
P
os
te
d
on

23
N
ov

20
22

—
C
C
-B

Y
-N

C
-N

D
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
51
2
33
9.
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Geophysical-Geochemical Modeling of Deep Crustal Compositions:

Examples of Continental Crust in Typical Tectonic Settings and

North China Craton

Dan-Dan Cui1, Jingliang Guo1, William Joseph Shinevar2, Liang Guo1, Wang Chun Xu1,
Hongfei Zhang1, and Zhenmin Jin1

1China University of Geosciences (Wuhan)
2University of Colorado, Boulder

November 23, 2022

Abstract

The chemical composition of the deep continental crust is key to understanding the formation and evolution of the continental

crust. However, constraining the chemical composition of deep continental crust is limited by indirect accessibility. Here we

present a modeling method to constrain deep crustal chemical structures from observed crustal seismic structures. We first

compile a set of published composition models for the continental crust. Phase equilibria and compressional wave speeds (VP)

are calculated for each composition model at a range of pressure and temperature (278–2223 MPa, 50–1200°C). Functional

relationships are obtained between calculated wave speeds and crustal compositions at pressure and temperature conditions

within the alpha(α)-quartz stability field. These relationships can invert observed seismic wave speeds of the deep crust to

chemical compositions in regions with given geotherms (MATLAB code is provided). We apply these relationships to wave

speed constraints of typical tectonic settings of the global continental crust and the North China Craton. Our method predicts

that the lower crust in regions with thin- (e.g., rifted margins, rifts, extensional settings, and forearcs) or thick-crust (e.g.,

contractional orogens) is more mafic than previously estimated. The difference is largest in extensional settings (52.47 ± 1.18

and 51.11 ± 1.61 vs. 59.37 wt. % SiO2). The obtained 2-D chemical structure of the North China Craton further shows features

consistent with the regional tectonic evolution history and xenoliths. The obtained chemical structure can serve as a reference

model from which chemical features in the deep crust can be recognized.
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Key Points:

• We present a geophysical-geochemical modeling method to derive a chem-
ical structure of deep continental crust from its VP structure.

• We apply this method to various tectonic settings of the global lower
continental crust and the North China Craton.

• The inferred chemical structure serves as a reference model from which
crustal heterogeneity can be highlighted.

Abstract

The chemical composition of the deep continental crust is key to understanding
the formation and evolution of the continental crust. However, constraining
the chemical composition of deep continental crust is limited by indirect acces-
sibility. Here we present a modeling method to constrain deep crustal chemical
structures from observed crustal seismic structures. We first compile a set of
published composition models for the continental crust. Phase equilibria and
compressional wave speeds (VP) are calculated for each composition model at
a range of pressure and temperature (278–2223 MPa, 50–1200°C). Functional
relationships are obtained between calculated wave speeds and crustal composi-
tions at pressure and temperature conditions within the alpha(�)-quartz stability
field. These relationships can invert observed seismic wave speeds of the deep
crust to chemical compositions in regions with given geotherms (MATLAB code
is provided). We apply these relationships to wave speed constraints of typical
tectonic settings of the global continental crust and the North China Craton.
Our method predicts that the lower crust in regions with thin- (e.g., rifted mar-
gins, rifts, extensional settings, and forearcs) or thick-crust (e.g., contractional
orogens) is more mafic than previously estimated. The difference is largest in
extensional settings (52.47 ± 1.18 and 51.11 ± 1.61 vs. 59.37 wt. % SiO2). The
obtained 2-D chemical structure of the North China Craton further shows fea-
tures consistent with the regional tectonic evolution history and xenoliths. The
obtained chemical structure can serve as a reference model from which chemical
features in the deep crust can be recognized.

Plain Language Summary

The chemical composition of the deep continental crust is critical for understand-
ing the formation and evolution of the continental crust. However, due to lim-
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ited accessibility, the composition of the deep crust is difficult to constrain. The
seismic wave speed of the crust can be used to derive its chemical composition
because wave speed is strongly dependent on the mineral assemblage, and min-
eral assemblage is strongly dependent on bulk chemical composition. Here we
present a geophysical-geochemical modeling method to construct chemical struc-
tures from compressional wave speed structures of deep continental crust. This
method is based on functional relationships between published model crustal
compositions and their corresponding wave speeds calculated for different pres-
sure and temperature conditions. We apply this method to type sections of the
global continental crust and the North China Craton. The results suggest that
(1) current lower crustal composition models for regions with thin or thick crust
may need reevaluation, and (2) spatial chemical compositions in the deep crust
can be linked to the history of regional tectonic evolution.

1 Introduction
The deep continental crust (refers to as the combination of middle crust and
lower crust) is the main place where crustal growth, reworking, recycling, and
relamination occur Arndt & Goldstein, 1989Hacker et al., 2015Jagoutz & Behn,
2013Rudnick & Gao, 2003Willbold & Stracke, 2010(; ; ; ; ). Crustal growth by
basaltic underplating produces juvenile mafic lower crust Arndt & Goldstein,
1989(). Crustal reworking through intra-crustal partial melting, crystal frac-
tionation, and mixing processes facilitates intra-crustal differentiation Rudnick
& Gao, 2003(). Recycling of dense lower crustal materials into the mantle,
or relamination of buoyant felsic materials from subducting slabs to the lower
crust, drives the lower and the bulk continental crust to more felsic compo-
sitions Hacker et al., 2015Jagoutz & Behn, 2013Willbold & Stracke, 2010(; ;
). The composition of the deep crust also influences the rheology, surface el-
evation, and regional mineralization of the continental crust e.g., Hou et al.,
2017Jiménez-Munt et al., 2008Lee et al., 2012Shinevar et al., 2015(; ; ; ). De-
spite its importance, the composition of the deep continental crust is still in
dispute. Rudnick and Fountain (1995) and Rudnick and Gao (2003, 2014) esti-
mated the average lower crustal composition to be mafic (SiO2 � 53 wt. %) based
on wave speeds of the lower crust and compositions of lower-crustal xenoliths.
Conversely, Hacker et al. (2015) argue that the lower crust could be andesitic
in composition (potential SiO2 varying from 49–62 wt. %) based on heat flow,
wave speeds, and representative rock compositions.

