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The geochemical signatures of “adakites” are usually attributed to high-pressure (≥50 km) partial melting 
of mafic rocks, and accordingly the occurrence of adakitic magmas in continental settings is frequently 
used as an indicator of a thickened or foundered lower crust at the time of magma emplacement. These 
premises are built on experiments and modeling using an MORB-like source, but the probable source of 
continental “adakites” (i.e., continental lower crust) is compositionally different from MORB. To elucidate 
the effect of source inheritance and pressure on resultant melts, geochemical analyses and trace-element 
modeling have been carried out on Jurassic adakitic rocks from the northern part of the North China 
Craton. The results show that these continental adakitic melts can be generated at depths less than 
40 km, and their “adakitic” signature is most likely inherited from their source rocks. Such conclusions 
can be applied to the Mesozoic adakitic magmas from the interior of the North China Craton. Only the 
“adakites” from collisional orogens (i.e., Tibet, Dabie UHP belt) require crustal melting at depths greater 
than 50 km, consistent with collision-induced crustal thickening in these areas. This study therefore 
highlights the importance of source composition when defining the formation conditions of magmatic 
rocks in general, and in particular questions the common use of “adakites” as an indicator of specific 
geodynamic situations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

“Adakite” is used to describe a group of intermediate-felsic 
igneous rocks found in modern subduction zones; they are char-
acterized by high Sr/Y (>40) and La/Yb (>20), depletion in 
Nb–Ta relative to light rare earth elements (LREEs) and large-
ion lithophile elements (LILEs) and a lack of obvious Eu anoma-
lies (Kay, 1978; Defant and Drummond, 1990). Melting exper-
iments and modeling based on MORB-like basaltic source re-
gions have shown that this adakitic geochemical signature can be 
achieved via high-pressure melting (≥1.5 GPa, Xiong et al., 2005;
Nair and Chacko, 2008) of mafic rocks. In recent years, many 
igneous rocks with compositions similar to adakites have been 
identified in continental settings (Xu et al., 2002; He et al., 2011)
and are inferred to be the products of similar high-pressure 
melting of mafic rocks. Thus, partial melting of thickened or 
foundered lower continental crust (LCC) at depths greater than 
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50 km is often invoked in the genesis of continental adakitic 
magmas (Chung et al., 2003; Gao et al., 2004). However, source 
composition, which is critical in the petrogenetic evaluation of 
magmatic rocks, has not been fully considered in these models. 
In particular, continental “adakites” tend to have radiogenic ini-
tial Sr and unradiogenic Nd isotopes (Fig. 1a), suggesting a source 
in ancient lower continental crust, which probably differs dras-
tically in composition from MORB (Fig. 1b). More importantly, 
experiments have shown that adakitic melts can be produced by 
lower-pressure (10–12.5 kbar) melting of lower crust without leav-
ing eclogitic residues (Qian and Hermann, 2013). It is therefore 
necessary to reassess the relative contributions of source inheri-
tance vs high-P melting to the genesis of intra-continental adakitic 
melts.

To address this issue, we have carried out geochemical analy-
ses and trace-element modeling on Jurassic adakitic volcanic rocks 
from the Yanshan belt in North China (Fig. 2), which have previ-
ously been interpreted as melts derived from a thickened lower 
crust (Zhang et al., 2008). We present a new petrogenetic model 
for continental adakitic rocks, in which the importance of source 
composition in the formation of “adakitic” magmas is emphasized.

http://dx.doi.org/10.1016/j.epsl.2015.02.036
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:jpzheng@cug.edu.cn
mailto:yigangxu@gig.ac.cn
http://dx.doi.org/10.1016/j.epsl.2015.02.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.02.036&domain=pdf
https://www.researchgate.net/publication/251729571_Post-collisional_granitoids_from_the_Dabie_orogen_New_evidence_for_partial_melting_of_a_thickened_continental_crust?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/257418165_Partial_melting_of_lower_crust_at_10-15_kbar_Constraints_on_adakite_and_TTG_formation?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/253404808_Derivation_of_some_modern_arc_magmas_by_melting_of_young_subducted_lithosphere?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/245188284_Adakites_from_continental_collision_zones_Melting_of_thickened_lower_crust_beneath_southern_Tibet?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/8126509_Recycling_lower_continental_crust_in_the_North_China_Craton?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/249520799_Origin_of_Mesozoic_adakitic_intrusive_rocks_in_the_Ningzhen_area_of_east_China_Partial_melting_of_delaminated_lower_continental_crust?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/258804533_SrNdPb_isotopic_compositions_of_Early_Cretaceous_granitoids_from_the_Dabie_orogen_Constraints_on_the_recycled_lower_continental_crust?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/245541963_Role_of_oceanic_plateaus_in_the_initiation_of_subduction_and_origin_of_continental_crust?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/223166486_Aleutian_magnesian_andesites_Melts_from_subducted_Pacific_ocean_crust?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==
https://www.researchgate.net/publication/280905607_Derivation_of_some_modern_arc_magmas_by_melting_of_young_subducted_lithosphere?el=1_x_8&enrichId=rgreq-3f131ffbf5f2fd96bc85297ce8a42caf-XXX&enrichSource=Y292ZXJQYWdlOzI3NDMyMDkxOTtBUzoyMTM1NzQ2NDQ0NDEwOTFAMTQyNzkzMTU3MTgwNQ==


