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ABSTRACT
Here, we present coupled geochemical and Sr-Nd-Pb-S isotopic data of Early Cretaceous 

primitive gabbros from the North China craton. Strikingly, these rocks have highly unradio-
genic lead compositions (206Pb/204Pb = 16.58 ± 0.24) and anchor one extreme end member (low 
206Pb/204Pb and 143Nd/144Nd) in the global array of oceanic-island volcanics. Our study shows 
that they originated from an Archean fluid-metasomatized refractory peridotite source, in 
which highly unradiogenic lead was preferentially released with subducted Archean seawater 
and sequestered into recrystallized sulfides at shallow mantle depths. Sulfide/silicate partition 
coefficients for lead show a negative pressure dependence: Lead is more enriched in sulfide with 
decreasing pressure. Sulfide-bearing and iron-poor harzburgite as well as dunite residues at 
shallow mantle are expected to develop low U/Pb (and thereby low time-integrated 206Pb/204Pb) 
relative to a deeper upper-mantle source. Our preferred interpretation is that an Archean, 
highly unradiogenic lead reservoir may be stored in the spinel-facies refractory cratonic mantle.

INTRODUCTION
The lead (Pb) isotopic composition in Earth’s 

interior is an important parameter that must be 
accounted for by models that seek to explain 
the differentiation history of the Earth. The 
mean continental crust and most oceanic basalts 
(ocean-island basalt [OIB]; mid-oceanic ridge ba-
salt [MORB]) have apparently higher 206Pb/204Pb 
and 207Pb/204Pb ratios than the bulk silicate earth 
estimates, and lie either on or immediately to 
the right of the so-called “meteorite isochron” 
(Hofmann, 2008). This has been termed the 
“lead paradox” (Allègre, 1968) and requires the 
existence of a missing unradiogenic Pb reservoir 
inside Earth (Hofmann, 2008), which has been 
argued to have been dissolved in the iron-rich 
core (Wood and Halliday, 2010) or to reside in the 
silicate Earth (lower continental crust [Lee et al., 
2012; Huang et al., 2014]) or lithospheric mantle 
(Malaviarachchi et al., 2008; Burton et al., 2012).

Notably, metal–silicate melt partition coeffi-
cients for Pb (Lagos et al., 2008) suggest that Pb 
behaves as a lithophile (DPb

metal/silicate < 1), imply-
ing that the high 206Pb/204Pb values observed in 

OIBs and MORBs cannot be explained easily by 
high U/Pb ratios in Earth’s mantle resulting from 
Pb pumping to the core (Lagos et al., 2008). 
Lagos et al. (2008) and Hart and Gaetani (2016) 
experimentally demonstrated that, as a chalco-
phile element, Pb is more compatible in sulfide 
with decreasing pressure (<4.5 GPa; DPb

sulfide/silicate 
≫ 1), thus indicating that sulfide is the main 
host of Pb in sulfide-bearing silicate systemat-
ics. U is more incompatible in olivine (ol) and 
orthopyroxene (opx) than in clinopyroxene (cpx) 
and garnet (grt; i.e., the main carriers of U in 
upper mantle; DU

ol/melt < DU
opx/melt < DU

grt,cpx/melt < 1; 
Salters and Longhi, 1999; Parman et al., 2005). 
Because cpx is preferentially exhausted during 
melting, U becomes more depleted in cpx-poor 
peridotite at spinel-facies depths (Parman et al., 
2005). Therefore, sulfide-bearing harzburgite/
dunite residues at shallow (spinel-facies) mantle 
depths are expected to be more enriched in Pb 
but more depleted in U, and thereby retain lower 
U/Pb. Accordingly, a shallow, early-formed re-
fractory mantle domain will evolve to a rela-
tively low time-integrated 206Pb/204Pb value.

Furthermore, DPb
sulfide/silicate correlates nega-

tively with oxygen fugacity (Lagos et al., 2008), 

which implies that Pb becomes more compatible 
in reduced sulfides (DPb

sulfide/silicate ≫ 1). Therefore, 
cratonic peridotite could make Pb-rich sulfides 
survive in the mantle for long periods of time due 
to its low oxygen fugacity (mean ΔlogfO2 = –2.83), 
which is considerably lower than modern oce-
anic or suprasubduction peridotites (mean 
ΔlogfO2 = +0.51; Foley, 2011). If this is true, then 
a shallow, reduced refractory cratonic mantle that 
persisted for billions of years is a likely candidate 
for the highly unradiogenic Pb reservoir.

