closure of the Mongol-Okhotsk Ocean and sub-
duction of the Paleo-Pacific Plate. Mineralization occurred
towards the end of volcanism, and the magmatic activity
and mineralization are products of the same geodynamic
setting.

Keywords Andesites of longjiang formation - Zircon U—
Pb geochronology - Hf isotope - Geochemistry -
Sandaowanzi gold deposit

1 Introduction

The Sandaowanzi epithermal gold deposit in NE China is
important because it is the only deposit in China that is
dominated by calaverite and with extremely high gold
content (the highest Au grade of the ore exceeding 1%)
(Liu et al. 2011, 2013a, b; Zhai et al. 2015, 2018). The
deposit is hosted in quartz veins intruding volcanic rocks of
the Longjiang Formation. It has a total reserve of > 28t Au
with an average grade of 15 g/t and more than 95% of the
gold occurs as coarse-grained telluride (Liu et al.
2011, 2013a, b; Lii 2011). The Sandaowanzi gold mining
company started mining in early 2006, and > 20 t of Au
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has been recovered to date (Liu et al. 2011). Recent mining
revealed the existence of bonanza Au and Ag telluride ores,
with grades of Au, Ag, and Te up to 35,000, 25,000, and
30,000 g/t, respectively (Zhai et al. 2015, 2018).

Epithermal gold deposits are one of the most important
types of gold deposits globally and they have been a sub-
ject of research since their discovery (Sillitoe 1997; Cooke
and Simmons 2000; Qiu et al. 2008; Richards 2009; Chen
2010). Most epithermal gold deposits are located in one of
three metallogenic domains: the circum-Pacific belt, the
Mediterranean—Himalayan belt, and the Mongol-Okhotsk
belt (Ying 1999; Chen et al. 2001), and are thought to have
been formed from low salinity fluids at shallow depths and
low temperatures in environments spatially related to crater
or caldera structures (Mao et al. 2003). The location of
deposits is also influenced by deep regional faults; the
intersections of deep regional faults with the ring fractures
of calderas are considered highly prospective (Chang and
Li 2015).

Calaverite is an accessory mineral in a range of
epithermal mineral deposit types (Pals and Spry 2003;
Ciobanu et al. 2006; Wallier et al. 2006; Cooke 2001), but
few epithermal deposits are classified as telluride gold
deposits (Cook and Ciobanu, 2005). High concentrations of
Calaverite are often associated with low sulfidation min-
eralization related to arc magmatism (Cooke and Simmons
2000; Damdinov et al. 2007; Chang and Li 2015). Telluride
gold deposits are commonly associated with alkaline or
sub-alkaline magmatism (Cooke and Simmons 2000; Kel-
ley and Ludington 2002; Cook et al. 2009). However, tel-
luride-enriched epithermal mineralization has also been
reported in calc-alkaline rocks (Cook and Ciobanu 2005).

The northern Great Hinggan Range hosts the San-
daowanzi (Liu et al. 2011, 2013a, b; Zhai et al.
2015, 2018), Shabaosi (Liu et al. 2013a, b), and Baoxing-
gou (Zhou et al. 2018) epithermal gold deposits, and is one
of the most important epithermal gold mineralization
regions in China. These deposits occur in or are spatially
related to, Early Cretaceous volcanic rocks (Wang et al.
2017). Large-scale volcanism occurred in the northern
Great Hinggan Range during the Early Cretaceous (Zhang
et al. 2010). The consensus is that the Early Cretaceous
geodynamic setting of northeast China was extensional,
based on metamorphic core complexes (Liu et al. 2005;
Yang et al. 2007), Early Cretaceous A-type granites are
closely related to Early Cretaceous volcanic rocks (Jahn
et al. 2001; Wu et al. 2002; Ji et al. 2019), and the
extensive development of bimodal volcanic rock assem-
blages (Wang et al. 2006; Zhang et al. 2010) throughout
eastern China during the Early Cretaceous. However, the
mechanisms that caused extension are controversial and
include: (1) uplift by a mantle plume or a similar intraplate
process (Lin et al. 1998; Ge et al. 1999, 2000); (2) post-
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orogenic extension subsequent to closure of the Mongol—
Okhotsk Ocean (Fan et al. 2003; Meng 2003; Yang et al.
2015; Deng et al. 2018); (3) subduction of the Paleo-Pacific
Plate beneath eastern China (Zhao et al. 1998; Wang et al.
2006; Ouyang et al. 2013; Xu et al. 2013).

In this paper, we report the results of geochemical,
zircon U-Pb, and Hf isotope analysis of andesites from the
Longjiang Formation, which hosts the Sandaowanzi gold
deposit. The data were used to evaluate the proposed
geodynamic models, reveal the magma source and tectonic
setting of the Longjiang Formation, constrain its relation-
ship to mineralization, and provide new insights into
regional mineralization.

2 Regional geology

Northeast China is located in the eastern Central Asian
Orogenic Belt (CAOB), which is a giant accretionary
orogen bounded by the Siberian and North China cratons,
by the Pacific Plate to the east and by the Mongol-Okhotsk
slab to the northwest (Fig. 1a). From NW to SE, the CAOB
consists of the Erguna Block, Xing’an Block, Songnen—
Zhangguangcailing Block, Jiamusi Block, and Khanka
Block, which are separated by major faults (Li 2006; Tang
et al. 2013). The region experienced two stages of evolu-
tion. During the Paleozoic, the area was affected by the
evolving Paleo-Asian Ocean tectonic system, which was
characterized by the amalgamation of microcontinents and
the final closure of the Paleo-Asian Ocean during the Late
Paleozoic to Early Mesozoic. During the Mesozoic, the
area was affected by the circum-Pacific and Mongol-
Okhotsk tectonic systems (Xu et al. 2013).

The Sandaowanzi gold deposit is located in the northern
Great Hinggan Range, which lies within the Xing’an and
Ergun blocks (Fig. 1b). These blocks were thought to have
amalgamated in the Early Paleozoic (Ge et al. 2005), but
recent studies indicate that the units formed during the
Paleozoic and Early Mesozoic (Zhang et al. 2018). Most of
the rocks exposed in the study area are Paleozoic, Meso-
zoic, or Cenozoic in age. The Paleozoic units contain
Upper Paleozoic continental volcanic—sedimentary rocks,
which include the Silurian—Devonian Nigiuhe and Genlihe
formations, and the Permian Wudaoling Formation. The
Mesozoic units include the intermediate—silicic volcanic
and clastic units of the Cretaceous Longjiang and Guan-
ghua formations, which crop out in a belt oriented NE-SW.