126 Q. Ma et al. / Earth and Planetary Science Letters 419 (2015) 125–133
Fig. 1. (a) Sr–Nd isotopic compositions of Mesozoic–Cenozoic continental adakitic 
rocks from China. (b) Primitive mantle (PM) normalized trace-element patterns of 
mafic lower crust of the NCC (MLCNC), lower continental crust (RG2003) and MORB. 
Data sources: North China Craton, Gao et al. (2004), Yang and Li (2008), Ma et 
al. (2012), Chen et al. (2013), Xu et al. (2006) and this study; Yangtze Craton, Xu 
et al. (2002) and Wang et al. (2006a); Tibet Plateau, Chung et al. (2003), Hou et 
al. (2004) and Wang et al. (2005); Dabie Orogen, He et al. (2013) and references 
therein; lower continental crust, Rudnick and Gao (2003); MORB, Arevalo Jr. and 
McDonough (2010). Upper (UCNC) and lower crust (LCNC) of the North China af-
ter Jahn et al. (1999) and Jiang et al. (2013). Classical adakites, attributed to partial 
melting of subducted oceanic crust in modern arcs, are from the GeoRoc database 
(http :/ /georoc .mpch-mainz .gwdg .de /georoc). Sr–Nd isotopes of MORBs (include both 
N-MORB and E-MORB) in (a) are from (http :/ /www.earthchem .org /petdb). (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

2. Geological background

The North China Craton (NCC; Fig. 2a) is well known world-
wide for several reasons. It is one of the oldest (≥3.8 Ga, Liu 
et al., 1992) Archean cratons in the world. It has lost its litho-
spheric keel (>100 km) during the Phanerozoic, and represents 
the best example of craton-root destruction (Menzies et al., 1993;
Griffin et al., 1998; Xu, 2001; Zheng et al., 2007). It is located be-
tween two major orogenic belts: the Qingling–Dabie–Sulu Orogenic 
belt to the south and the Central Asian Orogenic Belt to the north. 
The EW-trending Yanshan belt (Fig. 2a) is located in the northern 
part of the NCC. This region was tectonically dominated by post-
collisional extensional regimes in the early Mesozoic, intraplate 
contractional environment in late Jurassic and crustal extension 
in early Cretaceous. Mesozoic terrestrial volcanic and clastic strata 
(Fig. S1, Supplementary online materials) unconformably overlie an 
Archean–Paleoproterozoic basement and Cambrian–Permian sed-
imentary units in this area. Volcanic rocks, varying from mafic 
to andesitic–felsic in composition, have been identified and inter-
preted as the results of cratonic destruction (Yang and Li, 2008;
Ma et al., 2012). The middle-late Jurassic volcanic rocks across the 
Yanshan belt (Fig. 1b) mainly consist of intermediate-felsic lavas 
and pyroclastic rocks of the Haifanggou Formation (∼173 Ma, this 
study; Fig. S2) and the overlying Lanqi Formation (166–153 Ma, 
Ma and Zheng, 2009).

3. Analytical methods

Geochemical data presented here include whole-rock composi-
tions, Sr–Nd isotopes and zircon U–Pb and Hf isotopes; these are 
listed in Tables S1–S3. All the analyses were conducted at State Key 
Laboratory of Geological Processes and Mineral Resources, China 
University of Geosciences (Wuhan). Major- and trace-element com-
positions of whole rocks were measured by XRF and ICPMS, re-
spectively. Sr and Nd isotopic ratios were analyzed using a Finnigan 
Triton TIMS. In-situ U–Pb and Hf isotope analyses of zircons were 
conducted by LA-ICPMS and MC-LA-ICPMS, respectively. Full details 
of the analytical methods are provided in Supplementary online 
materials.