Estimating the deep crustal composition is difficult due to limited accessibility
and petrological heterogeneity in the deep crust Taylor & Mclennan, 1985Thybo
& Artemieva, 2013(; ). Exhumed high-grade metamorphic terrains or xenoliths
entrained to the surface by magmatic rocks can provide direct constraints on the
deep crustal composition Gao et al., 1998aGuo et al., 2020Liu et al., 2001Rud-
nick & Taylor, 1987Shaw et al., 1994Weaver & Tarney, 1984(; ; ; ; ; ). However,
the occurrence of deep crustal samples is overall limited (Rudnick and Gao, 2003,
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2014). Crustal compositions can also be inferred from crustal seismic properties,
since the crustal composition has a fundamental control on the mineral assem-
blage and therefore the wave speed of deep crust Behn & Kelemen, 2003Chris-
tensen & Mooney, 1995Hacker et al., 2015Rudnick & Fountain, 1995Zhang et
al., 2008(; ; ; ; ). Geophysical explorations have provided wave speed profiles
of the crust in numerous regions worldwide Mooney, 2015(), offering the basis
for deriving large-scale chemical compositional information on the present-day
continental crust Artemieva & Shulgin, 2019().

Before deriving chemical information from crustal seismic wave speeds, one
needs to determine the relationship between wave speed and rock composition
(e.g., SiO2). One common approach is to use natural samples with known chem-
ical compositions. The wave speeds of natural rocks can be measured and then
extrapolated to different pressure and temperature (P-T) conditions, assum-
ing a linear dependence of wave speeds on P-T above the confining pressure
Christensen & Mooney, 1995Kern & Schenk, 1985(e.g., 600MPa in ; ). These
wave speeds can be compared with seismic observations to estimate composi-
tion. A problem with this methodology is that the mineralogy of a rock changes
with P-T conditions, which results in a nonlinear dependence of seismic wave
speed on P-T conditions Diaferia & Cammarano, 2017Zertani et al., 2019(; ).
Hence, the linearly extrapolated wave speeds might suffer potential disequilib-
rium issue. Alternatively, the wave speeds of natural rocks can be calculated by
integrating thermodynamically calculated or observed modal mineralogy with
mineral physical properties Abers & Hacker, 2016Behn & Kelemen, 2006Gao
et al., 2000Hacker et al., 2015Sammon et al., 2020Sammon et al., 2022(e.g., ;
; ; ; ; ). However, wave speed does not uniquely map to oxide composition.
For example, granulite-facies rocks ranging in composition from 50–66 wt. %
SiO2 can have the same calculated compressional wave speed (VP) Figure 9 in
Hacker et al., 2015(). The nonuniqueness of deep crustal lithologies leads to
uncertainties in estimated crustal composition Behn & Kelemen, 2003Hacker et
al., 2015(; ). Therefore, a common practice is to select the composition-VP rela-
tionships of two or three ‘typical’ deep crustal lithologies to estimate the crustal
composition Christensen, 1996Christensen & Mooney, 1995Rudnick & Fountain,
1995Zhang et al., 2008(; ; ; ). Since the pioneering work of Clarke (1889), numer-
ous studies have provided estimates of crustal compositions at global or regional
scales Gao et al., 1998aLiu et al., 2001Rudnick & Gao, 2003Taylor & Mclennan,
1985Wedepohl, 1995(e.g., ; ; ; ; ). Unlike natural rocks that span widely in
chemical composition and wave speed, model compositions of the continental
crust show overall consistent variation patterns that can be utilized to calculate
wave speed-composition correlations (Section 2 below).

In this study, we present a geophysical-geochemical modeling method of calcu-
lating crustal compositions from observed VP of the deep crust based on com-
piled crustal composition models. Combining crustal model compositions with
thermodynamic phase calculations avoids assignment of deep crustal lithologies
as well as the potential disequilibrium issue regarding measured VP of these
lithologies. We apply this method to type sections of the continental crust
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and the North China Craton (NCC) to estimate the deep crustal compositions.
The results show that the lower crust in cratons and orogens has intermediate
compositions, while the lower crust in subduction- and rifting-related regions
have mafic compositions. We utilize the obtained compositional structure of a
specific region to infer the regional tectonic evolution history.

2 Methods
2.1 Model Crustal Compositions
We compiled 172 published chemical models of the crust, which were mostly
estimated for the continental crust (Table S1). The chemical models include
those for the bulk or specific parts of the global continental crust Hacker et
al., 2015Rudnick & Gao, 2003Shaw et al., 1994(e.g., ; ; ), continental arcs
e.g., Ducea et al., 2015(), intra-oceanic arcs e.g., Jagoutz & Kelemen, 2015(),
cratons, orogenic belts, extensional regions in China Gao et al., 1998a(), and
oceanic crust e.g., White & Klein, 2014() (Figure 1h). The model compositions
vary from mafic in the lowermost part of thickened arc crust to granitic in the
upper continental crust Rudnick & Gao, 2003Taylor & Mclennan, 1985(e.g., ;
), covering the possible chemical variability in the deep continental crust (SiO2
from 47.90–70.70 wt. %).

Oxides that have large variations, including CaO, MgO, FeOT, and K2O, show
good linear correlations with SiO2 (R2 > 0.6; Figure 1a-d, where R2 is the
coefficient of determination for linear regression.). The variations in Al2O3,
TiO2, and Na2O are relatively small, and their correlations with SiO2 are thus
poor (R2 < 0.6) (Figures 1e-g).
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Figure 1. Correlations between major oxides of published crustal model compositions. (a-g) Covariation between SiO2 and other major oxides. (h) Types of the crustal composition models. Black solid lines denote the linear regression lines. Grey dashed lines illustrate the upper and low bounds for 95% prediction intervals of the regression. Grey circles are outliers in which more than one oxide falls out of the 95% prediction intervals. Most of the outliers are composition models based on mafic cumulates, mid-ocean ridge basalts, and metapelites.
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2.2 Calculating Wave Speeds for Model Crustal Composi-
tions
We use thermodynamic calculation software Perple_X (ver. 6.9.1, downloaded
on October 25, 2021) Connolly, 2009(), a Gibbs free energy minimization pro-
gram, to calculate wave speeds for the compiled model crustal compositions.
We first calculated phase equilibria for all crustal compositions at broad P-T
ranges. The considered depths range from 10 to 80 km (278–2223 MPa) in
an interval of 1 km, and the temperature ranges are 50–700°C at 10–15 km
(278–417 MPa), 100–900°C at 16–35 km (445–973 MPa), 300–1000°C at 36–55
km (1000–1528 MPa), 400–1200°C at 56–80 km (1556–2223 MPa). The corre-
sponding pressure (P) at depth was calculated from P = �gz, where � is the
average density of the continental crust (2.835 g/cm3, Christensen & Mooney,
1995), g is the gravitational acceleration (9.8 m/s2), and 𝑧 is the depth in km.
A threshold temperature, the temperature at which subsolidus metamorphic re-
actions are stopped in our calculations, of 500°C is a reasonable lower bound for
net transfer reactions under hydrous crustal conditions, and a new equilibrium
is considered unreachable at temperatures < 500°C Austrheim, 1998(). Thus
an equilibrium threshold temperature of 500°C was used for calculating phase
equilibria following previous studies Guo et al., 2020Shinevar et al., 2018(; ).