Voluminous granitic magmatism, predominantly of I-
and A-type granitoids, occurred in the Great Hinggan
Range during the Mesozoic. The study area also includes
small, sporadically distributed intrusions of Early Jurassic
quartz diorite and monzogranite.
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The tectonics of the region has been controlled by the
circum-Pacific and Mongol-Okhotsk tectonic systems
since the Mesozoic, which generated NNE-SSW-, E-W-,
and NE-SW-trending fault systems. The tectonic setting
was favorable for various types of mineralization (e.g., Mo,
Cu, Au), which climaxed in the Early Cretaceous and
yielded a series of epithermal and porphyry deposits
(Fig. 1b).

3 Ore deposit geology

The Sandaowanzi gold deposit is located in the northern
Great Hinggan Range, to the north of the Northeast-East
Mongolia fault basin (Fig. 2). Volcanic rocks are wide-
spread in the Sandaowanzi ore district, and are divided into
two units: the lower Longjiang Formation, which was
previously thought to be the Upper Jurassic Tamulangou
Formation and the upper Guanghua Formation (Lii 2011).
The Longjiang Formation consists mainly of andesites,
andesitic breccias, rhyolites, and tuffs. The Guanghua
Formation consists of rhyolites, perlites, tuff breccias, and
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tuffs. The distribution of volcanic rocks within the Great
Hinggan Range was controlled mainly by the existence of
NE-SW- to NNE-SSW-oriented regional fault-bounded
basins. On the local scale, NE-SW-oriented brittle faults
offset the mineralized fractures. Northwest—SE-trending
faults are mainly restricted to the Sandaowanzi mining area
and are filled, in places, by Au-bearing quartz veins. A
large Early Jurassic medium-grained monzogranite pluton
lies unconformably below the Early Cretaceous volcanic
rocks of the mining area. Post-mineralization dikes,
including diabasic porphyries, rhyolitic porphyries, and
dioritic porphyries, which are several tens of centimeters to
several meters wide, intrude the Cretaceous volcanic rocks.
Gold telluride ore occurs in quartz veins that intrude
andesites of the Longjiang Formation. The orebodies are
lenticular or occur within irregularly shaped quartz veins
that pinch and swell along their strike and dip. There are 42
orebodies, including 21 blind orebodies, within the mining
area and these form three belts that are referred to as gold
ore belts I, II, and III. The metallic minerals in the ore are
pyrite, chalcopyrite, sphalerite, sylvanite, and hessite
(Fig. 3). The gangue minerals are quartz, plagioclase,
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kaolinite, sericite, chlorite, epidote, and calcite. The
andesites are altered, with silicification that is particularly
intense near the quartz veins. The silicification is closely
related to mineralization. Volcanic rocks distal to the
quartz veins have sericitised, chloritised, epidotised, and
carbonated zones. These zones are banded and are asym-
metrically distributed around the quartz veins.

4 Sample descriptions

The Sandaowanzi gold deposit formed during hydrother-
mal activity associated with the volcanism that occurred in
the study area from the late Paleozoic to the end-Mesozoic
rephrase. Most of the volcanic rocks in the study area
formed during the Longjiang Period, but a small proportion
of sporadically distributed volcanic rocks formed during
the Guanghua Period. The volcanic activity caused wall
rock alteration, which is common within the study area.
The eight samples described in this paper are andesites of
the Longjiang Formation, which were sampled from wall
rock adjacent to ores within the Sandaowanzi gold deposit
mining area at 50° 21’ 59” N and 127° 00’ 07" E. The fresh
andesites are dark gray and massive, with a porphyritic

texture and hyalopilitic matrix. The rocks are composed of
phenocrysts (~ 35 wt%) and matrix (~ 65 wt%). The
phenocrysts are mainly tabular colorless plagioclase and
minor chloritization hornblende. The phenocrysts are
0.2-1.0 mm in size, and the feldspars are strongly altered
to clay minerals. The matrix consists of plagioclase with
small amounts of glass, quartz, and magnetite. Plagioclase
in the matrix is euhedral and occurs as long tabular crystals
that show a preferred orientation and occur in aggregates.
The glass is interstitial to plagioclase microcrystals,
defining a hyalopilitic texture in the matrix. Rare magnetite
is disseminated throughout the matrix (Fig. 4).

5 Analytical methods
5.1 Zircon U-Pb geochronology

Zircons were extracted from handspci using standard
magnetic and heavy-liquid separation techniques before
hand-picking under a binocular microscope at the Lang-
fang Regional Geological Survey, Hebei Province, China.
All zircons were examined using transmitted and reflected
light optical microscopy and their internal structures were
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Fig. 4 Microscopic images of the andesites of Longjiang Formation in Sandaowanzi gold deposit. Mineral code: Pl, plagioclase; Qtz, quartz;

Hbl, hornblende; Mag, magnetite

imaged using cathodoluminescence (CL) employing a
JEOL scanning electron microscope (JEOL Ltd., Tokyo,
Japan). Transparent, euhedral, non-fractured, and inclu-
sion-free zircons were chosen for isotopic analysis. LA—
ICP-MS zircon U-Pb dating was carried out at the Key
Laboratory of Mineral Resources Evaluation in Northeast
Asia, Ministry of Land and Resources, Jilin University,
Changchun, China. The zircons were analyzed by Agilent
7900 ICP-MS instrument (Agilent Ltd., St Leonards,
NSW, USA) connected to a COMPexProl02 Geolaspro
193 nm ArF Excimer laser (Coherent Inc., Santa Clara,
CA, USA). Helium was used as the carrier gas. The anal-
ysis spots were 32 um in diameter. U, Th, and Pb con-
centrations were calibrated using *°Si as an internal
standard. The zircon standard 91500 (Wiedenbeck et al.
1995) and the National Institute of Science and Technology
NIST610 reference standard were used as an external
standard to normalize isotopic fractionation during analy-
sis. Uncertainties of individual analyses are reported with
1o error. Analytical procedures used follow those descri-
bed by Yuan et al. (2004), and the isotopic data were
processed using the Glitter 4.0 data reduction software
package. Common Pb was corrected following Andersen
(2002). The analytical data were presented in U-Pb Con-
cordia diagrams with 1o errors and weighted mean ages
were calculated at 1o confidence level. The data were
processed using the Isoplot (Version 3.0) program (Ludwig
2003).