4. Geochemistry

The samples collected range in composition from trachyan-
desite to rhyolite (Fig. 3a) with SiO2 of 56.1–74.5 wt% and total 
alkalies (Na2O + K2O) of 5.7–9.7 wt%. These lavas show enrich-
ment of LREEs over HREEs (Fig. 4a). They are enriched in LREEs, 
LILEs and Pb, with negative anomalies in high-field-strength el-
ements (HFSEs) in the PM-normalized trace element plots. The 
lavas also have whole-rock Sr–Nd and zircon Hf isotopes (ini-
tial 87Sr/86Sr = 0.70434 to 0.70787, εNd(t) = −20 to −11, and 
εHf(t) = −21.7 to +4.1; Tables S2–S3) indicative of derivation 
from older crustal rocks. Based on their compositions (Table S1), 
they can be subdivided into two groups (Figs. 3–5). Most of them, 
defined as high-Sr/Y lavas in this study, are characterized by high 
Sr (>540 ppm) and LREEs, low Y (8–21 ppm) and heavy rare earth 
elements (HREEs), a lack of obvious Eu anomalies (Fig. 4a), and low 
contents of MgO (<4.9 wt%), Ni (<41 ppm) and Cr (<57 ppm ex-
cept 2 samples) (Fig. 3b); in all these features they are broadly 
similar to the high-silica adakites (Martin et al., 2005) and to 
experimental melts of mafic lower crust at 1–1.5 GPa (Qian and 
Hermann, 2013). The second group, defined as low-Sr/Y lavas, has 
higher Y (12–43 ppm) and HREEs and thus lower Sr/Y and La/Yb 
compared to the first group; it is similar to normal arc-related 
andesites, dacites and rhyolites (ADRs) (Fig. 5). The lavas of the 
second group also show enrichment in Th and U, lower Ba/Th and 
more variable Rb/Ba than the high-Sr/Y lavas, and have been in-
terpreted as partial melts of upper lower-crustal to middle-crustal 
intermediate rocks (Yang and Li, 2008). This second group of rocks 
is not the focus of this study.

5. Petrogenesis of the Jurassic high-Sr/Y lavas

5.1. Assessing the role of AFC in petrogenesis of high-Sr/Y lavas

Crustal assimilation and/or fractional crystallization (AFC) can 
change the chemical and isotopic compositions of magmas and 
is considered as an important process in “adakite” petrogenesis 
(Castillo et al., 1999). However, the lack of correlation between 
initial Sr isotopic compositions and SiO2 contents (Fig. S3) shows 
that crustal contamination or assimilation of intermediate-felsic 
crustal rocks is not appreciable in most of the investigated lavas. 
Using an adakitic dacite (C4-4-88) from a modern arc (Defant 
et al., 1992) as representative of “adakites” before continental 
crust assimilation, the modeled Sr–Nd isotopes of melts result-
ing from contamination are dramatically different from those of 
the Jurassic high-Sr/Y lavas (Fig. S3), which also suggests their 
Sr–Nd isotopes are not the product of crustal interaction. More-
over, AFC modeling on the representative lavas (Supplementary 
online materials) suggests that AFC processes would drive the 
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Fig. 2. (a) Simplified geological maps showing distributions of the hypothetical Jurassic–Cretaceous plateau in eastern China (Zhang et al., 2008) and (b) the Jurassic volcanic 
rocks in the Yanshan belt.
magmas toward low Sr/Y and negative Eu anomalies (Fig. S4), 
which is the opposite of their adakitic signatures. Although it is 
difficult to rule out processes such as the assimilation of mafic 
crust and recharge–evacuation–fractional crystallization (REFC; Lee 
et al., 2014), several lines of evidence suggest that these pro-
cesses would only have played a limited role in generating their 
high Sr/Y adakitic geochemical signature. 1) Sr/Y ratios of mafic 
lower crustal rocks beneath the NCC are significantly lower than 
those of Mezozoic high-Sr/Y lavas in Yanshan belt (Fig. 5). 2) In-
variant or slight decreasing Sr/Y with decreasing MgO (Fig. S5) 
suggests that the high Sr/Y geochemistry cannot be attributed to 
REFC processes (nor to AFC). 3) Modeling of the compositional 
evolution of the high-Sr/Y lavas undergoing REFC (Fig. S5; Lee 
et al., 2014) suggests that REFC processes are possible but did 
not produce adakitic geochemistry. In summary, AFC or REFC pro-
cesses could only have played a limited role, at least without 
substantially affecting the adakitic geochemistry, during their evo-
lution.
5.2. Origin of the adakitic geochemical signature

