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Abstract
Magmatic-hydrothermal gold–copper deposits in post-subduction settings represent essential targets for mineral exploration, 
but controls on their formation remain controversial. The early Cretaceous lode Au districts that formed during lithosphere 
destruction of the North China Craton provide an ideal opportunity to better understand the key tectono-magmatic factors 
responsible for the genesis of Au-rich deposits in post-subduction settings. Here, we present a LA-ICP-MS study of silicate 
melt inclusions and sulfide inclusions from ore-related mafic to intermediate rocks in the central Taihangshan Au district 
in the interior of the North China Craton to constrain the content and evolution of magmatic ore metals ± volatiles. The 
results, combined with numerical modeling, suggest that the ore-related magmas contained only a few ng/g Au, which is 
similar to the Au content of non-mineralization-related mafic to intermediate magmas worldwide. The low Au content of 
the lode Au-related magmas suggest that large volumes of magmas had to accumulate in the middle to lower crust through 
trans-lithospheric fault systems to produce the lode Au deposits. It is further suggested that the lode Au-related magmas 
were alkali-rich, hydrous, oxidized and relatively rich in sulfur and chlorine (mafic melt inclusions contain 0.14‒0.24 wt% 
S and 0.1‒0.2 wt% Cl). These properties are considered critical for the generation of auriferous ore fluids. By comparing 
the tectono-magmatic setting of the giant Jiaodong Au province (~ 4000 t Au) with the central Taihangshan district (~ 150 
t Au), we propose that the much larger total Au tonnage of the Jiaodong district results from the accumulation of a much 
larger volume of ore-forming magmas at deep crustal levels, induced by a stronger degree of lithosphere modification. In 
addition, given that the composition of lode Au-related magmas is similar to that of porphyry Cu–Au-related magmas, the 
lack of giant, early Cretaceous porphyry Cu–Au deposits in the North China Craton suggests that strong extensional set-
tings favor the formation of lode Au deposits instead of porphyry Cu–Au deposits. The present study, therefore, has general 
implications for the genesis of Au-rich deposits in strongly extensional settings.
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Introduction

Magmatic-hydrothermal ore deposits emplaced in the 
shallow continental crust host many of the world’s larg-
est Cu and Au accumulations (Richards 2009), including 
porphyry-, skarn- and high-sulfidation epithermal-type ore 

deposits. Compared to subduction settings, where porphyry 
Cu(–Mo–Au) systems related to calc-alkaline magmas 
develop (Sillitoe 2010), post-subduction settings generally 
produce Au-rich deposits associated with more alkaline mag-
mas (Jensen and Barton 2000; Richards 2009). Ore-related 
magmas in post-subduction settings could be derived from 
partial melting of metasomatized subcontinental lithosphere 
mantle (SCLM) and/or from re-melting of juvenile mafic 
lower crust previously extracted from metasomatized upper 
mantle (Richards 2009). It is commonly thought that the 
metasomatized SCLM and/or its partial melts are unusually 
Au-rich and thus favorable for the formation of large gold 
provinces (e.g., Muntean et al. 2011; Griffin et al. 2013; Tas-
sara et al. 2017). In contrast, a recent study showed that nei-
ther the metasomatized SCLM nor its partial melts are par-
ticularly Au-rich (Wang et al. 2020a). However, significant 
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Au enrichment may occur during the subsequent evolution 
of these magmas, which depends largely on the type and 
extent of sulfide fractionation (e.g., Li et al. 2019). Consider-
ing that ore-forming magmas are differentiated products of 
mantle partial melts, it is thus important to understand the 
behavior of Au during magmatic differentiation.

Gold may become enriched in evolved melts if significant 
magma differentiation occurs without sulfide saturation. If a 
magma becomes sulfide-saturated during its evolution, the 
Au content of the residual melts depends on (i) the timing 
of sulfide saturation, (ii) the type and amount of saturated 
sulfides, and (iii) the partitioning coefficient of Au between 
silicate melts and sulfides at specific P–T–fO2 conditions 
(Li and Audétat 2012, 2015; Li et al. 2019). There is grow-
ing evidence that arc-related basaltic magmas emplaced in 
the deep crust reached sulfide saturation relatively early, 
despite their high oxidation state (Lee et al. 2012; Chiara-
dia 2014; Matjuschkin et al. 2016; Chang and Audétat 2018; 
Du and Audétat 2020). These studies seemingly support the 
hypothesis that sulfide-rich lower crustal cumulates can be 
a potential source for Au-rich magmas (Richards 2009; Hou 
et al. 2017), provided that the residual sulfides preferentially 
incorporated Au rather than Cu. However, recent experi-
mental studies and natural observations suggest that these 
sulfides consist mainly of monosulfide solid solution (Li and 
Audétat 2012; Chang and Audétat 2018; Du and Audétat 
2020), which phase preferentially scavenges Cu rather than 
Au.

Several early Cretaceous lode Au districts developed in 
the eastern half of the North China Craton (NCC) under 
strong extensional settings induced by lithosphere thinning 
and destruction (Li et al 2012). This unique tectonic set-
ting has led Zhu et al. (2015) to term the gold deposits as 
“decratonic Au deposits”. Many of these lode Au deposits 
are hosted in amphibolite- to granulite-facies metamorphic 
rocks of Neo-Archean to Paleoproterozoic ages. Since the 
Au deposits are much younger than the regional metamor-
phic events, these deposits are clearly not metamorphic-
related orogenic Au deposits like those occurring in cratonic 
blocks worldwide (Groves et al. 1998). Instead, many studies 
argue for a genetic link between the gold mineralization and 
coeval mafic to intermediate magmatism sourced from meta-
somatized SCLM (e.g., Yang et al. 2003; Cao et al. 2012; Li 
et al. 2012; Tan et al. 2012; Zhang et al. 2017).

In this paper, we first review the early Cretaceous tec-
tono-magmatic setting of the central Taihangshan district 
(CTD) and then constrain the content and evolution of ore 
metals ± volatiles in lode Au-related magmas by means of 
silicate melt inclusions and sulfide inclusions in early Cre-
taceous mafic to intermediate rocks. The results allow us to 
develop a tectono-magmatic model for the genesis of the 
lode Au deposits. On this basis, we discuss potential reasons 
for contrasting tonnage of total Au reserves in the CTD and 

the Jiaodong district and for the general lack of early Creta-
ceous, giant porphyry Cu–Au deposits in the NCC.