5.2 Zircon in-situ Lu—Hf isotope analysis

In-situ zircon Hf isotopic analyses were undertaken using a
Neptune-plus multicollector (MC-ICP-MS) (Thermo
Electron Corporation, Madison, WI, USA) coupled to a
New Wave UP213 excimer ArF laser-ablation system
(Electro Scientific Industries, Inc., Portland, OR, USA),
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with a laser spot size of 30 um, a laser beam energy density
of 16 J/cm?, an ablation time of 31 s and a laser pulse
frequency of 8 Hz, at the MLR Key Laboratory of Metal-
logeny and Mineral Assessment, Institute of Mineral
Resources, Chinese Academy of Geological Sciences,
Beijing, China. Zircons GJ-1 were used as an external
standard. The present-day chondritic radio (CHUR) of
761£/'7THE = 0.282772 and '"°Lu/'’Hf = 0.0332 (Bli-
chert-Toft et al. 1999) were adopted to calculate
eHf(t) values. In the calculation of Hf model ages,
"OLw/"""Hf and ""°Hf/'""Hf were 0.0384 and 0.28325,
respectively (Blichert-Toft et al. 1999). Details of the
analytical techniques and data calculated using the ICP-
MS Data Calsoftware were described by Wu et al. (2006).

5.3 Whole-rock major and trace elements

Eight andesites samples (Nos. SDW-Y1-Y8) were exam-
ined by petrography and collected for whole-rock analyses.
Following the removal of weathered surfaces, the fresh and
unaltered diorite samples were crushed, cleaned with
deionized water and grounded in an agate mill to 200 mesh.
All whole-rock analyses were undertaken at the Key Lab-
oratory of Mineral Resources Evaluation in Northeast Asia,
Ministry of Land and Resources, Jilin University, Chang-
chun, China.

Major-element contents were determined by X-ray flu-
orescence (XRF), which was analyzed using a PW2404
instrument and fused glass disks. The loss on ignition
(LOI) was acquired by the weight difference between
burning and very high temperature (1000 °C). Trace-ele-
ment contents were determined using an Agilent 7500a
ICP-MS (Agilent Ltd., St Leonards, NSW, USA) after
digestion of samples in Teflon bombs by HF-HNO;.
Standard samples for analysis were USGS (US Geological
Survey standard) AGV-1 (andesite), BCR-2 (basalt), and
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BHVO-1 (basalt) (Rudnick et al. 2004), which indicated
that the precision and accuracy was better than 5% for
major elements and 10% for trace elements. The FeO
content was determined by the potassium dichromate vol-
umetric method, which follows the standards of GB/T
14505 and GB/T 14506.1 of the People’s Republic of
China.

6 Results
6.1 Zircon U-Pb geochronology

CL images show that the zircons are euhedral-subhedral
granular, short prismatic to long columnar, and that the
grain size is ~ 50-150 pum. Oscillatory growth zoning,
with variable zone width, is visible in most zircons. The
crystal planes are well developed, defining prominent
pyramids (Fig. 5a). The Th/U ratios are > 0.4 (0.40-1.05),
typical of magmatic zircons (Hoskin and Schaltegger
2003). All 18 analyses are concordant. The *°°Pb/***U data
yielded a weighted-mean age of 123.3 £ 0.8 Ma
(MSWD = 1.8) (Table 1) (Fig. 5b), which is within error
of the concordant agel23.4 4+ 0.3 Ma (MSWD = 1.8)
(Fig. 5¢). Based on these data, the andesites of the San-
daowanzi gold deposit formed during the Early Cretaceous.

6.2 Geochemical characteristics

The andesites were altered to different extents by the
hydrothermal activity and commonly occurred kaoliniza-
tion and sericization in the study area. The loss-on-ignition
(LOI) values of the relatively fresh samples selected for
analysis are still relatively high. The samples have rela-
tively high loss-on-ignition (LOI) values range from 2.53
to 8.90 wt%, so the possible mobilization of some elements
during alteration needs to be discussed before concluding
their geochemistry. All the andesites samples of this study

123+1Ma 123+1Ma 122t1Ma 123+1Ma 122+1Ma 122+2Ma 122+2Ma 126+1Ma 128+2Ma

\ \l" 1l
& §
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have no pronounced Ce anomalies (Ce/Ce. = 1.11 on
average), indicating that they have not been significantly
affected by alteration (Polat et al. 2002). In addition, there
is no correlation between LOI and MgO, TiO,, P,Os,
Al,Os, Fe,05", and Th content (Fig. S1), indicating the
alteration may have little impact on elementary signatures.
But the content of Na,O and K,O decreased with the
increase of LOI and the content of CaO increased with the
increase of LOI, indicating the migrating during the alter-
ation process (Fig. S1). In addition, Thorium (Th) is con-
sidered to be stable during alteration, and so it was
frequently used as a reference for mobilities of other trace
elements (Pearce and Parkinson 1993). The samples show
linear correlations between Th and Hf, La, Ta, Yb, and La,
and slightly obvious correlations between Th and Sr, Sm
and Rb (Fig. S2). These observations suggest that alteration
processes had not significantly affect HFSEs (e.g., Nb, Hf,
and Ta), REEs, and LILEs (e.g., Sr, Rb). Therefore, the
HFSEs, REEs, LILEs, partial major elements (MgO, TiO,,
P,0Os5, Al,Os, FezO3T), and compatible elements can be
employed in the following discussion about the petrogen-
esis and source characteristics of the studied diorite
samples.

6.2.1 Major elements

The andesite samples have moderate SiO, contents
(47.72-61.79 wt%, average = 56.21 wt%), high total
alkalis and high Na (Na,O + K,0 = 4.07-7.71 wt%,
average = 5.24 wt%; Na,O = 2.15-5.14 wt%,
age = 3.46 wt%; K,0 = 1.32-2.57 wt%, aver-
age = 1.78 wt%; Na,O > K,0, Na,0/K,0 = 1.04-3.46)
(Table 2). The Rittman index, G43 [G43 = (Na,O + K,.
0) x (Na,O + K,0)/(Si0,-43)], is 0.88-6.71 with an
average of 2.78, indicating that the rocks are calc-alkaline.
The samples contain 14.71-18.42 wt% Al,O3 (aver-
age = 16.71 wt%), and the aluminum saturation index (A/
CNK) is 0.75-1.35, indicating that the rocks are quasi-
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Fig. 5 Zircon CL images (a) weighted mean age (b), and the harmonious graphs of zircon U-Pb age (c) of the andesites of Longjiang Formation

in Sandaowanzi gold deposit
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Table 1 Zircon U-Pb data of Sample ThU  27Pb/2%Pb 207pp235y 206pp,238(y 206py,238(y