“Adakite” was originally proposed as a term to describe inter-
mediate-felsic igneous rocks that are derived from melting of sub-
ducted oceanic slabs (Defant and Drummond, 1990). Currently, the 
term “adakite” is used for a wide variety of igneous rocks, whose 
sole common feature is high Sr/Y and La/Yb ratios (Moyen, 2009). 
This loose geochemical definition may not be an appropriate petro-
logical term; it causes confusion in understanding the petrogenesis 
of many igneous rocks. We argue that the term adakite cannot be 
used in many cases, and should be replaced by “adakites”, adakitic 
rocks or something with “adakitic” signatures. Various models 
have been proposed to account for the origin of intermediate-
felsic igneous rocks with “adakitic” signatures (Martin et al., 2005;
Castillo, 2012). The Jurassic high-Sr/Y lavas in the NCC have higher 
K2O contents (≥1.5 wt%) and K2O/Na2O (≥0.5), and more radio-
genic Sr and less radiogenic Nd isotopes than classical adakites 
(Fig. 1a), making it unlikely that they were generated from sub-
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Fig. 3. Plots of (a) Na2O + K2O vs SiO2 and (b) MgO vs SiO2 for Jurassic lavas in 
the Yanshan Belt, North China. Data for Mesozoic lavas in the Yanshan belt are from 
Gao et al. (2004), Wang et al. (2006b), Yang and Li (2008), Ma et al. (2012) and 
this study; fields of high-SiO2 adakites and low-SiO2 adakites are from Martin et al.
(2005); data for experimental melts from mafic lower crustal (1–1.5 GPa) are from 
Qian and Hermann (2013).

ducted basalts (Castillo, 2012). As discussed above, AFC processes 
involving a basaltic magma can also be ruled out. The studied 
rocks typically have moderate SiO2 contents (mostly <70%), low 
Rb/Ba (<0.1), Nb/U (mostly <17), Ce/Pb (<10), and old Nd–Hf 
model ages (∼2.5 Ga), consistent with a derivation from an ancient 
mafic lower crust. Such adakitic rocks are commonly considered as 
products of melting of a thickened or foundered mafic LCC (Gao et 
al., 2004; Zhang et al., 2008). However, a serious problem with this 
interpretation is that the ancient mafic LCC inferred for the source 
of the Jurassic continental adakitic rocks is different from MORB 
(Fig. 6).

A series of partial-melting models was designed to elucidate the 
effect of source inheritance and melting pressure on the origin of 
these continental adakitic rocks. The modeling for selected incom-
patible trace elements was based on equilibrium melting and us-
ing the modal batch-melting equation (Shaw, 1970). The assumed 
source (Table 1) is the mafic lower crust of the North China Craton 
(MLCNC), which is represented by the weighted average of Archean 
mafic granulite terrains (Jahn and Zhang, 1984; Liu et al., 1999;
Zhai et al., 2001) and mafic lower crustal xenoliths in Phanero-
zoic basalts and kimberlites (Liu et al., 2001; Zheng et al., 2004). 
Given the wide compositional range of mafic lower crust in the 
NCC, end-members represented by two granulites based on their 
SiO2 contents (Fig. 6) were also taken as alternative sources. Since 
Fig. 4. Chondrite-normalized REE patterns (a) and primitive mantle-normalized 
trace-element patterns (b) for Jurassic lavas in the Yanshan Belt, North China. Nor-
malizing values are from McDonough and Sun (1995).