Thermodynamic dataset ds62 from Holland and Powell (2011) and mineral so-
lution models in Green et al. (2016) were used in the calculation (Table S2).
Ten major components (Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–
Fe2O3, NCKFMASHTO) were considered. Most of the reported crustal compo-
sition models bear no water and Fe3+ data. The presence of water may signifi-
cantly change the physical property of the crust Guerri et al., 2015(). Hacker et
al. (2015) assumed 0.5 wt. % and 1 wt. % H2O contents for amphibolite-facies
and granulite-facies xenoliths and terrains, typical metamorphic rocks in the
deep crust. We conducted two sets of calculations assuming 0.5 and 0.75 wt.
% H2O in the deep crust. The ratio of Fe3+ to total Fe, which is expressed as
Fe3+/�Fe, is related to the oxygen fugacity of the system. Ratios of Fe3+/�Fe
in global arc basaltic melt inclusions are 0.18 to 0.32 Kelley & Cottrell, 2009().
The choice of Fe3+/�Fe in this range for phase equilibrium and wave speed cal-
culations induces only a small variation in calculated VP (mostly within ± 0.04
km/s) (Figure S1), suggesting that the calculated VP is insensitive to Fe3+/�Fe.
Thus, we chose Fe3+/�Fe = 0.25 for all calculations.

Wave speeds were calculated in Perple_X by implementing elastic moduli, min-
eral density, and phase transition data between alpha-beta (�-�) quartz Abers
& Hacker, 2016Jagoutz & Behn, 2013(; ). The elastic moduli of minerals, in-
cluding bulk modulus (K) and shear modulus (�), have been reported for most
major crustal minerals. For minerals whose elastic moduli are not provided in
Perple_X, their K values were derived from the Gibbs free energy, and � values
were computed from K and the average Poisson’s ratio (0.265) for the conti-
nental crust Christensen, 1996(). The Voigt-Reuss-Hill averaging method was
used to calculate the elastic moduli of a given mineral assemblage, from which
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seismic wave speeds were further derived Connolly & Kerrick, 2002(). For equi-
librium phases with melts, only solid phases (excluding the liquid phase) were
considered to calculate VP and bulk chemical compositions.

2.3 Establishing Functional Relationships Between VP and
Oxide Contents
Functional relationships were established between VP and oxide contents of
crustal composition models for each P-T condition by using the regress func-
tion in MATLAB. Second-order polynomial fitting was used, because it yielded
slightly higher R2 and smaller root mean square error (RMSE) than that of
linear fitting, but similar to the values yielded with cubic fitting. Taking the
result of the second-order polynomial fitting at the P-T condition of 30 km (833
MPa) and 500°C as an example, VP shows strong negative correlations with
SiO2 (R2 = 0.98) and K2O (R2 = 0.74), positive correlations with CaO (R2 =
0.93), MgO (R2 = 0.91), and FeOT (R2 = 0.79), and weaker correlations with
Na2O (R2 = 0.48), TiO2 (R2 = 0.44), and Al2O3 (R2 = 0.24) (Figure 2). The
RMSEs for the fitted functions of VP with SiO2, K2O, CaO, MgO, and FeOT
are 0.77, 0.45, 0.69, 0.71, and 0.80 wt. %, respectively (Figure 2).
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Figure 2. Relationships between calculated VP and major oxides of crustal composition models at 30 km and 500°C, assuming 0.5 wt. % H2O in the crust. Black solid lines denote the second-order regression. R2 is the coefficient of determination for the regression. RMSE is the root mean square error. Grey dashed lines indicate 95% prediction intervals (±2RMSE).
9
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The correlations are strong (R2 > 0.7) between VP with SiO2, CaO, MgO, FeOT,
and K2O in the stability field of �-quartz (Figure 3). At higher temperatures in
the �-quartz stability field, VP becomes less correlated with all oxide contents
(Figure 3). Given that �-quartz has a higher VP than �-quartz at the same
condition Abers & Hacker, 2016(), the �-� quartz phase transition increases the
calculated VP of felsic compositions which contain quartz but less for those of
more mafic compositions which contain little or no quartz. The phase transition
of �-� quartz thus perturbs the correlation between VP and the oxide contents
(Figure S2). However, this transition is not expected in the crust with normal
geothermal gradients (e.g., surface heat flow values of < 70 mW/m2), but the
transition is expected in the hot crust with surface heat flow values of 70 and 80
mW0/m2 at depths > 70 and > 40 km, respectively (Figure 3; Chapman,1986).

Figure 3. The robustness of VP-composition regression at crustal P-T conditions. R2 is the coefficient of determination for the regression. Blue dashed lines indicate �-� quartz transition Shen et al., 1993(). Geotherms were calculated from mean surface heat flow values of 50, 60, 70, and 80 mW/m2 using the method from Chapman (1986).
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2.4 Inverting Crustal Compositions from Observed Crustal
VP for a Specific Region
To calculate crustal compositions from observed VP in the deep crust of a
specific region, one should first assign local geotherms. Geotherms can be cal-
culated from mean surface heat flow values, assuming a steady-state transfer of
conductive heat Chapman, 1986():

𝑇 (𝑧) = 𝑇0 + 𝑞0
𝑘 𝑧 − 𝐴𝑧2

2𝑘 (1)

where T0 is surface temperature (°C), q0 is surface heat flow (mW/m2), k is
thermal conductivity (W/m/K), and A is volumetric heat production (�W/m3),
and z is depth (km). T0 was set to 10°C at the surface. Thermal parameters k
and A are generally assumed as constants for each crustal layer that was defined
from the seismic structure of the crust Chapman, 1986(). The values of k and A
are controlled by crustal compositions and can be estimated from local samples
(see Section 3.2.2 for example).

We provide a MATLAB-based user-friendly graphical user interface (GUI) for
the inverting process (CalcCrustComp). With given depth and temperature,
users can invert deep crustal composition (major elements oxide) from crustal
VP using the VP-composition functional relationships established for model
crustal compositions.