the andesites of Longjiang

Formation in Sandaowanzi gold Ratio lo Ratio lo Ratio lo t(Ma) lo

depost SDW-N1-01 0.46 0.0481 0.0010 0.1281 0.0029 0.0193 0.0003 124 2
SDW-N1-02 0.62 0.0482 0.0010 0.1300 0.0026 0.0196 0.0002 125 1
SDW-N1-03 0.65 0.0485 0.0012  0.1313 0.0033  0.0197  0.0002 125 1
SDW-N1-04  0.60 0.0482  0.0015 0.1277 0.0041 0.0191 0.0002 122 1
SDW-N1-05 0.89 0.0485 0.0016  0.1292  0.0043  0.0193 0.0002 123 2
SDW-N1-06 0.90 0.0487 0.0006 0.1286 0.0017 0.0192 0.0001 122 1
SDW-N1-07 0.74 0.0488 0.0008 0.1304 0.0021 0.0194 0.0001 124 1
SDW-N1-08 0.40 0.0487 0.0010 0.1320 0.0030 0.0197 0.0002 126 1
SDW-N1-09 1.01 0.0486 0.0006 0.1282 0.0017 0.0191 0.0001 122 1
SDW-N1-10  0.54 0.0487  0.0011 0.1294  0.0033  0.0192  0.0002 123 1
SDW-N1-11 0.61 0.0490  0.0008 0.1303 0.0022  0.0193 0.0001 123 1
SDW-N1-12  0.85 0.0489  0.0007 0.1295 0.0020  0.0192  0.0002 122 1
SDW-N1-13 0.54 0.0493 0.0009  0.1312  0.0025  0.0193 0.0002 123 1
SDW-N1-14 0.92 0.0494 0.0008 0.1294 0.0021 0.0190 0.0002 122 1
SDW-N1-15 1.05 0.0501 0.0016 0.1311 0.0039 0.0191 0.0002 122 2
SDW-N1-16 0.97 0.0502 0.0016 0.1327 0.0042 0.0192 0.0002 122 2
SDW-N1-17 1.03 0.0487 0.0009 0.1332 0.0029 0.0197 0.0002 126 1
SDW-N1-18 0.77 0.0478 0.0013 0.1320 0.0036 0.0200 0.0003 128 2

aluminous to peraluminous. The TiO, content is  source and similar magma evolution, and are generally

0.65-0.85 wt% (average = 0.73 wt%), the MgO content is
1.86-4.46 wt% (average = 3.44 wt%), and the Mg" values
are high (41.25-58.37, average = 52.94). The samples are
Al-rich (Al,05; > K,O + Na,O + CaO) and alkali-rich.

The andesites were altered to different extents by the
hydrothermal activity in the study area, and so the loss on
ignition values are relatively high. The high-field-strength
elements (HFSEs), which are relatively unaffected by
metamorphism, alteration, and weathering, were used to
classify and discriminate among the altered volcanic rocks.
Most of the rocks plot within the andesite field of Pearce
and Peate (1995) on a Zr/TiO, versus Nb/Y diagram
(Fig. 6a), and most of the andesites plot within the calc-
alkaline field on a Th versus Co diagram (Hastie et al.
2007), except two samples, which are classified as high-K
andesite and a shoshonite (Fig. 6b).

6.2.2 Trace elements

The REE concentrations were normalized to chondrite val-
ues (Boynton 1984). The andesite samples have relatively
low total REEs (110.71 x 107°-141.02 x 107, aver-
age = 123.81 x 107° (Table 2). The total concentration of
the light REEs (ZLREE) is 99.96 x 107°-127.79 x 10°
(average = 112.65 x 107°) and the total concentration of
the heavy REEs (ZHREE) is 10.59 x 107°-11.96 x 107°
(average = 11.16 x 10_6). The chondrite-normalized REE
patterns show similar trends, consistent with a single magma

@ Springer

LREE enriched (Fig. 7a). The chondrite-normalized La/Yb
value ((La/Yb)y) is 8.28-12.86 (average = 10.38) and the
LREE/HREE ratio is 9.11-11.56 (average = 10.10), indi-
cating that these rocks are significantly enriched in light
REEs (LREE), strongly depleted in heavy REEs (HREE) and
strong fractionation between the LREEs and the HREEs. The
(La/Sm)y values are 2.91-3.78 (average = 3.33), indicating
fractionation of the LREEs. The (Gd/Yb)y values are
1.70-2.07 (average = 1.87), indicating that the HREEs are
not significantly fractionated from each other. The andesites
have weak negative Eu anomalies (0.76-0.90,
average = 0.84).

The trace element data were normalized to a primitive
mantle (Sun and McDonough 1989). The Ba and Sr con-
tents are high (459.65 x 107°-908.98 x 107® and
434.46 x 107°-855.58 x 107°, respectively) and Rb
contents are low (17.80 x 107°-61.80 x 10~°) (Table 2).
On a primitive-mantle-normalized trace element diagram,
the samples are enriched in large-ion lithophile elements
(LILEs; e.g., Rb, Ba, Th, U, and K) and depleted in HFSEs
(e.g., Nb, Ta, and P) relative to the primitive mantle
(Fig. 7b). These characteristics are typical of volcanic
rocks related to subduction (Condie 2015) (Fig. 8).