modeling results involving the average composition capture the 
first-order behavior of the magmatic system, those using average 
MLCNC are emphasized in the following discussion. P–T conditions 
for these lower-crustal samples have been previously estimated 
using cation-exchange thermobarometers. They record peak equi-
librium temperatures from 745 to 950 ◦C and pressures from 7 to 
14 kbar (Liu et al., 2001 and references therein; Zhai et al., 2001;
Zheng et al., 2004), equivalent to a depth of 23 to 46 km. Dif-
ferent models have been proposed to account for the origin of 
the precursors of these granulite-facies samples, including solidi-
fied basaltic melts either in arc environments or mantle plumes 
and subduction erosion (Goss and Kay, 2006; Zhai et al., 2001;
Zheng et al., 2012), Phanerozoic basaltic underplating (Liu et al., 
2001) and residues after anatexis (Jiang et al., 2013). These lower-
crustal samples display a wide range in SiO2 (43 to 54 wt%), Al2O3
(3.8 to 24.4 wt%), MgO (3.4 to 18.6 wt%), CaO (4.5 to 21.7 wt%) 
and Mg# (40 to 86) (Fig. 6). Their weighted average major-element 
compositions are similar to the lower crust composition given by 
Rudnick and Gao (2003) and the starting material of melting exper-
iments by Qian and Hermann (2013). Although they show a variety 
of REE distributions, the average compositions of both granulite 
terrains and xenoliths have light REE enriched patterns (Fig. 6d), 
which are dramatically different from MORB. The MLCNC is also 
very similar in terms of trace elements to the lower crustal com-
position given by Rudnick and Gao (2003) (Fig. 1b), but has higher 
Nb/Ta (17.1) than RG2003 (8.3). The high Nb/Ta nature of the lower 
crust of the NCC was also suggested by Gao et al. (1998) and Liu 
et al. (1999).

The partition coefficients used in the calculations (Table 1) are 
from intermediate-felsic magmas and experimental runs under 
equilibrium conditions that would produce melting of the conti-
nental lower crust. Three different melting depths, i.e., ≤33 km, 
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Fig. 5. Plot of Sr/Y vs Y for the Mesozoic andesitic–felsic volcanic rocks in the Yanshan belt, North China. Partial-melting curves are calculated for batch melting of the mafic 
lower crust of the NCC (MLCNC with Y = 16.5 ppm and Sr/Y = 21), End-member A (Grt-bearing granulite with Y = 6.35 ppm and Sr/Y = 75) and End-member B (2-pyroxene 
granulite with Y = 17.8 ppm and Sr/Y = 50) with melt fractions of 1%, 5%, 10%, 20%, 30% and 50% (white circles on each of the model curves). Fields of adakites and classical 
island andesite–dacite–rhyolite (ADR) rocks are modified from Defant and Drummond (1990). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 6. Plots of (a) MgO, (b) Al2O3 and (c) CaO vs SiO2 and (d) Chondrite-normalized REE patterns for lower-crustal samples from NCC. Data source: lower-crustal samples 
marked as grey circles are from Jahn and Zhang (1984), Liu et al. (2001) and Zheng et al. (2004); Archean mafic granulite terrains (n = 68) marked as pink circle with error 
bar (1σ ) are from Liu et al. (1999) and Zhai et al. (2001) which did not report the composition of individual samples; MORB are from Arevalo Jr. and McDonough (2010). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Partition coefficients and assumed source rocks for trace elemental modeling. Data source: D for Opx, Grt and Am from Qian and Hermann (2013); D for Cpx and Pl from 
Severs et al. (2009); DNb, Ta, Zr, Hf for Rt from Xiong et al. (2005); DNb, Ta for Ilm from Nehring et al. (2010); Values not given by above literature are compiled from Bédard
(2006). Cpx, clinopyroxene; Opx, orthopyroxene; Pl, plagioclase; Grt, garnet; Am, amphibole; Rt, rutile; Ilm, ilmenite.