Here, we present geochemistry and Sr-Nd-
Pb-S isotope analyses on the Early Cretaceous Ji-
nan gabbros from within the North China craton 
(NCC). Our data reveal that Pb excess over U in 
the shallow cratonic mantle could play a key role 
in the formation of an unradiogenic Pb reservoir.

GEOLOGICAL SETTING AND SAMPLE 
DESCRIPTION

The NCC has been divided into the Eastern 
block, the Western block, and the intervening 
Trans–North China orogen (Fig. 1A), based on 
age, lithological assemblage, tectonic evolution, 
and pressure-temperature-time (P-T-t) paths 
(Zhao et al., 2001). The Eastern block lost its 
thick lithospheric keel by delamination or ther-
mal erosion (Liu et al., 2008; Zhang et al., 2014). 
Its extensive magmatic activity and diachronous 
decratonization started ca. 200 Ma and clustered 
around 130–120 Ma (Zhang et al., 2014). The 
Shandong Province is situated in the eastern 
margin of the NCC (Fig. 1B), where Mesozoic 
voluminous intrusive and volcanic rocks formed 
in response to the rapid motion of the Pacific 
plate (Zhang et al., 2014). The Jinan high-Mg 
gabbros studied here (127.3 ± 0.7 Ma; Fig. DR1 in 
the GSA Data Repository1) were emplaced with-
in the Ordovician marbles in the western Shan-
dong Province. Sulfide (pyrite ± chalcopyrite)  *E-mail: yshliu@hotmail.com

1GSA Data Repository item 2020172, analytical methods, Figures DR1 and DR2, and Tables DR1–DR5, is available online at http://www.geosociety.org/datare-
pository/2020/, or on request from editing@geosociety.org.
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inclusions are enclosed in olivine and plagioclase 
crystals, whereas coexisting sulfide and silicate 
melt inclusions in olivine occur as two separate, 
immiscible phases (Fig. DR2).

GEOCHEMICAL DATA
Detailed descriptions of the analytical meth-

ods and data are summarized in Tables DR1–
DR5. The Jinan gabbros have variable SiO2 (48–

56 wt%), high MgO (up to 13.7 wt%), high Ni 
and Cr contents (up to 186 and 835 ppm, respec-
tively), and high Mg# (62–69; Table DR2). They 
display flat to slightly enriched light rare earth 
element (LREE) patterns (La/Yb = 9 ± 3) and are 
featured by remarkable depletions in Nb and Ta 
and enrichments in Pb and Ba in the spider dia-
gram (Figs. 2A and 2B). In particular, they have 
highly unradiogenic Pb isotopic compositions 

(206Pb/204Pb = 16.19–16.79, 207Pb/204Pb = 15.15–
15.30, 208Pb/204Pb = 36.54–36.62), with relatively 
evolved Sr and Nd isotopes (87Sr/86Sr = 0.705–
0.706, εNd = –14.2 to –9.4; Figs. 3–4). In the 
global OIB array, the Jinan gabbros display 
a trend toward the enriched mantle 1 (EM1) 
component with extremely low 143Nd/144Nd and 
206Pb/204Pb values (Fig. 4A). In addition, sul-
fides separated from the Jinan gabbros show 

A B

Figure 1.  (A) Sketch of Chinese tectonic units (Zhao et al., 2001), showing Jinan gabbro and coeval (129–114 Ma) picritic magmas (North China 
craton). (B) Simplified geological map of the Shandong region (Zhang et al., 2014).