6.3 Zircon in-situ Lu-Hf isotope results

In-situ zircon Hf isotope analysis was performed at 15 of
the 18 positions chosen for U-Pb dating (Table 2). The
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Table 2 Major (wt%) and trace elements (x 107%) compositions of the andesites of Longjiang Formation in Sandaowanzi gold deposit
Sample SDW-Y1 SDW-Y2 SDW-Y3 SDW-Y4 SDW-Y5 SDW-Y6 SDW-Y7 SDW-Y8
Si0, 60.67 53.50 50.34 58.20 47.72 61.79 60.22 57.27
TiO, 0.69 0.85 0.77 0.77 0.78 0.65 0.66 0.65
AlLO5 17.17 18.16 18.42 17.15 18.37 14.74 14.93 14.71
Fe 05" 5.26 7.12 6.41 6.75 6.30 4.91 5.17 522
MnO 0.12 0.11 0.11 0.09 0.12 0.11 0.13 0.14
MgO 1.86 4.29 4.11 4.17 4.46 2.80 291 2.95
CaO 3.35 4.74 6.66 2.88 7.69 5.05 5.58 7.56
Na,O 5.14 391 4.58 3.59 3.98 2.15 2.12 2.23
K>O 2.57 1.33 1.32 1.45 1.65 1.92 2.04 1.93
P,05 0.27 0.25 0.24 0.23 0.24 0.22 0.21 0.21
LOI 2.53 6.38 7.66 4.96 8.90 6.14 6.54 7.71
Total 99.67 100.67 100.65 100.31 100.23 100.58 100.61 100.65
c43 3.37 2.62 4.75 1.67 6.71 0.88 1.01 1.21
A/CNK 0.99 1.10 0.87 1.35 0.82 0.99 0.94 0.75
Mg* 41.25 52.72 52.79 52.99 54.45 55.02 55.94 58.37
Li 26.17 45.08 41.22 40.41 4431 38.67 41.75 41.57
Be 2.54 2.59 1.99 221 2.25 1.93 2.03 1.84
Sc 12.72 19.78 17.77 16.86 18.41 16.02 16.14 16.42
\Y 98.61 141.83 126.03 117.32 129.28 81.39 88.85 99.45
Cr 8.12 163.15 147.38 196.59 130.08 82.19 95.38 89.00
Co 14.48 28.66 27.08 28.89 24.70 17.53 17.65 18.39
Ni 7.78 45.27 47.07 53.40 38.53 27.49 28.13 28.95
Cu 17.83 21.68 24.68 33.84 31.91 32.26 22.69 21.38
Zn 117.90 132.15 111.16 113.89 113.45 81.26 80.71 76.92
Ga 21.26 20.32 19.50 18.03 19.30 15.77 16.21 16.28
As 2.72 1.21 0.97 1.10 1.11 1.48 1.54 1.63
Rb 61.80 28.94 17.80 29.34 38.95 62.31 58.32 58.75
Sr 855.58 669.40 644.21 518.56 657.43 434.96 434.46 442.26
Y 14.25 16.47 14.73 13.55 15.36 13.73 13.43 13.76
Zr 163.46 156.95 146.34 142.20 149.58 129.03 129.10 127.66
Nb 7.08 6.50 6.49 5.96 6.59 5.10 5.20 5.21
Mo 0.57 0.19 0.16 0.15 0.12 0.30 0.16 0.18
Cd 0.33 0.10 0.10 0.09 0.11 0.09 0.11 0.10
In 0.03 0.04 0.04 0.04 0.04 0.03 0.03 0.03
Cs 6.08 2.58 1.92 2.83 391 6.36 6.70 6.04
Ba 908.98 508.39 462.48 459.65 470.73 589.88 683.73 510.85
La 28.81 24.56 20.26 20.71 24.06 24.11 2227 26.64
Ce 61.07 54.14 49.38 47.58 51.79 54.20 49.54 58.37
Pr 6.30 5.71 5.12 4.94 5.70 5.57 5.28 5.98
Nd 27.57 24.65 22.57 21.61 24.62 24.03 23.10 25.99
Sm 4.79 4.67 4.38 4.16 4.69 4.44 4.18 4.76
Eu 1.25 1.11 1.12 0.96 1.22 0.99 1.01 1.24
Gd 3.77 3.79 3.48 3.33 3.75 3.56 3.41 3.74
Tb 0.58 0.63 0.56 0.53 0.61 0.57 0.55 0.58
Dy 2.76 2.80 2.90 2.74 2.78 2.66 2.69 2.71
Ho 0.54 0.62 0.56 0.53 0.58 0.52 0.51 0.52
Er 1.65 1.88 1.70 1.61 1.80 1.60 1.59 1.60
Tm 0.21 0.24 0.22 0.22 0.23 0.19 0.20 0.19
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Table 2 continued

Sample SDW-Y1 SDW-Y2 SDW-Y3 SDW-Y4 SDW-Y5 SDW-Y6 SDW-Y7 SDW-Y8
Yb 1.51 1.75 1.65 1.57 1.69 1.44 1.45 1.46
Lu 0.21 0.25 0.22 0.22 0.24 0.20 0.19 0.19
Hf 4.34 4.16 397 3.85 4.07 3.69 3.64 3.64
Ta 0.40 0.37 0.35 0.33 0.36 0.29 0.29 0.29
w 0.63 0.41 0.42 0.36 0.59 0.63 0.61 0.55
Tl 0.45 0.14 0.15 0.18 0.31 0.34 0.36 0.35
Pb 19.41 18.07 18.60 16.40 17.84 17.22 18.67 17.78
Bi 0.08 0.09 0.03 0.05 0.04 0.06 0.07 0.06
Th 6.96 5.83 5.03 5.22 5.40 5.66 5.37 5.44
U 1.88 1.95 1.75 1.76 1.67 1.69 1.57 1.65
>REE 141.02 126.80 114.12 110.71 123.76 124.08 115.97 134.03
LREE 129.79 114.84 102.83 99.96 112.08 113.34 105.38 122.98
HREE 11.23 11.96 11.29 10.75 11.68 10.74 10.59 11.05
(La/Sm)N 3.78 331 291 3.13 323 342 3.35 3.52
(Gd/Yb)N 1.70 1.71 1.75 1.79 1.90 1.99 2.01 2.07
(La/Yb)N 12.86 9.46 8.28 8.89 9.60 11.29 10.35 12.30
LREE/HREE 11.56 9.60 9.11 9.30 9.60 10.55 9.95 11.13
5Ce 1.09 1.10 1.17 1.13 1.06 1.13 1.10 1.11
SEu 0.90 0.81 0.88 0.79 0.89 0.76 0.82 0.90
LOI, loss on ignition, Mg#, 100 x Mgz*'/(Mg2+ + TFe2+), A/CNK = mole Al,03/(CaO + Na,O + K,0), 543 = (Na,0 + K,0) x (Na,.

O + K,0)/(Si0,-43)
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Fig. 6 Geochemical classification: a Zr/Ti versus Nb/Y classification diagram (after Pearce and Peate 1995); b classification of high-K/
shoshonite andesites and calc-alkaline granitoids in Th versus Co diagram (after Hastie et al. 2007)

zircons have relatively homogeneous Hf isotopic compo-

7 Discussion

sitions, with '7°Hf/!77Hf ratios of 0.282343-0.282502 cal-

culated at the inferred time of formation (123 Ma). The

7.1 Magma source and petrogenesis

eHf(t) values are — 12.58 to — 6.95, the single-stage

model ages (Tpyy) are 1295-1057 Ma, and the two-stage
model ages (Tpyp) are 1743-1431 Ma.