Element Presumed source Partition coefficients

MLCNC Cpx Opx Pl Grt Am Rt Ilm

Rb 16.9 0.010 0.008 0.068 0.0007 0.045 0.0076 0.025
Ba 315 0.001 0.013 0.186 0.002 0.144 0.0043 0.018
Th 1.02 0.104 0.013 0.095 0.0075 0.011 0.20 0.09
Nb 5.99 0.008 0.057 0.008 0.015 0.339 94 10.17
Ta 0.35 0.028 0.04 0.053 0.044 0.239 129 11.95
La 11.1 0.082 0.022 0.088 0.005 0.089 0.0057 0.015
Ce 24.5 0.059 0.038 0.339 0.014 0.184 0.0065 0.012
Sr 346 0.101 0.033 2.422 0.005 0.358 0.036 0.0022
Nd 14.5 0.38 0.114 0.054 0.137 0.514 0.0082 0.01
Zr 76.0 0.097 0.082 0.005 0.656 0.187 5.0 2.3
Hf 1.91 0.171 0.166 0.016 0.384 0.311 7.1 2.4
Sm 3.58 0.259 0.241 0.033 0.862 0.966 0.0954 0.009
Eu 1.20 0.626 0.16 0.397 0.896 0.811 0.00037 0.01
Ti 5194 0.473 1.409 0.043 1.223 3.094 45 12.5
Gd 3.62 0.907 0.437 0.037 3.149 1.718 0.0106 0.011
Tb 0.58 0.763 0.5725 0.025 5.425 2.2885 0.0111 0.018
Y 16.5 0.949 0.743 0.012 9.532 3.156 0.0118 0.037
Yb 1.74 0.973 1.097 0.01 11.697 3.786 0.0126 0.13
33–40 km and >45 km, were considered, corresponding to differ-
ent residual mineral assemblages defined by melting experiments 
(Qian and Hermann, 2013). Pyroxene-rich, rather than amphibole-
rich, residue during lower continental crustal melting are con-
sidered, because representative lower-crustal rocks from the NCC 
only contain rare hydrous phases. Moreover, many magmas with 
adakitic signatures in arcs are also supposed to be in equilib-
rium with lower crustal pyroxenites (e.g. Lee et al., 2007). We 
tested the effects of different weight fractions of other minerals 
in the restite at given proportions of clinopyroxene and orthopy-
roxene. Representative partial-melting residues are as following: 
1) two-pyroxene granulite (Cpx:Opx:Am:Pl:Ilm = 40:20:29:10:1) 
and Pl-bearing pyroxenite (Cpx:Opx:Am:Pl:Ilm = 60:25:9:5:1) at 
≤33 km, 2) Grt-bearing granulite (Cpx:Opx:Am:Grt:Pl:Ilm:Rt =
40:20:24:10:5:0.5:0.5) and Pl–Grt pyroxenite (Cpx:Opx:Grt:Pl:Ilm 
= 60:25:8:5:2) at 33–40 km, and 3) eclogite (Cpx:Grt:Rt =
70:29:1) at >45 km. In general, rutile mode decreases during 
melting (Pertermann and Hirschmann, 2003) and it disappears at 
degree of melting greater than 40% (Qian and Hermann, 2013).

The results of these calculations, including trace-element con-
centrations and ratios, and a statistical assessment of the dif-
ferences between the model results and target melt values, are 
summarized in Table S5. For comparison, trace-element model-
ing on melts derived from an MORB-like source under the same 
conditions is also presented in Table S6. Our modeling results 
are further compared with previous experiments and modeling 
using similar sources and P–T conditions (Table S6). Our results 
closely match the experimental and modeled melts from the lower 
crust of RG2003 (Qian and Hermann, 2013) at 10–13.5 kbar. Be-
cause the partition coefficients of Y and HREE between garnet and 
melt used in this study (e.g. DGrt/melt

Y = 9.532) are lower than 
those calculated by Qian and Hermann (2013) (e.g. DGrt/melt

Y =
14.608 to 16.141 at 15 kbar), the Sr/Y and La/Yb ratios of mod-
eled melts at high pressure (depth >45 km) are considerably lower 
than those from the experimental melts produced under similar 
conditions.

The results suggest that melts in equilibrium with eclogitic 
residues (depths >45 km) from the MLCNC would be more defi-
cient in HREE and Y, and higher in Sr/Y than the Jurassic high-Sr/Y 
lavas in the Yanshan belt (Figs. 5, 7 and 8). At lower pressures, with 
granulites or pyroxenites as residues from the MLCNC source, the 
modeled trace-element compositions of the melts become similar 
to those of the Mesozoic high-Sr/Y lavas of the NCC. For example, 
5–30% partial melting of the MLCNC, leaving a residue without gar-
net, produces melts that have high Sr and LREE, low Y and HREE, 
thus high Sr/Y ratios. When minor garnet (<10%) is present in 
the residues, the resultant melts also have an adakitic composi-
tion, with higher Sr/Y and lower HREE contents than the melts in 
equilibrium with two-pyroxene granulites. Although the modeled 
melts produced by 10–40% melting of MLCNC at depths less than 
40 km are generally consistent with natural Jurassic high-Sr/Y lavas 
(Figs. 7–8), there are still some differences. The higher Nb and Zr 
contents of the low-degree melts reflect an underestimate of ac-
cessory minerals in the residue, e.g. Ti-oxide phases and zircon. 
The contents of highly incompatible elements such as Rb, Ba in the 
modeled melts overlap with the ranges of the NCC high-Sr/Y lavas 
but are systematically higher than their mean and median values 
at <20 wt% melting. This can be attributed to the low melt frac-
tion and overestimation of the source compositions (lower crustal 
xenoliths in Hannuoba basalts have markedly high Rb and Ba; Liu 
et al., 2001). However, such differences between the model results 
and the target melts do not affect the use of trace-element pat-
terns or ratios (Table S5 and Figs. 7–8) to explain the generation of 
melts with the adakitic signature.