Geological background

Geology and early Cretaceous Au mineralization 
of the NCC

The NCC is located to the north of the Qinling–Dabie–Sulu 
Orogen and to the south of the Central-Asian Orogen 
(Fig. 1a). The final amalgamation and stabilization of the 
NCC is marked by the collision between the Western and 
Eastern blocks of the craton at ~ 1.85 Ga along the central 
Trans-North China Orogen (TNCO) (Zhao et al. 2005). The 
TNCO experienced multiple Neoarchean to Paleoproterozoic 
subduction–accretion–collision events (Tang and Santosh 
2018). The basement of the NCC comprises Mesoarchean 
to early Paleoproterozoic amphibolite to granulite-facies 
metamorphic rocks (Zhao et al. 2005). From late Paleo-
proterozoic to late Paleozoic, the NCC remained stable 
and received continuous deposition of platform carbonate 
and clastic rocks (Wang and Mo 1995). Subsequently, the 
southern and northern margins of the NCC were activated by 
multiple Paleozoic to early Mesozoic orogenic events. The 
convergence of the Paleo-Asian Ocean from late Permian to 
Jurassic caused strong magmatism and significant crustal 
thickening in the northern margin (Xiao et al. 2003). The 
southern margin was affected by subduction of the Paleo-
Tethys slab followed by Triassic collision between the Yang-
tze Craton and NCC that formed the Qinling–Dabie–Sulu 
Orogen (Dong et al. 2011). In the late Mesozoic, the east-
ern portion of the NCC experienced significant thinning or 
destruction of the ancient lithosphere (Wu et al. 2019), with 
the lithosphere becoming gradually thinner from the TNCO 
to the eastern margin of the craton (Fig. 1b). The destruction 
or thinning of the ancient lithosphere in the NCC culminated 
during the early Cretaceous, as manifested by widespread 
early Cretaceous magmatism (Fig. 1a; Zhu et al. 2012; Wu 
et al. 2019). A younging trend of Jurassic magmatic rocks 
(~ 145–170 Ma) from the eastern margin to the central 
TNCO, and a reverse trend for early Cretaceous magmatic 
rocks (~ 110–145 Ma) (Zhang et al. 2014), suggests that the 
late Mesozoic lithosphere thinning and associated magma-
tism was triggered by flat subduction and subsequent retreat 
of the paleo-Pacific slab (Wu et al. 2019). The Sulu seg-
ment of the Qinling–Dabie–Sulu Orogen was offset ~ 500 km 
northward by the sinistral Tan–Lu Fault in the Early Creta-
ceous (Fig. 1a; Zhu et al. 2010).

The strong lithosphere modification also resulted in the 
formation of numerous early Cretaceous lode Au deposits in 
the eastern portion of the NCC, which hosts a total reserve 
of ~ 4000 metric tons of Au in the Jiaodong district, ~ 800 t 
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in the Xiaoqingling–Xiong’ershan district, and ~ 150 t in the 
central Taihangshan district (Fig. 1a; Yang et al. 2003; Li 
et al. 2012; Zhu et al. 2015). Large areas along the northern 
margin of the NCC also host numerous early Cretaceous 
lode Au deposits that coexist with some Late Jurassic varie-
ties, having a total Au reserve of > 1000 t (Yang et al. 2003). 
The early Cretaceous lode Au deposits are generally com-
posed of auriferous quartz-sulfide veins variably associ-
ated with disseminated ores in the sericitic alteration zones 
proximal to the veins. Individual veins typically extend for 
a few hundred meters to up to 3000 m along strike, and tens 
to a few hundred meters down dip, with an average thick-
ness of 0.2–4 m (Yang et al. 2003; Li et al. 2012). Major 
orebodies are hosted in brittle to brittle–ductile faults show-
ing reverse or normal displacement of several to a few tens 
meters, and mineralization preferentially occurs in bends 
or jogs or at changes in strike and splays. The average ore 
grade of these deposits generally ranges from 2 to 30 g/t Au. 

Sulfide minerals, accounting for 3–20 vol% of the ores, are 
dominated by pyrite with subordinate amounts of sphaler-
ite, galena and chalcopyrite. Gold generally occurs as native 
gold and electrum grains either enclosed by sulfide minerals 
and quartz or in cracks or interstitial to these minerals. Tel-
luride minerals (e.g., petzite, calaverite and sylvanite) spo-
radically occur in some deposits. Alteration halos along the 
auriferous quartz veins are generally well developed, with 
a variable width of 0.1‒2 m. Typical alteration minerals 
include quartz, sericite, K-feldspar, biotite, chlorite, ankerite 
and calcite, with quartz-sericite ± chlorite alteration assem-
blages that are closely associated with gold-bearing pyrite 
being the most abundant.

Remarkably, the lode Au deposits are commonly spatially 
associated with abundant, contemporaneous SCLM-derived 
mafic to intermediate dikes (Yang et al. 2003). In many 
deposits, the auriferous quartz veins and the mafic to inter-
mediate dikes are controlled by similarly oriented, secondary 

Fig. 1  a Distribution of late 
Mesozoic magmatic rocks and 
lode Au deposits in the North 
China Craton (modified after 
Wu et al. 2019). Note that 
the age of Au mineralization 
shows a younging trend from 
the central Taihangshan district 
to the Jiaodong district (data 
source: Jiaodong district—
Zhang et al. 2020; Xiaoqin-
gling–Xiong'ershan district—Li 
et al. 2012; central Taihangshan 
district—this study). The dash-
lined box marks the study area. 
b Lithospheric thickness across 
the North China Craton (Zheng 
et al. 2016). The juvenile litho-
sphere mantle formed during 
and/or after the craton destruc-
tion in the late Mesozoic
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structures of regional major faults (such as the Guocheng 
Au deposit; Tan et al. 2012). Previous geological and geo-
chemical studies demonstrated that the gold mineralization 
is genetically related to the SCLM-derived magmatism (e.g., 
Yang et al. 2003; Cao et al. 2012; Li et al. 2012; Tan et al. 
2012; Zhang et al. 2017). In the most extensively investi-
gated Jiaodong district, dike swarms in lode Au deposits 
range from very primitive basaltic compositions (up to ~ 16 
wt% MgO), to rhyolitic compositions (only ~ 0.5 wt% MgO) 
(see Supplementary Fig. S1). Nevertheless, most of them 
are evolved basaltic (≤ 11 wt% MgO) to andesitic (≥ 3 wt% 
MgO) in composition.

Geology and mineralization of the central 
Taihangshan district

The CTD in the interior of the NCC is characterized by 
Neoarchean to Paleoproterozoic basement metamorphic 
rocks that are unconformably covered by Mesoprotero-
zoic to Paleozoic platform carbonates predominantly in 
the northeast (Fig. 2a). From northwest to southeast, the 
exposed basement can be divided into the Hengshan, Wutai 
and Fuping metamorphic complexes (Zhao et  al. 2005; 
Tang and Santosh 2018). The Hengshan complex consists 
mainly of granitoid gneisses, amphibolites and mafic granu-
lites, supracrustal rocks and TTG gneisses; the Wutai com-
plex comprises granitoid plutons (diorite and TTG suites), 
metamorphosed volcano-sedimentary rocks and ultramafic 
rocks; the major rock types of the Fuping complex are TTG 

gneisses, supracrustal rocks, augen granitoid gneisses and 
gneissic granites. During final amalgamation of the NCC 
at ~ 1.85 Ga, the Hengshan and Fuping complexes experi-
enced upper amphibolite- to granulite-facies metamorphism, 
whereas the Wutai complex experienced greenschist- to 
lower amphibolite-facies metamorphism. Voluminous 
early Cretaceous volcanic rocks, plutons and batholiths, and 
numerous dikes and stocks are widely distributed throughout 
the entire district (Fig. 2a). The volcanic rocks are andesitic, 
dacitic and rhyolitic in composition; the plutons and batho-
liths consist of granodiorite, monzogranite, granite, diorite 
and/or lesser gabbro; the dikes vary from mafic to felsic 
compositions, and the stocks are of intermediate to felsic 
compositions. Compiled geochronological data suggest that 
most of the magmatic rocks in the CTD were emplaced in 
the period of ~ 126–145 Ma, except for some minor mafic to 
intermediate dikes that were emplaced during ~ 110–125 Ma 
(Fig. 2b; Table S1). Regional NNE-trending major faults in 
the eastern portion of the CTD form a characteristic part 
of the tectonic framework of the TNCO (Figs. 1 and 2a). 
The abundant NNE- and NW-trending major and secondary 
faults in the CTD likely regulated the emplacement of the 
early Cretaceous magmatic rocks (Fig. 2a).