@ Springer

The major and trace element and isotopic characteristics of

the andesites from the study area are relatively homoge-
nous, which indicates that they were derived from a single
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source. Generally, the Mg* (100 x Mg*t/(Mg**

+ TFe®") of a mantle-derived rock (Mg# > 40) is higher
than that of a rock formed by partial melting of the basaltic
lower crust (Mg* < 40; Rapp and Watson 1995). The
andesites of the study area have relatively low SiO, and
high Mg* numbers (average = 53), indicating an affinity to
the lithospheric mantle rather than crustal material (Yang
et al. 2006; Tang et al. 2009). The Nb/Ta ratios of mantle-
derived magmas are relatively high (17.5 + 2.0), while
those of crust-derived magmas are relatively low (11-12)
(Green 1995). The Nb/Ta ratio of the andesite samples is
17.56-18.54, consistent with a mantle source. The Rb/Sr
ratio of the andesite samples is 0.03-0.14 (average = 0.08).
This is close to the upper mantle value (0.034) and much
lower than the average crustal value (0.35) (Taylor and
Mclennan 1995). The andesite samples generally exhibit
high Mg# values, high Nb/Ta ratio, and low Rb/Sr ratio,
precluding the possibility that they are derived from the
partial melting of the lower crust and indicating a mantle-
derived magmatic source.

The mantle-derived magma may have experienced some
degree of crustal contamination during ascent or residence
within crustal magma chambers (Jahn et al. 1999). The Nb/
U ratio and Ce/Pb are good indicators of crustal contami-
nation (Quan et al. 2020). The samples display Nb/U
(3.02-3.95) and Ce/Pb (2.65-3.28) ratios that are signifi-
cantly lower than those of oceanic basalt average derived
from the lithospheric mantle (Nb/U = 47 and Ce/Pb = 27,
Hofmann et al. 1986), confirming the addition of a crustal
component. However, the andesites have La/Nb ratios
(3.12-5.11), which are significantly higher than those of
continental crust in eastern China (average = 1.7; Yang
et al. 2014). On a Ba/Nb-La/Nb diagram, all the andesites
samples fall in the range of arc volcanic rocks (Fig. 12a),
much higher than the continental crust composition. These
samples display no significant correlation in the Th/La
versus SiO,, U/Nb versus SiO,, Th/Zr versus Ce/Pb, and
La/Yb versus Nb/Ta diagrams (Fig. 9a—d). These lines of
evidence indicate that the mantle-derived magma was
slightly contaminated by crustal materials during
upwelling.
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The concentrations of the compatible elements (e.g., Cr
and Ni) are lower than expected for a primary basaltic
magma, and so the andesites are likely to have fractionated
minerals as they evolved (Atherton and Petford 1993). The
trend of the data on a Cr versus Ni diagram is consistent
with the fractionation of clinopyroxene (Fig. 10a). The
volcanic rocks of the Longjiang Formation in the study
area are enriched in the LREESs, depleted in the HREE:s,
and weak Eu anomalies (0.76-0.89), indicating that the
magmatic evolution involved slightly fractional crystal-
lization of plagioclase (Kazimoto and Ikingura 2014). The
relatively high Sr contents of the andesites and the sys-
tematic variation trends between transition metal elements
(i.e., V and Sc) indicate that the hornblende is potential
fractionating mineral phases (Fig. 10b). Geochemical
modeling using highly and moderately incompatible ele-
ments is an effective method to discriminate the magmatic
processes of the andesites. However, in the La/Sm-La and
Nb/Sm-Nb (after Schiano et al. 2010) plots, most samples
define oblique straight lines (Fig. 11a, b), indicating that

@ Springer

the rocks were not mainly derived by fractional crystal-
lization and primarily controlled by partial melting.

The LILE enrichment and HFSE depletion of the
andesites are consistent with the characteristics of sub-
duction-related igneous rocks. Two models have been
proposed to explain the distinctive geochemical features of
andesites: (1) rutile and other minerals enriched in the
HFSEs were residual and remained in the magma source
(Ionov et al. 1999); and (2) metasomatism of the subduc-
tion-related fluids or melts in the mantle sources (Gill
1981; Grove and Kinzler 1986; Arculus 1994; Schiano
et al. 2000). Rutile and hornblende are enriched in Nb and
Ta, while the presence of residual rutile in the source
region during magma formation would have resulted in
depletion in Zr, Hf, and other elements at the same time
(Ionov et al. 1999). However, although andesite samples
have lower Nb and Ta values, no loss of elements such as
Zr and Hf, precluding the possibility that rutile and other
minerals were retained in the magma source. We, there-
fore, favor a model of partial melting of a mantle wedge
that was metasomatized by subduction-related derived
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fluids or melts. The Nb content of intermediate—basic
magma formed by slab-derived-melt metasomatism is
usually high (Yang et al. 2019), which is inconsistent with
the low Nb content (5.10 x 107°~7.08 x 107°) and the

negative Nb anomalies of the Sandaowanzi andesites.
Therefore, the Andesites were unlikely to have been
formed by metasomatized melt, and interaction between
slab-derived fluids and mantle wedge was important in the
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petrogenesis of the Andesites. It is supported by the result
that the samples display trends characteristic of fluid-re-
lated rather than melt-related enrichment in the Th/Yb-Ba/
La and Sr/La-La/Yb discrimination diagrams (Fig. 11c, d).
As mentioned above, the samples show a weak fractional
crystallization of plagioclase, which also proves a fluids-
enriched environment in the magma source (Yuan et al.
2009).

In addition, the subduction-related igneous rocks were
considered to be derived from the enriched mantle (Tat-
sumi et al. 1986; Hawkesworth et al. 1991), which is
compatible with the Hf isotopic characteristics of the
andesites of the Longjiang Formation in the Sandaowanzi
gold deposit. The results of in-situ Hf isotope analysis of
the andesites show ''°Hf/'’’Hf ratios ranging from
0.282343-0.282502, and the zircon €Hf(t) values show
negative ¢Hf(t) values varying from — 12.58 to — 6.95
(Fig. 8), suggesting that the parental magmas were derived
from enriched mantle source (Griffin et al. 2002; Wu et al.
2007).

In summary, the geochemical characteristics and Hf
isotope signatures of volcanic rocks from the Longjiang
Formation, and previously reported data, indicate that the
volcanic rocks of the study area were sourced from partial
melting of enriched mantle wedge metasomatized by sub-
ducted-slab-derived fluids.