The negative Nb–Ta anomaly associated with high Nb/Ta ra-
tios in adakitic rocks and TTGs is an important fingerprint of 
the involvement of rutile in magma genesis (Foley et al., 2002), 
and has been proposed as an indicator of high-pressure melt-
ing regimes (≥1.5 GPa) when an MORB-like source is assumed 
(Xiong et al., 2005). This hypothesis may not apply to the LCC-
derived adakitic melts, because of the intrinsic depletion of Nb–Ta 
in their source (Rudnick and Gao, 2003) and rutile can be stable 
at P ≥ 1.0 GPa in the lower continental crust (Qian and Hermann, 
2013). Our modeling also suggests that rutile is not a necessary 
residual phase during the generation of the late Mesozoic high 
Sr/Y lavas (Figs. 7–8). This is further supported by the similarity 
of Nb/Ta ratios in the Jurassic high-Sr/Y lavas (∼17.5) and in the 
lower crust beneath eastern China (∼17.9, Gao et al., 1998). The 
negative Nb–Ta anomaly can simply be attributed to source char-
acteristics and the involvement of other Ti-oxide phases, such as 
ilmenite and sphene, in melting or crystal fractionation.

High Sr concentrations and the absence of an Eu anomaly in 
adakitic rocks are commonly interpreted as indicative of a plagio-
clase-free residue. However, Sr enrichment occurs in melts in equi-
librium with a mafic LCC source with <20% plagioclase (Qian 
and Hermann, 2013). It also has been shown that DREE of plagio-
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Fig. 7. Primitive-mantle-normalized trace-element patterns of modeled partial melts (solid lines) and restites (dash lines) of mafic lower crust in the NCC. Assumed mineral 
assemblages of the restites are the same as in Fig. 5. The shaded region is the field of Mesozoic adakitic lavas in the Yanshan belt. Melts derived from 20% batch melting of 
end members are also shown. Trace-element patterns of the modeled melts produced by low-degree melting of End-member B are generally consistent with those from the 
melting of average MLCNC. Melts derived from End-member A (a Grt-bearing granulite) at all P–T conditions have considerably lower HREE than those of target lavas and 
melts from average MLCNC. This suggests that such Grt-bearing granulite are not appropriate source rocks. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 8. Plots of (a) (La/Yb)N vs YbN, (b) (Sm/Yb)N vs YbN, (c) Nb/Ta vs Zr/Sm and (d) Ba/Th vs Nb/La for modeled melts from partial melting of mafic lower crust of the NCC. 
i) two-pyroxene granulite at ≤33 km; ii) Pl-bearing pyroxenite at ≤33 km; iii) Grt-bearing granulite at 33–40 km; iv) Pl-Grt pyroxenite at 33–40 km; v) eclogite at >45 km. 
Short lines on each of the model curves represent melt fractions at 10% and 40%. Note: the modeled melts presented here do not consider that the rutile mode decreases 
during melting.
clase decreases with increasing anorthite content (Bédard, 2006). 
The residual plagioclase has an anorthite content with An50–77

as shown by melting experiments on mafic lower-crustal com-
positions (Qian and Hermann, 2013). The partition coefficient 
for Eu between Ca-rich plagioclase and felsic melt is about 0.4 
(Severs et al., 2009), indicating that the presence of Ca-rich pla-
gioclase cannot effectively generate negative Eu anomalies during 
fractionation and/or partial melting. This is supported by our mod-
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Fig. 9. (Sm/Yb)SN vs YbSN diagram for adakitic rocks derived from the lower crust. 
The curves represent models for the partial melting of mafic rocks with restites of 
(a) 2-Pyroxene Granulite without garnet, (b) Garnet-bearing Granulite with 5% gar-
net, and (c) Eclogite with 50% garnet. Intraplate “adakites” are represented by the 
Mesozoic continental adakitic rocks in the Yangtze and North China Cratons; oro-
genic “adakites” are from the Central Andes (Goss and Kay, 2009) and continental 
adakitic rocks from the Tibetan Plateau and the Dabie Orogen. Data sources are the 
same as in Fig. 1 except for adakitic rocks from Dabie Orogen (He et al., 2011 and 
references therein). Subscript SN denotes source-normalized data, where the com-
positions of the assumed sources are MORB with Yb = 3 ppm and Sm/Yb = 1.08
for classical adakites and those from the Central Andes, and the mafic lower con-
tinental crust with Yb = 1.5 ppm and Sm/Yb = 1.87 for continental adakitic rocks.

eling, which shows that melts from the mafic lower crust of the 
NCC display negligible or even positive Eu anomalies when minor 
plagioclase is present in the restite (Fig. 7).