2.5 Uncertainty Analysis
Uncertainties in the inverted crustal compositions have four major sources: (1)
observed crustal VP, (2) local geotherms, (3) assumed water contents in the
crust, and (4) established VP-composition relationships.

1. The uncertainty in crustal VP obtained from wide-angle reflection or re-
fraction experiments is typically ± 0.2 km/s Zhang et al., 2013(). An
uncertainty of 0.1 km/s in VP would result in an uncertainty of ~ 2.5 wt.
% in the calculated SiO2 content of the crust (Figure 2a), which is larger
than the RMSE (average 1 wt. %) of VP-SiO2 regression.

2. The uncertainty in local geotherm largely depends on the uncertainty in
measured surface heat flow Chapman, 1986(). A 10% uncertainty (6 for
60 mW/m2) in the measured surface heat flow results in a 10–15% (60–90
for 600°C) uncertainty for Moho temperature Chapman, 1986Liu et al.,
2016(; ). Higher temperatures result in lower VP Christensen & Mooney,
1995(). For a given crustal VP, a higher geotherm would result in a more
mafic composition calculated for the crust. For example, the calculated
SiO2 content decreases from 64.54 wt. % at 400°C to 56.60 wt. % at
700°C, for a VP of 6.6 km/s at 30 km (833 MPa) (Figure 4a).
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3. The presence of water stabilizes hydrous minerals like amphibole, biotite,
and muscovite in the crust, at the expense of anhydrous minerals like
pyroxene, feldspar, and garnet (Figures 4b and S3a-c) Behn & Kelemen,
2006Guerri et al., 2015(; ). Hydrous minerals have lower VP than pyroxene
and garnet. Thus, higher water contents assumed in the crust would result
in more mafic calculated crustal compositions for the same VP (Figure
S3d). For instance, assuming crustal water contents of 0, 0.25, 0.5, 0.75,
1 and 2 wt. %, the calculated SiO2 contents of the crust would vary
correspondingly to be 69.38, 66.23, 63.22, 60.24, 57.55, and 54.84 wt. %,
for a crustal VP of 6.6 km/s at 30 km and 500°C (Figure 4b).

Figure 4. Influences of temperature (a) and assumed water content in the crust (b) on calculated VP for model crustal compositions. Solid lines denote regression lines.

1. Uncertainties in VP-composition relationships are represented by RMSEs
(Figure S4). Smaller RMSEs correspond to smaller uncertainties in calcu-
lated oxide contents of the crust. Typical RMSEs are about 0.9 wt. % for
SiO2, 0.7 wt. % for CaO, 0.8 wt. % for MgO, 0.9 wt. % for FeOT, 0.45
wt. % for K2O, 0.4 wt. % for Na2O, 1.0 wt. % for Al2O3, and 0.16 wt. %
for TiO2. Uncertainties in phase equilibrium and wave speed calculations
by using Perple_X are difficult to assess at present Connolly & Kerrick,
2002(). In this regard, we can only use the latest thermodynamic dataset,
solution models, and elastic modulus of minerals to minimize the potential
uncertainties.

Here we assumed that crustal VP is only controlled by crustal composition,
mineral assemblage, pressure, and temperature. Other factors such as the mi-
crofabrics (e.g., anisotropy, porosity, and the presence of liquid phase) in the
crust may potentially influence the wave speeds of the crust Almqvist & Main-
price, 2017(), which were not considered in this and early studies that inverting
VP to crustal compositions (e.g., Christensen and Mooney, 1995; Rudnick and
Fountain, 1995; Gao et al., 1998a). The influence of these factors should be
investigated in future studies.
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In summary, in addition to RMSEs of VP-composition regression, other uncer-
tainties from our method mostly depend on crustal VP, temperature, and water
content. An increase of 0.2 km/s in observed VP, 100°C in temperature, and
0.25 wt. % in water content would result in a decrease of about 5.28 (500°C, Fig-
ure 4a), 2.65 (6.6 km/s, Figure 4a), and 2.96 (6.6 km/s, 0–1 wt. % H2O, Figure
4b) wt. % in the estimated SiO2 content of the crust, respectively. The un-
certainty in estimated crustal composition could be lowered, if provided better
constraints on these parameters, such as better constraints on local geotherms
from xenolith studies e.g., Goes et al., 2020() or constraints on H2O content in
the crust e.g., Xia et al., 2019().

3 Lower Crustal Compositions in Type Sections
and North China Craton
Here we apply our method to two examples: the global lower crust in typical tec-
tonic settings and the North China Craton (NCC). The geological backgrounds,
physical properties, and inverted compositions of the crust for both applications
are introduced below.

3.1 Global Lower Continental Crust
Rudnick and Fountain (1995) compiled wave speed profiles of the lower conti-
nental crust and surface heat flow in typical tectonic settings to constrain the
lower crustal compositions. They considered eight tectonic settings, including
Precambrian platforms and shields, Paleozoic orogens, Mesozoic-Cenozoic ex-
tensional settings, Mesozoic-Cenozoic contractional orogens, continental arcs,
active rifts, rifted margins, and forearcs.

3.1.1 Geophysical and Geochemical Models of the Lower Continental
Crust

The eight crustal type sections show large variations in average crustal thickness
and lower crustal VP (Figure 5a; Rudnick and Fountain, 1995). They can be
classified into three groups to the average crustal thickness. Note that the
average thickness and VP below are for the bulk crust and the lower crust,
respectively. (1) The thin-crust group includes rifted margins (26 km and VP =
7.05 km/s), forearcs (26 km and 6.95 km/s), active rifts (28 km and 6.77 km/s),
and Mesozoic-Cenozoic extensional settings (31 km and 6.66 km/s). The type
sections of these settings have a relatively thin crust (< 32 km). (2) The normal-
crust group has average crustal thicknesses of 35–44 km, including Paleozoic
orogens (35 km and 6.81 km/s), continental arcs (40 km and 6.92 km/s), and
Precambrian platforms and shields (43 km and 7.03 km/s). (3) The thick-crust
group includes only Mesozoic-Cenozoic contractional orogens (52 km and 6.71
km/s).
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Rudnick and Fountain (1995) combined lower crustal VP with VP-composition
relationships of typical lower-crustal lithologies to derive the lower crustal com-
position (Figure 5b and Table 1). In the estimations of Rudnick and Fountain
(1995), continental arcs and rifted margins share similar mafic compositions in
the lower crust (SiO2 � 52 wt. %), Paleozoic orogens and active rifts share
similar intermediate compositions (SiO2 � 56 wt. %), Mesozoic-Cenozoic con-
tractional orogens and extensional settings share similar and more felsic compo-
sitions (SiO2 � 59 wt. %). Considering the contribution of each tectonic setting
to the global continental crust, the SiO2 of the global lower continental crust
was estimated to be 53.48 wt. % (Rudnick and Fountain, 1995).