Previous studies found that the Sandaowanzi ore-bear-
ing andesite had similar geochemical characteristics with
gold-bearing andesite of the epithermal gold deposits in the
Northern Great Hinggan Range and Eastern Jilin and
Heilongjiang province, i.e., the Shangmachang gold
deposit (Gao et al. 2018), the Dapingnanshan gold deposit
(Shao 2017), the Tuoniuhe gold deposit (Shao 2017), the
Gaosongshan gold deposit (Liu et al. 2020) and Ciweigou
gold deposit (Zou 2015), suggesting these volcanic rocks
were derived from a possible source region, what was
considered to be mantle wedge metasomatized by sub-
ducted-slab-derived fluids. Shao (2017) measured the Au
content of volcanic rock samples in the Heihe area and the
result shows that the gold geochemical background content
of andesite series is higher than that of other series rocks,
indicating the formation of gold deposits in the study area
are closely related to the Early Cretaceous andesitic vol-
canic rocks and the andesitic volcanic rocks may provide
some material sources for the regional gold mineralization.
During the process of subducted-slab-derived fluids meta-
somatized mantle wedge, the content of Au in magma
increased continuously, which provided the material source
for the continuous enrichment of Au. The Early Cretaceous
volcanic rocks were formed after the eruption of this Au-
rich magma, which was mineralized after hydrothermal
alteration/metasomatism.
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7.2 Tectonic setting and metallogenic implications

There is consensus that northeast China underwent exten-
sion during the Early Cretaceous, based on the presence of
metamorphic core complexes (Liu et al. 2005; Yang et al.
2007), Early Cretaceous A-type granites that are closely
related to Early Cretaceous volcanic rocks (Jahn et al.
2001; Wu et al. 2002; Ji et al. 2019), and widespread Early
Cretaceous bimodal volcanism (Wang et al. 2006; Zhang
et al. 2010) in eastern China. The Early Cretaceous vol-
canic rocks of the Great Hinggan Range formed in this
extensional setting, which has been explained by (1) mantle
plume uplift or similar intraplate processes (Lin et al. 1998;
Ge et al. 1999, 2000); (2) closure of the Mongol-Okhotsk
Ocean and subsequent post-orogenic extension (Fan et al.
2003; Meng 2003; Yang et al. 2015; Deng et al. 2018); (3)
subduction of the Paleo-Pacific Plate beneath eastern China
(Zhao et al. 1998; Wang et al. 2006; Ouyang et al. 2013;
Xu et al. 2013).

Mantle plumes are characterized by annular zones of
volcanic rocks, which were not observed in the study area
(Fan et al. 2003). The Early Cretaceous volcanic rocks of
the study area occur in a belt that extends the length of the
Great Hinggan Range and extends into eastern China.
Magmatic activity occurred from 185 to 105 Ma (Zhang
et al. 2010). These characteristics are not consistent with
the presence of a mantle plume.

Several lines of evidence indicate the subduction of the
Paleo-Pacific Plate beneath eastern China. (1) The Early
Cretaceous volcanic rocks of northeast China and sur-
rounding areas are distributed in a belt parallel to the NNE—
SSW-oriented Asian continental margin (Zhang et al.
2010). (2) Geophysical data support the existence of a
high-velocity zone beneath eastern China, and this has been
interpreted as a subducted oceanic crust (Huang and Zhao
2006). (3) Cretaceous accretionary complexes are common
within the Asian continental margin (Liu et al. 2005; Yang
et al. 2007). However, the above discussion about the
subduction of the Paleo-Pacific Plate mainly involves the
whole of Northeastern China, for different regions, such as
the northern Great Hinggan Range and the Eastern Jilin—
Heilongjiang provinces, the tectonic regime may be dif-
ferent. In the Early Cretaceous, large-scale volcanic rocks
that erupted in the west part of the Songliao Basin, corre-
sponding to the east part of the Songliao Basin adjacent to
the Paleo-Pacific were limited (Zhang et al. 2008, 2010;
Deng et al. 2018). Moreover, the mineralization age of the
Early Cretaceous epithermal deposits in Northeast China
shows an eastward trend of younger ages (Fig. 1b), corre-
lating well with the spatiotemporal distribution pattern of
Early Cretaceous granitoids and volcanic rocks (Zhang
et al. 2010; Ouyang et al. 2013), i.e., the Shabaosi gold
deposit (130.1 £ 1.3 Ma) (Liu et al. 2013a, b),
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Baoxinggou gold deposit (124.9 + 1.3 Ma) (Zhou et al.
2018) and the Beidagou gold deposit (115.5 £ 4.4 Ma)
(Gao et al. 2018), which are consistent with the peak age of
magmatism in the northern Great Hinggan Range and the
Xiaoxinancha gold deposit (110.3 + 1.5 Ma) (Zeng et al.
2016), the Dongan gold deposit (105.1 & 0.7 Ma) (Zhi
et al. 2016), and the Gaosongshan gold deposit
(98 £+ 1.6 Ma) (Liu et al. 2020), which are consistent with
the peak age of magmatism in Eastern Jilin and Hei-
longjiang provinces. The temporal and spatial distribution
of the volcanic rocks and the epithermal deposits implies
that the Early Cretaceous volcanic rocks of the northern
Great Hinggan Range were not only dominated by the
subduction of the Pacific plate, but also by other tectonism.

Previous studies have shown that the tectonic evolution
of the Mongolia Okhotsk ocean lasted from Late Paleozoic
to Early Cretaceous (Zorin 2016; Tomurtogoo et al. 2005;
Zhang 2014; Zhang et al. 2019). The southward subduction
of the Mongol-Okhotsk ocean is generally considered to
have initiated in the Late Permian (Tomurtogoo et al. 2005;
Ouyang et al. 2013; Tang et al. 2013) and the final closure
of the Mongolia—Okhotsk ocean may have occurred during
the Late Jurassic to Early Cretaceous (Fan et al. 2003;
Meng 2003; Yang et al. 2015; Deng et al. 2018). Xu et al.
(2013) suggested that the influencing spatial extent of the
Mongol-Okhotsk tectonic system in the Mesozoic mainly
distributed in west of the Songliao basin (e.g., northern
Great Hinggan Range). In the early Cretaceous, with the
continuous subduction of the paleo Pacific plate, the
intensity of the action in the Northern Great Hinggan
Range was far less than that in the Eastern Jilin and Hei-
longjiang provinces. In the late early Cretaceous, the
mineralization of epithermal deposits related to the sub-
duction of the Pacific plate in the Eastern Jilin and Hei-
longjiang provinces broke out greatly but weakened
obviously in Northern Great Hinggan Range. The above
phenomenon was possibly triggered by the closure of the
Mongol-Okhotsk Ocean which inhibited the westward
movement of the Paleo-Pacific Oceanic plate, causing
delamination of the thickened lithosphere and its gradual
eastward extension (e.g., Wang et al. 2006; Ouyang et al.
2013). Regarding the impacts between the Paleo-Pacific
and the Mongolia—Okhotsk tectonism on the Northern
Great Hinggan Range during Early Cretaceous, we, there-
fore, favor a model of a superposition extensional setting of
two tectonic regimes. Considering the fact that the study
area is closer to the Mongol-Okhotsk suture zone than the
plate boundaries of the Paleo-Pacific, the influence of the
closure of the Mongol-Okhotsk Ocean was more signifi-
cant in the Early Cretaceous. This conclusion can also be
supported by the distribution of the data on La/Nb versus
Ba/Nb (Jahn et al. 1999) and Ta/Yb versus Th/Yb diagrams
(Pearce 2008). On a Ba/Nb-La/Nb diagram, all the

andesites samples fall in the range of arc volcanic rocks
(Fig. 12a), and on a Ta/Yb versus Th/Yb diagram, most of
the andesites samples fall in the range of continental
margin arc (Fig. 12b). Therefore, the rocks have the attri-
butes of continental margin arc rocks related to the com-
bination of post-orogenic extension after the closure of the
Mongol-Okhotsk Ocean and back-arc extension caused by
the subduction of the Western Pacific plate.