A B C

Figure 2.  (A) Trace-element patterns, with Papua New Guinea (PNG) boninite (König et al., 2010), normal mid-oceanic ridge basalt (MORB) and 
primitive mantle (Sun and McDonough, 1989), and Fangcheng basalt (Zhang et al., 2002) for reference. (B) Rb/Sr vs. Ba/Rb with phlogopite 
and amphibole end members (Zheng et al., 2001). (C) Sulfur isotope (δ34SV-CDT [‰], relative to Vienna Canon Diablo Troilite [V-CDT] reference 
material) variations in sulfides; also shown are marine sulfate and sedimentary pyrite (Giuliani et al., 2016). OIB—oceanic-island basalt; 
SCLM—subcontinental lithospheric mantle.
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enrichments in heavy sulfur with δ34SV-CDT rang-
ing from +23.9‰ to +25.3‰, where V-CDT in-
dicates the Vienna Canyon Diablo Troilite refer-
ence standard (Fig. 2C).

MANTLE DOMAIN WITH HIGHLY 
UNRADIOGENIC LEAD ISOTOPIC 
COMPOSITION

Sr-Nd-Pb isotopic ratios of mafic igneous 
rocks have been used to trace their source fea-
tures, especially if they are close to primitive val-
ues (i.e., have elevated MgO, Ni, and Cr). The 
most intriguing feature of the Jinan gabbros is 
their highly unradiogenic Pb isotopic signature 
(206Pb/204Pb = 16.19–16.79), which may balance 
the high U/Pb mantle exhibited by MORBs and 
OIBs (Fig. 4A; Hofmann, 2008). The analogous 
signature in continental basalts from northwestern 
America was previously ascribed to a contribution 
from the lower continental crust (LCC; Huang 
et al., 2014). In that scenario, LCC contamina-
tion should have driven the magmatic Th/U ratio 
toward that of LCC. We note that LCC in different 
tectonic units in East China shows variable Th/U 
ratios (4.3–7) higher than the chondritic value of 
3.625 (Fig. 3A). However, the Jinan gabbros de-
fine an off-LCC, positive trend between Th and 
U (slope = 3.56; R2 = 0.99) and near-chondritic 
Th/U ratios (3.4 ± 0.3; Fig. 3A), suggesting negli-
gible LCC contamination. Additionally, LCC-de-
rived silicic melts feature low Cr (MgO) contents 
(Zhang et al., 2014), in contrast to primary basaltic 

melt, which is characterized by high MgO and 
Cr contents. The Jinan gabbros with high Cr (Cr 
>500 ppm) define a stable 206Pb/204Pb (or 87Sr/86Sr) 
value (Figs. 3B and 4A), arguing against LCC 
contamination. Although Archean sulfide- and 
plagioclase-rich pyroxenite cumulate may have 
low U/Pb ratios (and thereby low 206Pb/204Pb), the 
Jinan gabbros hosting oscillatory zoned magmatic 
zircons were formed in the Mesozoic (Fig. DR1), 
implying that their low 206Pb/204Pb should not have 
a pyroxenite cumulate origin. As such, the Jinan 
gabbros most likely originated from a highly un-
radiogenic Pb mantle domain.

SHALLOW CRATONIC MANTLE: 
POTENTIAL UNRADIOGENIC LEAD 
RESERVOIR

Garnet prefers heavy REEs (i.e., Lu) over 
middle REEs (i.e., Gd; Davies et al., 2015; 
Zhang et al., 2017). Consequently, basaltic Gd/
Lu fractionation could be attributed to a gar-
net buffer during melting (DGd/Lu

grt/melt < 1). We 
note that basaltic Gd/Lu ratios increase with 
the seismically observed melting depth, as sug-
gested previously (Davies et al., 2015), and 
that the constant Gd/Lu ratio (Gd/Lu = 15 ± 1) 
in the Jinan gabbros is not dependent on Cr 
content (Fig. 4B). This implies that magmatic 
Gd/Lu was unaffected by crystal fractionation 
of ol, cpx, and pl and largely depended on the 
depth of mantle melting. Note that variable 
Gd/Lu ratios are present in the NCC high-