The CTD hosts abundant lode Au, porphyry/skarn 
Cu(–Mo), porphyry Mo and hydrothermal Pb–Zn(–Ag–Cu) 
deposits that are intimately associated with the ~ 126–145 Ma 
magmatic rocks (Fig. 2). There are about 15 lode Au depos-
its in the CTD, which share similar characteristics to those 
in other gold districts of the NCC (Ding et al. 1992; Cao 

Fig. 2  Geology and timing of the Early Cretaceous magmatism and 
mineralization in the central Taihangshan district (CTD). a Regional 
geological map (modified after Zhang et  al. 2017). b Summary of 

reliable isotopic ages of the Early Cretaceous magmatic rocks and 
related hydrothermal ore deposits (see Table S1 for data source of the 
isotopic ages)
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et al. 2012; Zhang et al. 2017). The auriferous quartz-sulfide 
veins are spatially associated with broadly coeval mafic 
to felsic dikes (see Fig. S1 regarding the range of magma 
compositions). The largest Au deposit (Yixingzhai; ~ 94 
t Au; ~ 140 Ma) is temporally bracketed by pre-ore and 
post-ore diorite dikes of similar isotopic ages. Auriferous 
quartz veins of the second largest Au deposit (Shihu; ~ 30 
t Au; ~ 130 Ma) are spatially associated with numerous 
coeval quartz-diorite dikes, both being controlled by NNE- 
to NNW-trending faults (Wang et al. 2015). The aurifer-
ous quartz veins in the Xiaolinggen Au deposit and many 
pre-ore or syn-ore lamprophyre and diorite dikes consist-
ently strike NW to NNW (Ding et al. 1992). The ~ 142 Ma 
Mujicun porphyry Cu–Mo deposit (Fig. 2a), containing ore 
reserves of ~ 20 Mt at 0.4 wt% Cu and 0.052 wt% Mo, is 
the only large Mesozoic porphyry Cu deposit in the NCC; 
this deposit is related to a diorite porphyry stock beneath an 
andesitic to dacitic volcanic edifice (Shi et al. 1980). There 
are also quite a few ~ 132‒137 Ma skarn Cu–Fe deposits 
in the contact zone of early Cretaceous plutons and Meso-
proterozoic–Paleozoic carbonate rocks (Shi et al. 1980). In 
addition, porphyry Mo-only deposits formed in the period 
of 127–145 Ma and are generally associated with porphyry 
intrusions with granodioritic to granitic compositions (Shi 
et al. 1980). In summary, lode Au deposits, porphyry/skarn 
Cu(–Mo) deposits and porphyry Mo-only deposits that 
extend throughout the CTD formed contemporaneously with 
the ~ 126–145 Ma magmatic rocks.

Samples and methods

In this study, whole-rock geochemical data of variously 
evolved, early Cretaceous magmatic rocks in the CTD were 
compiled from the literature, including major and trace-
element compositions of 218 samples and Sr–Nd isotopes 
of 113 samples (Tables S2 and S3). Twenty-five samples of 
amphibole-rich mafic‒ultramafic intrusions and 16 samples 
of mafic to intermediate dikes in the Laiyuan complex were 
collected for petrographic study and laser-ablation induc-
tively coupled-plasma mass-spectrometry (LA-ICP-MS) 
analysis of melt-, sulfide- and magnetite inclusions.

The LA-ICP-MS system used for inclusion analysis 
consists of a 193 nm ArF Excimer laser (GeolasPro sys-
tem, Coherent, USA) coupled with a quadrupole mass 
spectrometer (Elan DRC-e, Perkin Elmer, Canada) hosted 
at the Bavarian Geoinstitute, University of Bayreuth. The 
sample chamber was flushed with He gas at a rate of 0.4 l/
min, to which 5 ml/min  H2 gas was added on the way to the 
ICP-MS system. The ICP-MS system was tuned to a ThO 
rate of 0.10 ± 0.05% and a doubly charged Ca ions rate of 
0.25 ± 0.05% based on measurements of the NIST SRM 610 
standard. Isotopes analyzed include 23Na, 25Mg, 27Al, 30Si, 

31P, 32S, 35Cl, 39K, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 
60Ni, 65Cu, 66Zn, 75As, 82Se, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 
105Pd, 107Ag, 110Cd, 121Sb, 125Te, 133Cs, 137Ba, 140Ce, 197Au, 
181Ta, 205Tl, 208Pb, 209Bi, 232Th and 238U. Dwell time for dif-
ferent isotopes varied from 10 to 50 ms, except for 197Au in a 
small subset of melt inclusions, for which 300 ms was taken 
and meanwhile only 39 K, 65Cu and 181Ta were analyzed. 
197Au signals were corrected for 181Ta16O interference based 
on drift-corrected oxide production rates determined by 
analyzing a synthetic, Ta-rich (1300 µg/g Ta) silicate glass, 
which suggested an artificial Au signal of 7.6 ×  10–4 µg/g 
Au per µg/g Ta. The contribution of 65Cu40Ar interference 
on the Pd concentrations measured in Cu-bearing sulfide 
inclusions was numerically subtracted with an equation sim-
ilar to that given in Chang and Audétat (2018). Sulfur and 
Cl concentrations in melt inclusions were quantified using 
the approach of Rottier and Audétat (2019). The laser was 
operated at 5–10 Hz with an energy density of 3–10 J/cm2, 
creating laser pits of 10–120 µm in diameter. Unexposed 
melt inclusions were drilled out as a whole together with 
host mineral. The ablated host was then subtracted numeri-
cally from the LA-ICP-MS mixed signals until constraints 
for the internal standard were matched (Chang and Audétat 
2021). The NIST610 glass was used as an external standard. 
Internal standardization of melt inclusions hosted in clino-
pyroxene and hornblende was based on the trend of  SiO2 vs. 
 Al2O3 displayed by whole-rock data, whereas the whole-rock 
trend of  SiO2 vs. CaO or a fixed content of 13 wt%  Al2O3 
were used for apatite- and quartz-hosted melt inclusions, 
respectively. In all cases, the sum of major element oxides 
was normalized to 100 wt% anhydrous. Because olivine-
hosted melt inclusions experienced post-entrapment modi-
fications, only incompatible elements were quantified using 
a fixed value of an incompatible element as internal standard 
without normalizing the sum of major element oxides to 
100 wt% (Chang and Audétat 2021). Uncertainties associ-
ated with the analyses of apatite- and quartz-hosted melt 
inclusions are estimated at 5‒20 wt%, except for elements 
close to the limit of detection. For melt inclusions hosted 
in clinopyroxene and hornblende, the uncertainties tend to 
be higher (up to 30‒50%) owing to the sensitivity of the 
host subtraction to minor variations in mineral composition 
(Chang and Audétat 2021). Uncertainties of the quantified 
incompatible element concentrations in olivine-hosted melt 
inclusions are estimated at ca. 20‒25% (Chang and Audétat 
2021). Sulfide inclusions were quantified using a synthetic 
pyrrhotite (Laflamme Po724 SRM of the Memorial Univer-
sity of Newfoundland) as an external standard for Fe, S and 
Pd, and NIST 610 for the other elements, and by normal-
izing the sum of S, Fe, Co, Ni and Cu to 100 wt%. Analyses 
of magnetite inclusions were quantified using the natural 
ilmenite sample KI-2193 and the NIST 610 glass as exter-
nal standards. Uncertainties associated with the analyses of 
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sulfide inclusions and magnetite inclusions are ca. 5–10% 
(Zhang and Audétat 2017; Chang and Audétat 2018).