Figure 5. Average lower crustal VP and SiO2 for eight typical tectonic settings in the continental crust (modified from Rudnick and Fountain, 1995). (a) A synthetic cross-section of different tectonic settings and their average lower crustal VP. The dark red parts indicate the lowermost crust. (b) Estimated average lower crustal SiO2 contents from Model 1 (red squares), Model 2 (blue triangles), and Rudnick and Fountain (1995) (RF95; grey circles). Error bars for Models 1 and 2 are given as ±1 RMSE.

3.1.2 Revisiting Lower Crustal Compositions in Different Tectonic
Settings

We recalculated the lower crustal compositions for typical tectonic settings from
parameters (average lower crustal VP, crustal thicknesses, and temperatures)
given in Rudnick and Fountain (1995) (Table 1). Temperatures in Rudnick
and Fountain (1995) were calculated from compiled surface heat flow values
assuming a steady-state thermal model Chapman & Furlong, 1992(). Pressures
for the calculations correspond to the mean depth of the lower crust. Two
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sets of functional relationships between VP and oxide content were used, which
assumed 0.5 and 0.75 wt. % water in the crust (the results correspond to Models
1 and 2, respectively) (Table 1). The RMSE of VP-composition regression was
used as the uncertainties in the calculated lower crustal compositions. Model
1 gave intermediate lower crustal compositions for thick- and normal- crust
tectonic settings (SiO2 = 56.70–58.14 ± 0.87 wt. %) except for continental arcs
(53.33 ± 3.41 wt. %). This model gave more mafic compositions for all thin-
crust settings (48.34–52.47 ± 1.17 wt. %) (Table 1; Figure 5b). In comparison,
Model 2 gave more mafic compositions (0.77–2.63 wt. % lower in SiO2) than
Model 1 for all tectonic settings (Figure 5b).

Compared to the models in Rudnick and Fountain (1995), both Models 1 and
2 gave similar SiO2 for tectonic settings in the normal-crust group: shields and
platforms (56.70 ± 0.63 and 54.30 ± 0.82 wt. % in Models 1 and 2 vs. 53.58
wt. % in Rudnick and Fountain, 1995), Paleozoic orogens (58.14 ± 0.94 and
55.51 ± 1.04 vs. 56.29 wt. %), and continental arcs (53.33 ± 3.41 and 51.46
± 3.80 vs. 51.74 wt. %). However, both Models 1 and 2 gave more mafic
lower crustal compositions for tectonic settings with thin or thick crusts: rifted
margins (48.34 ± 1.14 and 47.09 ± 1.41 vs. 51.74 wt. % SiO2), active rifts
(50.68 ± 1.23 and 49.91 ± 1.45 vs. 56.29 wt. %), forearcs (50.42 ± 1.11 and
49.52 ± 1.35 vs. 53.50 wt. %), Mesozoic-Cenozoic extensional settings (52.47 ±
1.18 and 51.11 ± 1.61 vs. 59.37 wt. %), and Mesozoic-Cenozoic contractional
orogens (57.01 ± 1.04 and 55.04 ± 1.53 vs. 59.37 wt. %). Models 1 and 2 gave
estimated SiO2 contents of 54.41 ± 1.01 wt. % and 52.57 ± 1.24 wt. % for
the global average lower continental crust, respectively, which are similar to the
estimated value of 53.48 wt. % in Rudnick and Fountain (1995) (Table 1).

Table 1. Estimated Lower Crustal Compositions (in wt. %) for Different
Tectonic Settings. a Data from Rudnick and Fountain (1995), referred to as
RF95. Models 1 and 2 were calculated from VP-composition relationships that
assume 0.5 and 0.75 wt. % H2O in the crust, respectively. b FeOT = total FeO.
c RMSE is the root mean square error inherited from VP-oxides regression. d

A value read from Figure 14 in Rudnick and Fountain (1995).

Tectonic Area a Moho a VP
a Mean depth of the lower crust a T a Model SiO2 TiO2 Al2O3 FeOT

b MgO CaO Na2O K2O
 Settings a (%) (km) (km/s) (km) (°C)
Thin-crust Rifted 30 26 7.05 20 427 RF95a 51.74 0.92 17.18 9.00 7.87 10.33 2.56 0.41

margins Model 1 48.34 0.95 16.24 9.37 10.53 11.98 2.01 0.07
RMSE c 1.14 0.16 1.14 0.87 0.87 0.56 0.39 0.45
Model 2 47.09 0.99 16.24 9.83 11.21 12.45 1.57 -0.12
RMSE c 1.41 0.57 0.97 0.93 0.45 0.38 1.13 0.16

Forearcs 26 6.95 21 360 RF95a 53.50d
Model 1 50.42 0.96 16.54 9.19 8.56 10.90 2.47 0.46
RMSE c 1.11 0.16 1.14 0.84 0.93 0.59 0.39 0.45
Model 2 49.52 0.96 16.52 9.32 9.04 11.28 2.27 0.33
RMSE c 1.35 0.57 0.95 0.95 0.45 0.38 1.14 0.16

16



Tectonic Area a Moho a VP
a Mean depth of the lower crust a T a Model SiO2 TiO2 Al2O3 FeOT

b MgO CaO Na2O K2O
Active 1 28 6.77 21 570 RF95a 56.29 0.82 16.79 8.09 6.14 8.19 2.87 0.82
rifts Model 1 50.68 0.95 16.53 9.07 8.41 10.79 2.54 0.53

RMSE c 1.23 0.16 1.11 0.94 0.82 0.56 0.39 0.46
Model 2 49.91 0.95 16.42 9.16 8.95 11.11 2.35 0.40
RMSE c 1.45 0.55 0.99 0.86 0.46 0.39 1.13 0.16

Mesozoic- 3 31 6.66 24 663 RF95a 59.37 0.82 16.48 7.47 4.91 6.86 3.07 1.02
Cenozoic Model 1 52.47 0.93 16.52 8.71 7.40 9.93 2.74 0.80
extensional RMSE c 1.18 0.16 1.12 0.93 0.80 0.66 0.39 0.48
settings Model 2 51.11 0.93 16.44 8.88 8.13 10.55 2.59 0.62
 RMSE c 1.61 0.57 1.04 0.85 0.50 0.39 1.15 0.16