Mg basaltic/picritic magmas at 129–114 Ma 
(Figs. 1A and 4B), which show relatively high 
Mg# (>65) and have been commonly regarded 
as indicating similar degrees of melt extrac-
tion from the subcontinental lithospheric man-
tle (SCLM) at different depths (Zhang et al., 
2002; Liu et al., 2008). Therefore, their Gd/Lu 
fractionation was not controlled by the degree 
of mantle melting. More specifically, there is 
a clearly positive linear relationship between 
206Pb/204Pb and Gd/Lu (R2 = 0.91) for the Jinan 
gabbros and NCC high-Mg magmas (Fig. 4B): 
The highest 206Pb/204Pb ratios (17.63 ± 0.02) 
occur in the Feixian picrites with the highest 
Gd/Lu (49 ± 1), whereas the Jinan gabbros dis-
play the lowest 206Pb/204Pb (16.58 ± 0.24) with 
the lowest Gd/Lu (15 ± 1), which is close to 
values (Gd/Lu = 10 ± 2) of MORBs from the 
spinel stability field (ol, opx, cpx, and spinel 
in spinel-facies peridotite could not fractionate 
Gd from Lu). Hence, the systematic decrease 
of coeval magmatic 206Pb/204Pb with decreas-
ing Gd/Lu indicates that the SCLM 206Pb/204Pb 
compositions are vertically depth-dependent, 
and that lower 206Pb/204Pb values are expected 
to be preserved in the shallower SCLM.

The Jinan gabbros with high MgO (>13 wt%) 
and Cr (>500 ppm) contents show minuscule 
positive Eu anomalies (Eu/Eu* = 1.03–1.14) 
and moderate Al2O3 contents (∼11.2 wt%; Ta-
ble DR2), indicating limited crystal fraction-
ation. These samples have chemical composi-
tions close to the primary melts and thus can 
be used to trace the features of their mantle 
source. The Jinan primary melts have appar-
ently negative Nb-Ta anomalies and low K2O 
(0.2–0.4 wt%) and LREE contents, and they 
lack an obvious garnet signature (La/Yb = 9 ± 3; 
Gd/Lu = 15 ± 1), partially sharing geochemical 
affinities with typical boninites extracted from 
spinel-facies cpx-poor peridotite at subduction 
zones (Fig. 2A; König et al., 2010). Our ob-
servations are opposite to those of continental 
potassic basalts derived from deep melting of 
ancient sediments such as K-hollandite (KAl-
Si3O8) in the mantle transition zone, which have 
extremely high K2O (>6 wt%) and positive Nb-
Ta anomalies (Wang et al., 2017). Furthermore, 
because olivine favors Fe over Mn (DFe/Mn

ol/L>1), 
low-degree peridotite partial melts may develop 
low Fe/Mn ratios (Liu et al., 2008). The low 
Fe/Mn ratios (averaging 57 ± 2; Table DR2) of 
the Jinan gabbros fall in the field of MORBs 
(Fe/Mn = 55–58), implying a refractory mantle 
source (Liu et al., 2008). Our findings there-
fore indicate that the source of the Jinan gabbros 
could be accounted for by the NCC refractory 
mantle at spinel-facies depth.

The experimental results indicate that 
DPb

sulfide/silicate depends negatively on pressure 
(Lagos et al., 2008; Hart and Gaetani, 2016), 
whereas U is more depleted in spinel-facies cpx-
poor peridotite (Parman et al., 2005), indicating 

Figure 3.  (A) Th/U versus 
U/La, with chondrite (Sun 
and McDonough, 1989), 
depleted mid-oceanic 
ridge basalt (MORB) 
mantle (DMM; Workman 
and Hart, 2005), Mariana 
arc lava (Elliott et  al., 
1997), lower continental 
crust (LCC; Rudnick and 
Gao, 2014), and LCC in 
East China (Gao et  al., 
1998) shown for refer-
ence. Inset: Th (ppm) 
versus U (ppm). (B) Initial 
206Pb/204Pb vs. Cr (ppm).

A

B
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that lower U/Pb could be present in the shallow 
spinel-facies harzburgite/dunite residues. This is 
compatible with our observations of highly unra-
diogenic lead in the shallower SCLM (Fig. 4B), 
which is generally cold (down to 600 °C, corre-
sponding to 2 GPa; Lee et al., 2011) and reduced 
(mean ΔlogfO2 = –2.83; Foley, 2011). We also 
note that monosulfide solid solution (MSS) is no 
longer stable at mantle temperatures below 650 
°C and decomposes into pyrrhotite, pentlandite, 
and chalcopyrite (Duran et al., 2019). Because 
Pb is incompatible in MSS (DPb