Results

Whole‑rock geochemistry

This part mainly compares whole-rock geochemistry of the 
126–145 Ma magmatic rocks throughout the CTD (Fig. 2). 
Whole-rock geochemistry of variously evolved magmatic 
rocks in the Laiyuan complex was summarized and dis-
cussed in Chang et al. (2021). Notably, 126–145 Ma mag-
matic rocks with < 55 wt%  SiO2 and 110–125 Ma mafic to 
intermediate dikes have been reported only from the Laiyuan 
complex. The data compilation suggests that Cu/Au ore-
related stocks/dikes and all the other 126–145 Ma interme-
diate to felsic rocks from different parts of the CTD show 
highly comparable whole-rock elemental and Sr–Nd isotopic 
compositions (Figs. 3 and S2). The intermediate to felsic 
rocks generally display more differentiated trace-element 
patterns than the mafic rocks (Fig. 3c, d). Strontium–Nd 
isotopic compositions of the intermediate to felsic rocks 
largely overlap with those of the mafic rocks, both show-
ing low εNd(t) values (Fig. 3e). Many of the intermediate to 
felsic rocks, particularly the Cu/Au ore-related stock/dikes, 
have elevated Sr/Y ratios (Figs. 3f and S3a). In addition, the 
intermediate to felsic rocks show horizontal to decreasing 
Dy/Yb with increasing  SiO2 (Fig. S3b).

Petrography of sulfide inclusions and silicate melt 
inclusions

The petrography and petrogenesis of mafic to intermedi-
ate rocks hosting silicate melt- and sulfide inclusion are 
briefly summarized here (see Chang et al. 2021 for more 
details), including amphibole-rich mafic‒ultramafic rocks 
from the Longmengou and Yaogou units (~ 133–140 Ma), 
early mafic to intermediate dikes (~ 126–145 Ma) and late 
mafic dikes (~ 110–125 Ma). Various types of cumulitic 
and gabbroic rocks at Longmengou and Yaogou crystal-
lized from olivine and clinopyroxene-bearing basaltic 
magma bodies emplaced in the upper crust. The ultramafic, 
cumulitic rocks (i.e., hornblendites and pyroxenites) formed 
via reaction replacement of early-crystallized olivine and 
clinopyroxene by amphibole-rich assemblages (amphibole, 
clinopyroxene, phlogopite and ± plagioclase) in olivine and 
clinopyroxene-rich zones, whereas gabbroic rocks (i.e., 
porphyritic hornblende gabbros, equigranular hornblende 
gabbros, and acicular hornblende gabbros) formed in zones 
containing less olivine and clinopyroxene. The early and 
late mafic dikes crystallized phenocrysts of olivine, clino-
pyroxene ± amphibole. The late mafic dikes also entrained 

some cogenetic xenoliths of clinopyroxene cumulates and 
reaction-replacement hornblendites. The early intermediate 
dikes crystallized phenocrysts of amphibole and plagioclase.

Olivine and clinopyroxene in the cumulitic and gab-
broic rocks at Longmengou and Yaogou (Fig. 4a) are gen-
erally devoid of sulfide inclusions; only one single, small 
(~ 15 µm) inclusion was found in an olivine crystal after 
careful examination of more than 40 thick sections. In con-
trast, the amphibole-rich assemblages in the cumulitic and 
some gabbroic rocks contain abundant sulfide inclusions 
(Fig. 4b, c); most unshielded magmatic sulfides in fresh 
cumulitic samples are also well preserved, but those in the 
gabbroic rocks are generally altered (Fig. S4). The volumet-
ric abundances of magmatic sulfides in two very fresh cumu-
litic rocks have been determined at 0.23 ± 0.05 vol% and 
0.18 ± 0.01 vol%, respectively (Chang et al. 2021). Coarsely 
crystallized melt inclusions are common in olivine crystals 
of the cumulitic rocks (Fig. 4d). In the early mafic and inter-
mediate dikes (Fig. 4e), sparse sulfide inclusions occur in 
amphibole phenocrysts. In the late mafic dikes (Fig. 4f, g), 
sulfide inclusions are very abundant in some clinopyroxene 
phenocrysts (Fig. 4h), and they are also common in amphi-
bole phenocrysts (Fig. 4i). Clinopyroxene, amphibole and 
apatite in xenoliths of the late mafic dikes (e.g., Fig. 4g) 
also commonly contain sulfide inclusions. Crystallized melt 
inclusions were observed in clinopyroxene, amphibole and 
apatite phenocrysts of the late mafic dikes (Fig. 4i, j) and 
in clinopyroxene and apatite of the xenoliths. Notably, in 
all the investigated samples exposed sulfide inclusions are 
dominated by pyrrhotite and contain minor amounts of chal-
copyrite and pentlandite (e.g., Fig. 4b, c).