Normal-crust Paleozoic 8 35 6.81 28 465 RF95a 56.29 0.82 16.79 8.09 6.14 8.19 2.87 0.82
orogens Model 1 58.14 0.85 16.07 7.53 4.81 7.38 3.19 1.54

RMSE 0.94 0.15 1.16 0.74 0.64 0.76 0.39 0.47
Model 2 55.51 0.88 16.28 8.06 5.77 8.46 3.07 1.22
RMSE 1.04 0.70 0.83 0.76 0.46 0.39 1.15 0.15

Continental 6 40 6.92 33 829 RF95a 51.74 0.92 17.18 9.00 7.87 10.33 2.56 0.41
arcs Model 1 53.33 0.92 16.19 8.77 7.21 9.70 2.56 0.81

RMSE 3.41 0.17 1.23 0.95 1.43 1.37 0.30 0.54
Model 2 51.46 0.92 16.24 8.90 8.19 10.59 2.35 0.59
RMSE c 3.80 1.39 1.13 1.32 0.57 0.28 1.28 0.17

Platforms/ 50 43 6.98 33 461 RF95a 53.58 0.82 16.87 8.38 7.26 9.71 2.76 0.61
shields Model 1 56.70 0.87 16.24 7.83 5.37 7.96 3.17 1.36

RMSE 0.63 0.15 1.11 0.84 0.82 0.62 0.39 0.42
Model 2 54.30 0.90 16.48 8.33 6.27 8.93 3.01 1.03

 RMSE 0.82 0.65 0.88 0.85 0.41 0.39 1.08 0.16
Thick-crust Mesozoic- 2 52 6.71 38 749 RF95a 59.37 0.82 16.48 7.47 4.91 6.86 3.07 1.02

Cenozoic Model 1 57.01 0.86 16.20 7.71 5.23 7.91 3.16 1.42
contractional RMSE 1.04 0.15 1.15 0.87 0.58 0.74 0.40 0.49
orogens Model 2 55.04 0.88 16.27 8.02 6.04 8.78 3.03 1.18
 RMSE 1.53 0.71 0.98 0.62 0.52 0.39 1.17 0.16
Global 100 RF95a 53.48 0.82 16.97 8.59 7.26 9.61 2.66 0.61
lower Model 1 54.41 0.91 16.33 8.38 6.92 9.23 2.83 0.98
continental RMSE c 1.01 0.15 1.13 0.85 0.85 0.69 0.39 0.45
crust Model 2 52.57 0.93 16.47 8.80 7.85 10.07 2.60 0.71

  RMSE c 1.24 0.16 1.12 0.92 0.88 0.70 0.38 0.44

3.2 North China Craton
The North China Craton (NCC) is one of the major cratons in eastern Eurasia.
The NCC is bounded by the Central Asian Orogenic Belt to the north, the
Qilianshan-Qinling-Dabie Orogen to the southwest, and the Sulu-Rimjingang
Orogen to the southeast Wu et al., 2018(). The NCC consists of three blocks:
Western Block (WB), Trans-North China Orogen (TNCO), and Eastern Block
(EB) (Figure 6a). Before the Paleozoic, the NCC was characterized by a thick,
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ancient, refractory, and cold lithospheric mantle, which was considered as a
defining feature of a stable craton Gao et al., 2002Griffin et al., 1998Menzies
et al., 1993Xu, 2001(e.g., ; ; ; ). Since the Mesozoic, the eastern part of the
NCC has been tectonically reactivated, manifested by magmatism, deformation,
and replacement of the subcontinental lithospheric mantle by the asthenospheric
mantle Wu et al., 2018Zhang et al., 2014Zhu et al., 2012(; ; ).

3.2.1 The Seismic Structure of North China Craton

A large number of geophysical explorations have been carried out in the NCC
Duan et al., 2016Li et al., 2006Teng et al., 2013Xia et al., 2017(e.g., ; ; ; ). Jia
et al. (2014) reported a deep seismic sounding profile across the NCC based
on wide-angle reflection/refraction measurements, providing a detailed 2-D VP
structure of the crust (Figure 6a). Jia et al. (2014) divided the crust into four
layers: the sedimentary layer, the upper crust, the middle crust, and the lower
crust based on seismic phases. This seismic profile shows features (e.g., crustal
thickness and internal structure) consistent with other regional seismic studies
Xia et al., 2017(). Along the profile of Jia et al. (2014), crustal thicknesses
decrease from 39–41 km in the WB to 28–32 km in the EB with a rapid transition
beneath the TNCO (Figure 6a). The thickness of the lower crust decreases from
~18 km to 11–13 km from west to east. The lower crustal VP is mostly < 6.9
km/s along the profile, varying from 6.5–6.9 km/s through ~ 6.2–6.9 km/s to ~
6.4–6.9 km/s from west to east (Figure 6a).
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Figure 6. Seismic wave speed (modified from Jia et al., 2014) (a) and inferred SiO2 content (b) of the North China Craton. Red line in the inset to the right indicates the profile location. Numbers in yellow boxes denote average SiO2 contents of the middle or lower crust. Abbreviations: WB = Western Block, TNCO = Trans-North China Orogen, and EB = Eastern Block.

3.2.2 Inverting the Chemical Structure of the North China Craton

Local geotherms were calculated before selecting the VP-composition relation-
ships along the geotherm. Surface heat flow data of the NCC have been compiled
by Liu et al. (2016) and Jiang et al. (2019). Average heat flow values of 62,
65, and 69 mW/m2 were used in this study for the WB, TNCO, and EB, re-
spectively (Figure 6b). Radiogenic heat production (A) values of 1.08, 1.1, and
0.3 �W/m2 were used for the sedimentary layer, upper-middle crust, and lower
crust, respectively. These A values were calculated from the abundances of heat
production elements in >10,000 rocks from the NCC Chi & Yan, 1998(). Values
of 2.2, 2.56, and 2.6 W/m/K were used for the corresponding thermal conduc-
tivities (k) Chi & Yan, 1998Govers & Wortel, 1993(; ). The lower continental
crust likely contains less water than the middle crust due to higher metamor-
phic grades Hacker et al., 2015(). Thus, the amounts of water in the middle and
lower crust were assumed to be 0.75 and 0.5 wt. %, respectively.