MSS/silicate<1; Li 
and Audétat, 2012), the occurrence of highly 
unradiogenic Pb in the shallow, cold cratonic 
mantle should be controlled by recrystallized 
sulfides (Ni-bearing pyrite) rather than by the 
higher-temperature MSS. At reduced cratonic 
mantle conditions, Pb is expected to survive in 
peridotitic sulfides longer (Lagos et al., 2008; 
Bataleva et al., 2016), and it is also unlikely to 
partially melt and potentially leave the reservoir, 
as may be the case for orogenic MSS in the 
shallow mantle (Ducea and Park, 2000). Conse-
quently, we suggest that a highly unradiogenic 
Pb reservoir may be hidden in the shallow, cold, 
reduced, refractory cratonic mantle for billions 
of years.

ROLE OF ARCHEAN SEDIMENT-
DERIVED FLUID IN THE LOW-U/PB 
MANTLE

The Jinan gabbros are strongly enriched 
in Ba, with elevated Ba/Rb and Ba/Th ratios 
(up to 55 and 945, respectively; Fig. 2B), as 
observed in harzburgitic amphibole (Zheng 
et al., 2001). This probably reflects hydrous 
fluid metasomatism in their sources. De-
hydration experiments have revealed that 
Pb is more readily transported by hydrous 
fluids than U (Kogiso et al., 1997). Depth-
dependent U and Pb loss from subducting 
slabs also shows that Pb is preferentially lost 
somewhere in the shallow mantle, while U is 
mostly lost in deeper regions (Kelley et al., 
2005). These findings suggest that Pb-bearing 
fluid percolation into peridotite is more effec-
tive at shallower mantle depths. The presence 
of silicate-sulfide liquid immiscibility (Fig. 
DR2) reflects substantially elevated S in the 
Jinan primitive melts sourced from sulfide-
rich peridotites. Specifically, our gabbroic 
sulfides had extremely high δ34SV-CDT values 
(+23.9‰ to +25.3‰), a feature typical of 
sedimentary materials (Fig. 2C). These im-
ply that the dehydrated sediments could have 

released S-Pb–rich fluids into the Jinan peri-
dotitic sulfides.

Secular U changes in marine shales marked 
the rapid rise of atmospheric oxygen after the 
Great Oxidation Event (GOE, ca. 2.4–2.3 Ga; 
Fig. 4C), which resulted in soluble U6+ trans-
port into the oxidized oceans and, ultimately, by 
means of subduction, back to the mantle (Ander-
sen et al., 2015). Hence, modern arc lavas at sub-
duction zones have systematically subchondritic 
Th/U (Fig. 3A), indicative of the addition of 
post-Archean oceanic oxidized U to their sourc-
es. Also, 206Pb/204Pb values of sedimentary rocks 
and their hosted sulfides record a stepwise shift 
to higher 206Pb/204Pb (up to 43) with the onset 
of the GOE (Fig. 4D). This indicates that Ar-
chean sediments deposited in anoxic, U-poor 
oceans were more enriched in unradiogenic Pb 
relative to post-Archean sediments deposited 
in oxidized, U-rich oceans (Figs. 4C and 4D). 
Moreover, Archean sedimentary rocks show ex-
tremely low 143Nd/144Nd (Fig. 4A) and contain 
sulfides with mass-independently fractionated 
sulfur (S-MIF) isotopes (Delavault et al., 2016). 
So, basalts sampling the Archean sediment-
modified mantle are characterized by a positive 
correlation between extremely low 143Nd/144Nd 
and low 206Pb/204Pb, as shown by the Pitcairn ba-
salts hosting S-MIF sulfides and the Jinan gab-
bros (Figs. 3A and 4A). All these observations 
suggest that the Jinan mantle source could have 
been affected by an Archean sediment-derived 
S- and Pb-rich fluid.

Accordingly, we infer that the early-formed, 
shallow, refractory mantle source of the Jinan 
gabbros was overprinted by Archean low-U/Pb 
fluids, in which S and Pb partitioned into recrys-
tallized sulfides at reduced conditions (Bataleva 
et al., 2016) to further generate a highly unradio-
genic Pb but otherwise enriched mantle domain 
in the NCC.
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