Composition of mafic melt inclusions

The composition of melt inclusions in the studied mafic 
to intermediate rocks was partly reported in Chang et al. 
(2021). Copper, Au, S and Cl concentrations in these melt 
inclusions are newly obtained in this study by LA-ICP-
MS analysis of entire, unexposed melt inclusions without 
prior re-homogenization (Tables 1 and S4). The study of 
Chang et al. (2021) showed that the trace-element patterns 
of olivine-hosted melt inclusions from the early amphibole-
rich mafic‒ultramafic intrusions and clinopyroxene-hosted 
melt inclusions from the late mafic dikes (plus the entrained 
xenoliths) match well with that of early and late mafic whole 
rocks, respectively. Copper concentrations in olivine-hosted 
melt inclusions at Yaogou and Longmengou and the clinopy-
roxene-hosted melt inclusions in late dikes are 150‒230 µg/g 
(n = 8), 33‒48 µg/g (n = 7) and < 16‒130 µg/g (n = 48), 
respectively. The large Cu variation in the clinopyroxene-
hosted melt inclusions likely reflect the fact that sulfide 
saturation was already attained during the crystallization of 
clinopyroxene phenocrysts. A few particularly large melt 
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inclusions were selected for Au analysis to reach as low 
detection limits as possible, including five olivine-hosted 
melt inclusions (~ 45‒80 µm in diameter) from Yaogou, and 

six clinopyroxene-hosted melt inclusions (~ 60‒72 µm) from 
late dikes. Only the largest of the five olivine-hosted melt 
inclusions from Yaogou returned a measurable Au signal 
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Fig. 3  Whole-rock geochemistry of early Cretaceous magmatic rocks 
in the central Taihangshan district (CTD). These rocks formed mostly 
in the period of 126–145 Ma, except for some late mafic to intermedi-
ate dikes. a, b The magmatic rocks are alkali-rich, and belong mostly 
to high-K calc-alkaline or shoshonite series. c, d Various types of 
early magmatic rocks from different parts of the CTD show very sim-
ilar primitive mantle-normalized trace-element patterns, whereas the 
late mafic dikes have distinctive trace-element patterns. e The early 
magmatic rocks show similar Sr–Nd isotopic compositions, but the 
late mafic dikes trend towards lower (87Sr/86Sr)i and higher εNd. Sr–

Nd isotopic compositions of the Hannuoba lower crustal Cretaceous 
mafic xenoliths, Archean to Paleoproterozoic metamorphic terrain 
rocks in the CTD and throughout the North China Craton (NCC) are 
shown for comparison (Liu et al. 2010). Note the extremely heteroge-
neous Sr–Nd isotopic compositions of the terrain rocks. f The early 
intermediate to felsic magmatic rocks are characterized by adakite-
like, high Sr/Y ratios (Richards and Kerrich 2007). In panels c, d and 
f highly differentiated rocks (> 72 wt%  SiO2) that experienced strong 
plagioclase fractionation were not included for simplicity
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(5 ng/g Au), whereas the other melt inclusions gave detec-
tion limits of 10‒20 ng/g. Gold concentrations in the six 
clinopyroxene-hosted melt inclusions from late dikes were 

all below detection limits of 7‒32 ng/g. Nine olivine-hosted 
melt inclusions from Yaogou, two olivine-hosted melt inclu-
sions from Longmengou, and 12 clinopyroxene-hosted 

Fig. 4  Petrography of mafic–ultramafic rocks of the Laiyuan com-
plex. a A typical hornblendite from Longmengou, showing reac-
tion replacement of early-crystallized olivine and clinopyroxene by 
orthopyroxene, phlogopite and amphibole. b, c Magmatic sulfide 
inclusions in amphibole of a hornblendite from Yaogou. Note the 
reproducibility of sulfide phase proportions. d A fully crystallized 
melt inclusion hosted in olivine of a hornblendite from Yaogou. The 
small, opaque inclusions on the right are Cr-rich magnetite. e An 
early mafic dike from Xiaolinggen, characterized by phenocrysts of 
olivine, clinopyroxene and ± amphibole set in a fine-grained matrix. 

f A late mafic dike containing phenocrysts of clinopyroxene, olivine, 
hornblende and apatite. g A reaction-replacement hornblendite xeno-
lith in a late mafic dike. h Numerous, exposed sulfide inclusions in 
clinopyroxene phenocrysts of a late mafic dike. i A crystallized melt 
inclusion (on the right) and an unexposed sulfide inclusion (on the 
left) hosted in a hornblende phenocryst of a late mafic dike. j Two 
large, crystallized melt inclusions hosted in a clinopyroxene phe-
nocryst of a late mafic dike. ap apatite; cpx clinopyroxene; ccp chal-
copyrite; amp amphibole; ol altered olivine; opx orthopyroxene; phl 
phlogopite; pn pentlandite; po pyrrhotite
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melt inclusions from late dikes were analyzed for S and Cl. 
Obtained sulfur concentrations are 0.15‒0.23 wt% (n = 9), 
0.14‒0.24 wt% (n = 2) and 0.12‒0.24 wt% (n = 12), respec-
tively. Based on the volumetric abundance of well-preserved 
magmatic sulfides in two Longmengou and Yaogou cumu-
litic rocks (see above), the petrogenesis of these cumulitic 
rocks and the sulfur content of the sulfides, a similar sulfur 
content of the mafic melts is estimated (0.15‒0.29 wt% S). 
Chlorine concentrations in the melt inclusions are 0.1‒0.2 
wt%, but uncertainties of these measurements may be large 
because the Cl signals are close to the limit of detection.

Composition of magmatic sulfide inclusions

A total of 115 entire, unexposed sulfide inclusions were 
analyzed (Fig. 5; Table S5). The bulk composition of these 
sulfide inclusions generally falls in or close to the field of 
monosulfide solid solution (MSS) on the ternary phase dia-
gram at the temperature of 1000 °C (Fig. 5a, b). Copper con-
centrations in sulfide inclusions from Longmengou are lower 
than those from Yaogou (Fig. 5c). This result is consistent 
with the lower Cu content of olivine-hosted melt inclusions 
from Longmengou (Table 1). Apart from this, sulfide inclu-
sions from different rock types at Longmengou or Yaogou 
are compositionally similar (Fig. 5d‒h). Copper concentra-
tions in sulfide inclusions from the early mafic to intermedi-
ate dikes decrease from 7.8 to 0.5 wt% with decreasing Ni 
concentration (Fig. 5c), whereas Cu concentrations in sulfide 
inclusions from the late mafic dikes (plus cogenetic xeno-
liths) decrease less strongly from 4.2 to 0.5 wt%. Palladium 
concentrations in sulfide inclusions from the late mafic dikes 
also decrease with decreasing Ni concentration (Fig. 5d). 
By contrast, Au, Ag, Bi and Te concentrations in sulfide 
inclusions do not vary systematically with Ni concentration 
(Fig. 5e‒h).

Thermobarometry

Crystallization P–T conditions of the amphibole-rich 
mafic‒ultramafic intrusions at Longmengou and Yaogou 
and the late mafic dikes were constrained by Chang et al. 
(2021). The early-crystallized olivine and clinopyroxene 

in the amphibole-rich mafic‒ultramafic rocks likely crys-
tallized at ≥ 1030‒1075 °C and 0.3‒0.6 GPa, whereas 
amphibole-rich assemblages and some near-solidus 
minerals (e.g., quartz and titanite) in these rocks crys-
tallized after final emplacement of the mafic magmas 
at 690‒1040 °C and 0.1‒0.2 GPa. Clinopyroxene phe-
nocrysts in the late mafic dikes and xenoliths in these dikes 
likely crystallized at 990‒1140 °C and 0.4‒1.3 GPa.