The modeling presented here strongly suggests that the main 
compositional characteristics of the late Mesozoic adakitic rocks in 
the NCC (e.g. high Sr/Y, Nb–Ta depletion, and lack of Eu anomaly) 
are inherited from their source rocks, rather than reflecting melt-
ing at high pressure (≥1.5 GPa). High-Sr/Y lavas with high MgO 
and variable zircon Hf isotopes in some of the Lanqi Formation 
(Fig. S2) can be attributed to the involvement of minor mantle-
derived magmas in their source (Ma et al., 2012) or magma cham-
ber (Chen et al., 2013). Basaltic underplating at the base of the 
lower crust beneath the NCC during late Mesozoic time has been 
recognized by studies of contemporary basalts (Yang and Li, 2008)
and xenoliths in Cenozoic basalts (Zhang et al., 2013). We there-
fore propose that the Jurassic high-Sr/Y lavas from the NCC were 
generated by partial melting of an ancient mafic lower continental 
crust, with heat provided by continuous magmatic underplating.

6. Geodynamic implications

6.1. Destruction of the North China Craton

Continental adakitic rocks are widely used as a geodynamic 
indicator of crustal thickening, orogenic collapse and lithospheric 
delamination (e.g. Chung et al., 2003). This interpretation and 
the widespread occurrence of Mesozoic adakitic rocks in the NCC 
have led to suggestions of the presence of a paleo-plateau in 
the eastern NCC during late Mesozoic time (Fig. 2a; Zhang et 
al., 2008); by inference this model involves delamination of the 
lower crust (Gao et al., 2004). The potential problems associated 
with this foundering hypothesis have been laid out by Lee (2014). 
The main weakness of this hypothesis is that the effect of source 
composition on adakitic chemistry is not taken into account. As 
discussed above, the formation of such “adakitic” melts is con-
trolled by the composition of the melting lower crust, and as 
a consequence, interpretations of “adakitic” rocks as markers of 
deep melting are far from robust. Trace-element modeling sug-
gests that the melting depth required to produce the Mesozoic 
“adakitic” rocks in the Yanshan belt is from ≤33 to 40 km (Figs. 5, 
7 and 8). This is similar to the thickness of the normal conti-
nental crust, which argues against a role for a thickened plateau-
type crust, or its delamination, in the generation of the continen-
tal “adakites”. Other evidence supporting this argument include 
analyses of paleo-drainage systems and the presence of Juras-
sic terrestrial fossils (plants, insects and vertebrates) that indicate 
a low-elevation, warm and humid environment (Jiang et al., 2008;
Li et al., 2013).

6.2. Adakitic rocks in intraplate and orogenic settings

Crustal thickening rarely occurs in an intraplate setting, but 
may be common in an orogenic setting. Deep-seated adakitic rocks 
(derived from >50 km depth) are therefore expected to occur in 
orogenic settings. We have compared the intraplate and orogenic 
adakitic rocks in an (Sm/Yb)SN vs YbSN diagram (Fig. 9). It is clear 
that continental “adakites” from collisional orogens generally have 
high (Sm/Yb)SN and low YbSN, similar to adakitic magma from 
modern convergent margins and to modeled melts in equilibrium 
with a garnet-rich residue. In contrast, continental “adakites” from 
ancient cratons that lack other evidence for a thickened lower crust 
have systematically lower (Sm/Yb)SN and higher YbSN, similar to 
our modeled melts in equilibrium with a residue containing little 
or no garnet (<10%). Consequently, the different REE budgets be-
tween adakitic rocks from cratonic areas (excluding those formed 
prior to cratonization) and collisional orogens can be attributed 
to the effects of source inheritance and high-pressure melting, re-
spectively.

7. Concluding remarks

Variations in source composition have a profound influence on 
the origin of high Sr/Y “adakitic” melts in a continental setting. 
The case of the NCC demonstrates that the generation of “adakitic” 
magmas in intracontinental settings may not require a thickened 
or foundered lower crust. Rather they can be produced at rela-
tively low pressures, and their peculiar compositions are inherited 
from their source rocks during partial melting. The role of source 
composition should be taken into consideration while dealing with 
the petrogenesis of adakitic and TTG magmas.
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