Functional VP-composition relationships along the geotherms were used to cal-
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culate the crustal composition of NCC (Figure 6b). Vertically, the crust becomes
more mafic with depth. The inferred SiO2 content decreases from 62 wt. % at
10 km to 56 wt. % in the lowermost crust beneath the WB, from 66 to 53
wt. % beneath TNCO, and from 66 to 50 wt. % beneath the EB. Horizontally,
the middle crust beneath the WB is more mafic (average SiO2 = 59.77 wt. %)
than that beneath the TNCO and EB (63.87 and 63.19 wt. %, respectively).
However, the lower crust is the most mafic beneath the EB (SiO2 =57.41 wt.
%). The lowermost crust (~3 km thick) beneath the EB has 50–56 wt. % SiO2.
Overall, the WB, TNCO, and EB have similar compositions in the deep conti-
nental crust with 59.33, 61.39, and 59.37 wt. % SiO2, respectively. The average
RMSEs for the middle, lower, and deep crustal SiO2 are 1.56, 0.97, and 1.26 wt.
% respectively.

4 Discussion
4.1 Chemical Models for Global Lower Continental Crust
The lower crustal composition models from Rudnick and Fountain (1995) (re-
ferred to as RF95) are the most widely accepted (Rudnick & Gao 2003, 2014).
Therefore, we compare the results in this study to RF95 and then discuss the
cause of differences.

Most oxide contents for the average lower continental crust in this study are
consistent with RF95 within ± 10% difference, except for K2O (Table1, Figure
7). The SiO2 contents for average lower crust Models 1 and 2 are 54.41 and 52.57
wt. %, respectively, while that in RF95 is 53.48 wt. %. The K2O contents in
Models 1 and 2 (0.71 and 0.98 wt. %) are higher than RF95 (0.61 wt. %). The
higher values are more consistent with a recently updated K2O value (0.78+0.41

−0.21
wt. %) for the lower continental crust based on heat-producing elements and
associated geoneutrino fluxes Huang et al., 2013().

Figure 7. Normalized average lower continental crustal compositions estimated in this study. The oxide contents were normalized to values in Rudnick and Fountain (1995) (RF95). The grey shaded field represents ± 10% variations. The cross indicates the newly estimated K2O value from Huang et al. (2013).
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Among the eight tectonic settings, differences in estimated lower crustal SiO2 be-
tween Model 1 and RF95 range from -6.90 to +3.40 wt. %, while those between
Model 2 and RF95 vary from -8.26 to +0.72 wt. % (this study minus RF95,
Figure 8). The absolute differences are lowest for tectonic settings with normal
crustal thicknesses (3.12 wt. % for the maximum differences): Precambrian
shields and platforms (3.12 and 0.72 wt. % difference in Models 1 and 2 minus
RF95), Paleozoic orogens (1.85 and -0.78 wt. %), and continental arcs (1.59 and
-0.28 wt. %). However, the absolute differences are larger for tectonic settings
with thin or thick crusts (-8.26 wt. % for the maximum differences). Models 1
and 2 uniformly gave more mafic compositions than RF95: rifted margins (-3.40
and -4.65 wt. % difference in Models 1 and 2 minus RF95), active rifts (-5.61
and -6.38 wt. %), forearcs (-3.08 and -3.98 wt. %), Mesozoic-Cenozoic contrac-
tional orogens (-2.36 and -4.33 wt. %), and most different in Mesozoic-Cenozoic
extensional settings (-6.90 and -8.26 wt. %) (Figure 8).

Figure 8. Difference in lower crustal SiO2 between this study and Rudnick and Fountain (1995) (RF95). The difference denotes SiO2 contents from this study minus that from RF95 (Model 1 and 2 refer to 0.5 and 0.75 wt. % water contents) for typical tectonic settings.

Lower crust properties (e.g. seismic wave speed, pressure, and temperature)
used to derive the composition are the same in this study and Rudnick and Foun-
tain (1995). Thus, the discrepancy in estimated composition (predominantly in
the thin and thick crust, Figure 8) results from the method for deriving the
composition, including (1) choice of endmember lithologies in lower crust, and
(2) linearly extrapolated VP.

1. Rudnick and Fountain (1995) and several other studies (e.g., Christensen
and Mooney, 1995; Kern et al., 1999; Gao et al., 2000) assessed lower
crustal composition by comparing VP of the crust to laboratory-measured
VP of natural rocks as idealized endmembers. The assignment of endmem-
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bers and their properties control the calculated crustal composition. When
using a two-endmember mixing model, the proportion of each lithology in
the crust can be solved, if the wave speeds of the crust and the two end-
member lithologies were given. However, if more endmembers are assigned
in the crust, the proportions of the excess lithologies have to be assumed.
For example, Rudnick and Fountain (1995) used four endmember litholo-
gies for the lower crust: 1) mafic granulites (including both garnet-free
and -bearing ones, average VP = 7.23 km/s at 600 MPa at room temper-
ature), 2) intermediate granulites (6.66 km/s), 3) felsic granulites (6.53
km/s), and 4) metapelites (7.09 km/s). The proportion of metapelites in
the lower crust was assumed to be 10%. The proportions of intermediate
and felsic granulite were assumed to be equal. Using these assumptions,
Rudnick and Fountain (1995) solved for the endmember proportions of the
lower crust with an average VP of 6.9 km/s; the lower crustal would consist
of 40% mafic granulites, 25% intermediate and 25% felsic granulites, and
10% metapelite. If a lower VP was used for the mafic endmember in the
lower crust (e.g., garnet-free mafic granulites, amphibolites, or gabbros),
the same crustal VP would yield a higher proportion of the mafic endmem-
ber and thus a more mafic composition for the lower crust. In thin-crust
tectonic settings, garnet-poor mafic lithologies are likely more common in
the lower crust Ji et al., 2015Nishimoto et al., 2008(; ). Therefore, using
relatively low-VP endmember lithologies in the lower crust would yield
more mafic lower crustal compositions, which is consistent with our esti-
mates on the lower crustal compositions for thin-crust tectonic settings
(Figure 8).