The oxidation state of magmas was constrained by 
the FeTiMM magnetite-liquid oxybarometer (Arató and 
Audétat 2017). The magnetite composition was obtained 
from LA-ICP-MS analyses of entire, unexposed magnetite 
inclusions to circumvent re-equilibration and exsolution 
effects during cooling (Table S6), and the composition of 
the liquid was constrained from melt inclusion and whole-
rock data. Detailed calculation procedures and results are 
presented in Table S7. The uncertainty of the FeTiMM 
oxybarometer is ± 0.5 log units, but due to the relatively 
large uncertainty associated with the quantification of the 
liquid the overall uncertainty of the present application 
may reach ± 1.0 log units. The oxygen fugacity of magmas 
that crystallized olivine crystals in a Yaogou hornblen-
dite was constrained at ΔFMQ + 2.6 (i.e., 2.6 log units 
above the fayalite–magnetite–quartz buffer). In addition, 
the titanite + quartz ± magnetite assemblages with clino-
pyroxene in the matrix of porphyritic hornblende gabbros 
from Longmengou also suggest a relatively high oxida-
tion state (Wones 1989). Compositions of melt inclusions 
and magnetite inclusions hosted in quartz phenocrysts 
(or xenocrysts) in two early intermediate to felsic dikes 
from Xiaolinggen also returned a relatively high oxygen 
fugacity of ΔFMQ + 2.3–2.6. By contrast, a lower oxygen 
fugacity of ΔFMQ + 1.1–1.7 was obtained from the com-
positions of melt inclusions and magnetite inclusions in 
clinopyroxene phenocrysts of the late mafic dikes.

Table 1  Alkalis, S, Cl, Cu and 
Au concentrations in mafic melt 
inclusions at Laiyuan

SiO2,  K2O,  Na2O, S and Cl in wt%, Cu in µg/g, and Au in ng/g
ol olivine; cpx clinopyroxene; MI’s melt inclusions; n.a. not analyzed
a The range of  SiO2 contents were roughly constrained by corresponding whole-rock data
b Na2O contents of some ol-hosted MI’s may be too low due to Na loss (Chang et al. 2021)

Sample type SiO2
a K2O Na2Ob S Cl Cu Au

Yaogou ol-hosted MI’s 46‒53 3.1‒4.5 1.9‒4.7 0.15‒0.23 0.10‒0.18 150‒230  ~ 5
Longmengou ol-hosted MI’s 46‒53 2.0‒2.4 2.7‒3.7 0.14‒0.24 0.11 33‒48 n.a
Late-dike cpx-hosted MI’s 46‒53 3.0‒5.9 3.1‒6.5 0.12‒0.24 0.15‒0.20  < 16‒130  < 7
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Discussion

Petrogenesis and fertility of early Cretaceous 
magmatic rocks in the CTD

Our compiled whole-rock geochemical data suggest that 
the majority of 126–145 Ma intermediate to felsic rocks 
throughout the CTD display very similar elemental and 
Sr–Nd isotope compositions to the Laiyuan equivalents 
(Figs. 3 and S2). This geochemical uniformity is better 
explained by the differentiation model of SCLM-derived 
mafic magmas than by the anatexis model of ancient lower 
crust (Chang et al. 2021), as partial melting of the heteroge-
neous metamorphic basement of the CTD (Tang and Santosh 

2018) would be expected to produce melts with rather dif-
ferent elemental and isotopic signature at different localities. 
Therefore, the 126–145 Ma magmatic rocks throughout the 
CTD likely formed during the transition from a compres-
sional to an extensional regime (Chang et al. 2021), pre-
sumably induced by the retreat of the low-angle subducting 
Paleo-Pacific slab, whereas the 110–125 Ma mafic to inter-
mediate dikes might result from local mantle perturbations 
due to continuous slab retreat.

The elevated Sr/Y ratios of many intermediate rocks 
in the CTD (Figs. 3f and S3a), particularly of the Cu/Au 
ore-related stock/dikes, suggest that the parental mafic 
magmas of these rocks probably experienced major amphi-
bole (± garnet) fractionation and only limited plagioclase 
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fractionation (Richards and Kerrich 2007). The constant to 
slightly decreasing Dy/Yb ratios as a function of increasing 
 SiO2 preclude major garnet fractionation (Fig. S3b).

Porphyry/skarn Cu, porphyry Mo-only and lode Au 
deposits that occur throughout the CTD formed during the 
same time interval as the ~ 126–145 Ma magmatic rocks 
(Fig. 2). The porphyry Cu/Mo deposits are clearly related 
to specific porphyry magmas. By contrast, it is not straight-
forward to conclude that ore-forming fluids of the lode Au 
deposits were derived from the ~ 126–145 Ma magmatic 
rocks, as the genetic relationship between lode Au miner-
alization and specific magmas is difficult to be established 
based on geological relationships. However, the lode Au 
deposits in the CTD, including the two largest Yixing-
zhai and Shihu Au deposits, are mostly hosted in the Neo-
Archean to Paleoproterozoic amphibolite- to granulite-facies 
metamorphic rocks, which renders the metamorphic-related 
orogenic model (Groves et al. 1998) impossible to explain 
their genesis. Moreover, available geochemical evidence 
suggests that the lode Au deposits were derived dominantly 
from magmatic fluids (Cao et al. 2012; Zhang et al. 2017). It 
is thus argued that the ~ 126–145 Ma magmas were respon-
sible for the lode Au mineralization.

Behavior of metals during the evolution of magmas 
in the CTD

The timing of sulfide saturation and the type of saturated 
sulfides strongly affect the metal budget of magmas (Li 
and Audétat 2012, 2015; Liu and Brenan 2015). Our petro-
graphic observations suggest that the parental mafic mag-
mas of the amphibole-rich mafic‒ultramafic intrusions at 
Longmengou and Yaogou were undersaturated in sulfides 
during the crystallization of olivine and clinopyroxene, and 
then became sulfide-saturated during the crystallization of 
amphibole-rich assemblages. The magmas that formed the 
early mafic to intermediate dikes also reached sulfide satura-
tion during or before the crystallization of amphibole phe-
nocrysts. By contrast, the magmas of the late mafic dikes 
and cogenetic xenoliths already reached sulfide saturation 
during the crystallization of clinopyroxene. These results are 
consistent with the higher oxidation state (but similar sulfur 
content) of the early magmas (~ ΔFMQ + 2.5) compared to 
the late magmas (~ ΔFMQ + 1.5). Though the early mafic 
magmas had rather high oxidation state, the good match of 
measured sulfur content of olivine-hosted melt inclusions 
from Longmengou and Yaogou and calculated sulfur con-
tent of the mafic melts based on sulfide abundances in two 
cumulitic rocks suggest that the sulfur in the mafic magmas 
precipitated mostly in the form of sulfides.