The type, age, and other characteristics of an ore deposit
constrain its tectonic setting. Epithermal deposits are most
commonly developed on the hanging wall of subduction
zones on continental margins, within island arcs, and
within back-arc tensile fracture belts (Cooke 2001; Kelley
and Ludington 2002; Cook et al. 2009). The precise loca-
tions are controlled by the presence of volcanic edifices and
deep faults. Mineralization occurred during the latter stages
of volcanism (Ying 1999; Chen et al. 2001; Mao et al.
2003). The U-Pb age of zircons from andesites of the
Longjiang Formation, which host the Sandaowanzi gold
deposit, is 123.3 + 0.8 Ma, close to the Rb-Sr age of
hydrothermal pyrite from the Sandaowanzi gold deposit
(119.1 £ 3.9 Ma) (Zhai et al. 2015). Therefore, volcanism
and mineralization occurred late in the Early Cretaceous,
and mineralization occurred slightly later than the forma-
tion of the volcanic host rocks. Other epithermal gold
deposits, including the Shabaosi gold deposit
(130.1 £ 1.3 Ma) (Liu et al. 2013a, b) and Baoxinggou
gold deposit (124.9 £ 1.3 Ma) (Zhou et al. 2018), formed
in northeast China at this time are also linked to volcanic
activity in the late Early Cretaceous. The volcanoes and the
epithermal deposits formed at similar times and are spa-
tially distributed in an arc-shaped pattern (Fig. 1b).
Therefore, it is likely that volcanism and mineralization
occurred in a single geodynamic setting. We suggest that
late Early Cretaceous volcanic activity in the northern
Great Hinggan Range was spatially and temporally coupled
with the epithermal mineralization and that the processes
shared a common geodynamic setting. Mineralization
occurred in an extensional environment towards the end of
volcanism and was genetically linked to the closure of the
Mongol-Okhotsk Ocean and subduction of the Paleo-
Pacific oceanic plate. Assembly of the CAOB was com-
pleted by the early Mesozoic (Tang et al. 2013; Zhi et al.
2016), so reactivation of older suture zones, such as those
of the Mongolian—Okhotsk Ocean, by subduction of the
Paleo-Pacific Plate was likely to have influenced the spatial
distribution of the volcanism and ore deposits (Chang and
Li 2015; Li et al. 2016).

The Paleo-Pacific Plate subducted to the west from the
Early Jurassic onwards and induced extensive island arc
magmatism in northeast China. During the Early Creta-
ceous, the subduction direction changed from NW- to
NNW-directed (Goldfarb et al. 2007; Niu et al. 2015). The

@ Springer



266

Acta Geochim (2021) 40(2):251-270

SOOi,

" © Andesite of this study

)
100 | e %
- Arcvolcanics ol
a \
=z |
S L
Dupal
- O|p Average vaule of
10 % contmental crust

T T T

MORB

1 s s oo s A R R ]
0.1 1 10

La/Nb

20

20 [b

Active continental margin arc .~
10

=

o)

>

<

ic

}—

0. M Primitive mantle

I N-mid-ocean ridge basalt
[ME-mid-ocean ridge basalt
™ Ocean island basalt

0.01 el

T 10
TalYb

Fig. 12 a Ba/Nb versus La/Nb classification diagram (after Jahn et al. 1999); b Ta/Yb versus Th/Yb (after Pearce 2008) tectonic discrimination
diagrams for the andesites of Longjiang Formation in Sandaowanzi gold deposit

Fig. 13 Schematic model of the
Early Cretaceous geodynamic
evolution and associated ore
deposits in the North Great
Hingan Range

Early Cretaceous

~NW

Mongol-Okhotsk
Ocean Closure

Younging trend (eruptive)

— % g/aﬁEm&Mlm /\
J—U—eﬁ'\

L|thosphere
Delamlnatlon

Asthenosphere

v

Great Hinggan Range

=0
= Paleo-Pacific
Ocean

—— Oceanic Slab

—

—» Rollback

<

Asthenosphere
Upwelling

Mantle

change in subduction direction caused a prolonged period
of extension, such that the Pacific margin and associated
continental magmatic back-arc were in an extensional
setting during the late Early Cretaceous (Zhai and Liu
2014; Song 2015; Niu and Tang 2016). Meanwhile, the
Mongol-Okhotsk Ocean was closed, causing the northern
Great Hinggan Range was in a post-orogenic extensional
environment (Fan et al. 2003; Meng 2003; Yang et al.
2015; Deng et al. 2018). This extension was associated
with lithospheric thinning, upwelling of the new astheno-
spheric mantle, and an increased geothermal gradient.
Metasomatism added the products of low degree melting to
the lithospheric mantle and these, combined with decom-
pression, induced melting. The eruptions occurred close to
deep faults, leading to the formation of volcanic fault
basins. Once the formation of the volcanic basins was
complete, homologous magma was emplaced into the
shallow crust, where it provided the heat, metals, and ore-
forming fluid that drove the large-scale, epithermal tel-
luride gold polymetallic mineralization that formed the late
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Early Cretaceous ore deposits of the northern Great
Hinggan Range, such as the Sandaowanzi telluride gold
deposit (Fig. 13).

8 Conclusions
(1) The andesites of Longjiang Formation are potas-
sium-rich and calc-alkaline series and were derived
from partial melting of enriched mantle wedge
metasomatized by subducted-slab-derived fluids.
These rocks formed in an extensional environment
associated with subduction of the oceanic crust of
the Pacific Plate.

The U-Pb data yielded a weighted-mean age of the
andesites is 123.3 & 0.8 Ma, close to the mineral-
ization age (119.1 & 3.9 Ma). It can be considered
that the mineralization occurred towards the end of
volcanism, and the magmatic activity and mineral-
ization are products of the same geodynamic setting.
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(3) The late Early Cretaceous volcanic edifices com-
posed of high-potassium calc-alkaline volcanic rocks
are the main targets for the prospecting of epithermal
deposits in the northern Great Hinggan Range.
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