The phase proportions within exposed sulfide inclusions 
(Fig. 4b, c) and the major element composition of entire, 
unexposed sulfide inclusions (Fig. 5a, b) suggest that the 

sulfide inclusions consist dominantly of FeS with only small 
amounts of Cu and Ni. Because the host minerals crystal-
lized at lower temperatures than the melting point of pyr-
rhotite (≥ 1190 °C), all sulfide inclusions should have been 
trapped in the form of crystalline monosulfide solid solution 
(MSS). The Cu content of sulfide inclusions in the early 
mafic to intermediate dikes and the late mafic dikes (plus 
cogenetic xenoliths) decreases with decreasing Ni content 
(Fig. 5c), whereas the concentrations of Au, Ag, Bi and Te 
remain relatively stable (Fig. 5e‒h). These trends agree with 
MSS being the dominant fractionating sulfide phase, as Au, 
Ag, Bi and Te partition more strongly into sulfide liquid 
and intermediate solid solution than is the case for Cu (Liu 
and Brenan 2015; Chang and Audétat 2018). Hence, if the 
sulfides would have precipitated in the form of sulfide liquid 
or intermediate solid solution, then the Au, Ag, Bi and Te 
contents of the sulfide inclusions would need to decrease 
even more rapidly than the Cu content.

A quantitative model similar to those described in Chang 
and Audétat (2018), Li et al. (2019) and Du and Audétat 
(2020) was developed to constrain the metal contents of 
residual melt during the evolution of the two magmatic epi-
sodes in the Laiyuan complex. The following parameters 
were chosen to best fit the data obtained from the two groups 
of mafic to intermediate rocks: (i) the relationship between 
magma crystallinity and  SiO2 content of silicate melt, (ii) 
the timing of sulfide saturation, (iii) the type of crystallized 
sulfide, (iv) the amount of crystallized sulfide, (v) partition 
coefficients of metals between sulfide and silicate melt, and 
(vi) the proportion of fractional versus equilibrium crystal-
lized sulfide.

(i) The relationship between magma crystallinity, melt 
 SiO2 content and temperature was established on experimen-
tal data that reproduce the mineral crystallization sequence 
of olivine and clinopyroxene followed by amphibole (Hollo-
way and Burnham 1972; Foden and Green 1992; Melekhova 
et al. 2015; Ulmer et al. 2018). The starting temperature was 
set to 1100 °C. Two separate fitting equations were obtained 
for fractional crystallization and equilibrium crystallization, 
respectively (Fig. S5). Both relationships were tested in the 
modeling (Figs. 6 and S6).

(ii) The early magmas reached sulfide saturation at 53 
wt% melt  SiO2, approximately at the onset of amphibole 
crystallization, whereas the late magmas were sulfide-satu-
rated already from the beginning.

(iii) All of the crystallized sulfides were monosulfide 
solid solution (MSS).

(iv) Given that excess sulfur in the silicate melt was 
removed only in the form sulfides, the amount of crystallized 
sulfide depends on the melt sulfur content at the moment 
of sulfide saturation and the decrease of sulfur solubility 
during magma evolution. The starting sulfur content of 
both the early and late magmas was set to 0.2 wt%. The 
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decrease of sulfur solubility during magma evolution was 
calculated using the models of Fortin et al. (2015) and Jugo 
et al. (2010), plus whole-rock trends of the corresponding 
magmatic rocks to link melt  SiO2 content to other major 
elements (similar to the approach elaborated in Chang and 
Audétat 2018).

(v) Partition coefficients of Cu, Au, Ag and Bi between 
MSS and silicate melts were calculated by equations given 
in Li and Audétat (2015). These calculations require inde-
pendently constrained temperature, melt  FeOtot content and 
oxygen fugacity. The temperature and melt  FeOtot content 

were linked to melt  SiO2 based on data from the above 
mentioned experiments and whole-rock trends of the corre-
sponding magmatic rocks. The oxygen fugacity was fixed at 
ΔFMQ + 2.5 and ΔFMQ + 1.5 for the early and the late mag-
mas, respectively. The partition coefficient of Pd between 
MSS and silicate melts was fixed at 10,000 based on avail-
able experimental data (Liu and Brenan 2015; Mungall and 
Brenan 2014; Li et al. 1996). The partition coefficients of 
the ore-forming metals between other minerals and silicate 
melts were set to zero. Since Ni also partitions strongly into 
silicate minerals (e.g., olivine, pyroxene and amphibole), 
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metals. Model calculations are shown for 0%, 50% and 100% equilib-

rium versus fractional sulfide crystallization. f, g Modeled metal con-
tent of residual melt, and percentages of metal stored in sulfides, as a 
function of magma crystallinity and melt  SiO2 content. The early and 
late magmas reached sulfide saturation at 49 wt% and 53 wt%  SiO2, 
respectively



Contributions to Mineralogy and Petrology (2021) 176:69 

1 3

Page 13 of 18 69

the partition coefficient and the starting melt content of Ni 
were adjusted to match the modeled range of other metals 
in sulfide within the range of 0.01‒4 wt% Ni (see Figs. 6 
and S6).

(vi) The proportion of fractional versus equilibrium crys-
tallized sulfide was set to 0%, 50% or 100%.

The model reproduces well the evolution of Pd, Cu, Au, 
Ag and Bi contents of sulfide inclusions as a function of Ni 
content (Fig. 6a‒e) and the Cu and Au contents of mafic sili-
cate melt inclusions (Table 1). Therefore, the results justify 
the parameters used for the modeling. The models predict 
that the Cu content of the residual melt decreases by one to 
two orders of magnitude after reaching sulfide saturation, 
whereas the Au content of residual melt varies by no more 
than a factor of two (Fig. 6f). Accordingly, the precipitated 
sulfides have high Cu/Au ratios, and thus even fractional 
re-melting of such residual sulfides is unlikely to produce 
magmas with unusually high Au/Cu ratios.

Formation of lode Au deposits: unusually Au‑rich 
or voluminous magmas?

The compositions of silicate melt inclusions and sulfide 
inclusions suggest that the early mafic magmas contained 
only about 5 ng/g Au, which is similar to the global aver-
age of arc basalts (< 1‒12 ng/g Au; GEOROC database) 
and mid-ocean-ridge basalts (< 1‒5 ng/g Au; Jenner and 
O’Neill 2012). This result supports the argument that unu-
sual Au enrichment in the SCLM source or in the derived 
primitive basaltic melts was not a prerequisite for the early 
Cretaceous lode Au mineralization in the NCC (Wang et al. 
2020a). The modeling results presented above further sug-
gest that differentiation of the early mafic magmas would 
neither cause significant Au enrichment nor significant 
Au depletion in the residual silicate melts (Fig. 6f). Taken 
together, the early mafic to intermediate magmas responsible 
for lode Au deposits in the CTD are unlikely to have been 
unusually enriched in Au before the exsolution of ore fluids. 
Consequently, large volumes of ore-forming magmas were 
required to form the lode Au deposits.

It is difficult to assign a particular magma composition as 
the source of the ore-forming fluids because the voluminous 
magmas seem to have been emplaced in the deep crust. Fluid 
inclusion studies suggest that the lode Au deposits from the 
CTD formed by means of liquid  CO2 phase-bearing, low-
salinity fluids (e.g., Cao et al. 2012). The same is true for 
most other early Cretaceous lode Au deposits in other parts 
of the NCC (Zhu et al. 2015 and references therein). There-
fore, ore-forming fluids of the lode Au deposits probably 
exsolved from magmas as a  CO2-rich aqueous fluid phase. 
By contrast,  CO2-rich fluid inclusions are rare in the early 
Cretaceous porphyry Cu–Mo or Mo-only deposits from 
CTD (e.g., Qu 2012) and in porphyry Cu deposits worldwide 

(Kouzmanov and Pokrovski 2012). The source magmas that 
generated the ore fluids of the lode Au deposits thus may 
have been emplaced at much deeper levels than the typi-
cal paleodepths of 5‒15 km for porphyry deposits (Sillitoe 
2010; Fig. 7a), because the  CO2 content of deeply exsolved 
magmatic fluids tends to be higher than that of shallowly-
exsolved magmatic fluids (Lowenstern 2001).

In addition, the early mafic magmas were hydrous (Chang 
et al. 2021) and contained high contents of S, Cl and alka-
lis (Table 1), comparable with porphyry Cu-related mafic 
magmas (Zhang and Audétat 2017) and some mafic arc 
magmas (Wallace 2005). These magmatic ingredients are 
equally important to generate lode Au-related ore fluids. 
Sulfur and Cl can enhance the efficiency of metal partition-
ing into aqueous fluids, and are also important agents for 
the transport of Au in aqueous fluids (Candela and Piccoli 
2005). Zajacz et al. (2010) demonstrated experimentally 
that alkalis in magmas could also promote Au partitioning 
into exsolved fluids by increasing Au solubility in S-bearing 
aqueous fluids. In addition, lode Au deposits are first and 
foremost sulfur anomalies, considering that pyrite consti-
tutes 3‒20 vol% of the lode Au ores (Li et al. 2012). How-
ever, the late mafic magmas were also hydrous and contained 
relatively high abundances of S, Cl and alkalis (Table 1), 
but no lode Au deposits formed in this time interval. This 
may be due to a much smaller volume of these late magmas, 
though it is unclear how voluminous these late magmas were 
in the deep crust.

Comparison with the giant Jiaodong Au province

A recent study suggests that SCLM-derived mafic dikes 
from the Jiaojia Au deposit with high Mg# close to primi-
tive mantle melts contain only 1‒3 ng/g Au (Wang et al. 
2020b). Moreover, LA-ICP-MS analysis of unexposed 
sulfide inclusions in hornblende phenocrysts of intermediate 
dikes from the Guocheng Au deposit returned relatively low 
Au contents of 0.1‒1.7 µg/g (Tan et al. 2012), which values 
are similar as those observed in this study (Fig. 5e). These 
results suggest that also the lode Au-related magmas in the 
Jiaodong district were not unusually Au-rich. We, therefore, 
propose that the much higher total Au reserve of the Jiao-
dong district (~ 4000 t Au) compared to the CTD (~ 150 t 
Au) is due to a much larger volume of SCLM-derived mafic 
to intermediate magmas. This inference is arguably sup-
ported by the higher abundance of lode Au-related mafic 
to intermediate dikes in many large lode gold deposits of 
the Jiaodong district, and is consistent with the stronger 
lithosphere modification underneath the Jiaodong district 
(Fig. 7b, c; Zhu et al. 2011). The ancient SCLM beneath the 
Jiaodong district completely vanished and even the crust was 
partly removed during the formation of the Jiaodong lode 
Au deposits (Zhu et al. 2011), thus more melts should have 
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been generated and should have accumulated at deep crustal 
levels beneath the Jiaodong district.

Why no early Cretaceous giant porphyry Cu deposits 
in the NCC?

In addition to the numerous lode Au deposits, abundant 
Fe skarn, porphyry Mo-only and hydrothermal Ag–Pb–Zn 
deposits formed during the early Cretaceous craton destruc-
tion of the NCC (Fig. 8; Zhu et al. 2019). However, only 
one medium-sized porphyry Cu deposit and abundant small 
Cu–Fe skarn deposits have been recognized in the NCC (Shi 
et al. 1980; Chang et al. 2020; Yang and Cooke 2020). Our 
preliminary results suggest that SCLM-derived mafic mag-
mas related to the lode Au deposits are hydrous, oxidized 
and relatively rich in S and Cl, which properties should also 
favor the formation of porphyry Cu deposits (Audétat and 
Simon 2012). The formation of giant, early Cretaceous por-
phyry Cu deposits in the NCC could have been suppressed 
by the intense extensional setting during the craton destruc-
tion. Porphyry Cu deposits are related to upper crustal, inter-
mediate magma chambers situated at 5–15 km depth (Sil-
litoe 2010), but very strong extensional settings promote the 

formation of very shallow crustal magma chambers that tend 
to erupt explosively, in which case the Cu-bearing magmatic 
fluids are lost to the atmosphere (cf. Sillitoe 2018). In addi-
tion, the occurrence of abundant early Cretaceous volcanic 
rocks and porphyry Mo-only deposits suggests that the lack 
of giant porphyry Cu deposits cannot be fully explained by 
regional uplift and erosion.

Conclusions

The mafic to intermediate magmas genetically related to 
lode Au deposits were derived from partial melts of meta-
somatized subcontinental lithosphere mantle, and generally 
experienced deep olivine and clinopyroxene fractionation 
followed by amphibole-dominated fractionation. The mag-
mas did not become enriched in Au due to relatively early 
saturation of MSS. Accumulation of large volumes of mag-
mas in the middle to lower crust through trans-lithospheric 
faults was likely the key to Au mineralization. The lode Au-
related magmas were hydrous, oxidized and relatively rich 
in S and Cl, which properties promoted the production of 
auriferous ore fluids. The strong extensional tectonic setting 
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Fig. 7  Tectono-magmatic model for lode Au mineralization in the 
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matic-hydrothermal ore formation in the central Taihangshan district. 
Mantle-derived basaltic magmas emplaced in the middle to lower 
crust experienced significant fractionation of olivine and clinopyrox-
ene, followed by amphibole-dominated mineral assemblages to pro-
duce evolved magmas with adakite-like signatures. Abundant mag-
matic sulfides precipitated together with the amphibole. Intermediate 
to felsic magma bodies emplaced in the upper crust led to the for-

mation of porphyry Cu/Mo deposits, whereas mafic to intermediate 
magmas accumulated in the middle to lower crust favored the exsolu-
tion of  CO2-rich aqueous fluids responsible for the formation of lode 
Au deposits. b, c Schematic tectonic reconstructions of early Cre-
taceous magmatism and lode Au mineralization in the North China 
Craton. The gradual younging trends of the early Cretaceous magma-
tism and lode Au mineralization from the central Taihangshan district 
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associated with craton thinning and destruction that favored 
the formation of lode Au deposits was likely detrimental for 
the formation of giant porphyry Cu deposits.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 021- 01824-2.
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