2. The linearly extrapolated VP used in Rudnick and Fountain (1995) and
other studies (e.g., Christensen and Mooney, 1995; Kern et al., 1999; Gao
et al., 2000) might suffer non-equilibrium issues at P-T conditions where
the measured mineral assemblage is unstable. We illustrate the potential
deviation by showing the P-T pseudosection, calculated VP, and linearly
extrapolated VP from experimentally measurement for a mafic granulite
(SiO2 = 49.43 wt. %) from the Dabie orogenic belt, eastern China (Kern et
al., 1999) (Figure S5). The calculated VP varies in a non-linear way with
changing mineral assemblages (Figures S5a and b), which are significantly
different from the linear extrapolated values (Figure S5c). The calculated
and extrapolated VP are most consistent in P-T ranges where the calcu-
lated mineral assemblage resembles that observed in the granulite (purple
polygons in Figure S5), peak metamorphic condition (dashed purple boxes
in Figure S5), and lower P-T regions (VP difference < 0.2 km/s). The
difference between calculated and extrapolated VP can be larger towards
higher pressure and/or temperature (Figures S5b and c), which P-T condi-
tion corresponds to the lower part of thickened or hot crusts, like tectonic
settings with thick and thin crust in Figure 8.
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4.2 Implications on Growth and Evolution Mechanisms of
the Continental Crust
In this study, the subduction-related (continental arcs and forearcs) and rifting-
related (rifted margins, active rifts, and Mesozoic-Cenozoic extension) settings
in our recalculations have mafic lower crusts (SiO2 = 47.09–53.33 ± 1.77 wt.
%) (Table 1). Subduction-related processes are central to the creation of con-
tinental crust and have been intensely studied Ducea et al., 2015Hacker et al.,
2011Jagoutz & Behn, 2013Jagoutz & Kelemen, 2015Kelemen & Behn, 2016(e.g.,
; ; ; ; ), which likely account for 60–80% of continental additions Spencer et
al., 2017(). Exposed arc crustal section lithological studies also indicate mafic–
ultramafic lower crust in both the continental (North American and Andean
arc, average 44.78 wt. % SiO2; Ducea et al., 2015) and island arcs (Talkeetna
and Kohistan arc, average 47.9 and 51.4 wt. % SiO2; Jagoutz & Kelemen,
2015). Rifting-related settings, large igneous provinces, and hotspot magma-
tism account for the remainder of continental additions Spencer et al., 2017().
Extension of continental lithosphere leads to the formation of rifts, extension
areas, continental shelves, and ultimately to new oceanic crust Ruppel, 1995().
Extensional settings like the southern Basin and Range have a thin crust (27 km)
and mafic deep crustal composition (51.2 wt. % SiO2), as indicated from local
xenoliths and seismic data Sammon et al., 2020(). Therefore, in subduction and
rifting-related settings, the additions of mantle-derived mafic magmas would
contribute to the juvenile mafic crust in their lower crust Pirajno, 2007Spencer
et al., 2017(; ).

In contrast to subduction and rifting-related settings, Precambrian shields and
platforms (also referred to as cratons) and orogens (e.g., Paleozoic orogens and
Mesozoic-Cenozoic contractional orogens) have more evolved lower crust (aver-
age SiO2 = 54.30–58.14 ± 1.04 wt. %, Figure 5b). Cratons are characterized by
longevity and stability during its evolutionary history Wu et al., 2018(). They
are critical for studying the evolution mechanism of continental crust, because
they take up a large surface fraction of the continental crust (50%, Table 1).
Xenoliths, crustal sections, and seismic studies show that diverse compositions
between different cratons (e.g., more evolved compositions in the Yilgarn, Kaap-
vaal, and North China cratons than the Wyoming craton and Baltic shield) (Rud-
nick & Gao 2003, 2014). In lower-crustal xenolith suites for the Baltic shield,
mafic granulites are dominant, but they appear to be absent in the Kaapvaal
craton (Rudnick & Gao 2003, 2014). In all tectonic settings, orogens tend to
have the most felsic lower crustal compositions (Figure 5b). Orogenesis form
mountain belts such as the Alps or Himalayas at continental collision zones, or
form volcanic mountain chains such as the Andes at subduction zones Johnson
& Harley, 2012(). Low velocities have been observed in the orogenic crust, such
as VP < 6.7 km/s for the whole 80 km thick crust of Lhasa Terrane in Tibet
Wang et al., 2021(). This is potentially explained as more felsic compositions
within the orogenic crust Wang et al., 2021().

Our recalculations from averaged seismic wave speeds show that the crust in

23



tectonic settings where continental growth takes place (i.e., subduction and
rifting-related settings), has mafic lower crustal compositions, while the crust
in other tectonic settings (i.e., cratons and orogens) tend to have more evolved
compositions. The classical Wilson cycle suggests that the history of the con-
tinental crust can be broken into five stages, including rift, passive margin,
subduction, accretion, and continent-continent collision Wilson, 1968(). Clas-
sic models for orogens in Wilson cycle imply that orogenesis occurs at the end
of the cycle of oceanic opening and closing with continent-continent collision
Cawood et al., 2022(). Subsequently, cratonization of the continents results in
differentiation-stratification of the stable upper and lower crust, as well as at-
taining crust-mantle coupling Zhai, 2011(). Our results show that cratons and
orogens have more felsic compositions in the lower crust than supra-subduction
zones and rifting-related regions, which indicates that cratons and orogens have
evolved to relatively mature conditions during/after orogenesis and cratoniza-
tion processes, at least from the composition perspective. These processes are
important for the continental crust to possess an average andesitic bulk compo-
sition.

4.3 The Chemical Structure of North China Craton and
Implications
Here we compare our results with previous interpretations of the NCC. We
further interpret the obtained 2-D chemical structure of the NCC in light of a
geologic context.

The crustal composition of the NCC has been investigated by studying the lower
crustal xenoliths and seismic wave speed structures of the crust (e.g., Gao et al.,
1998a, 1999, 1998b; Kern et al., 1996; Liu et al., 2001). Gao et al. (1998a, 1999,
1998b) studied the crustal composition in East China (mainly the NCC and the
Qinling orogenic belt to the south) by comparing seismic data from regional
seismic refraction profiles to measured wave speeds of natural samples consid-
ering typical lower crustal rocks. Their results show two seismic and chemical
layers of the lower crust in East China: an upper lower crust that is featured
by VP = 6.7 km/s and an intermediate (57–66 wt. % SiO2) composition, and
a lowermost crust (3–5 km thick at the base) having VP = 7.1 km/s and a
mafic composition (50 wt. % SiO2). Gao et al. (1999) estimated intermediate
bulk lower crust (58 wt. % SiO2) after weighted averaging in the East China.
A xenolith study shows that granulite xenoliths entrapped by Cenozoic basalts
from the northern TNCO have mafic to felsic compositions with SiO2 ranging
from 45.7 to 73.0 wt. % (Liu et al., 2001). Forty-five percents of these granulites
have intermediate to felsic compositions (Liu et al., 2001). By integrating ther-
mobarometric P-T estimations, calculated VP of lower crustal granulites, and
regional seismic refraction results, Liu et al. (2001) also suggested a two-layer
model for the lower crust in the TNCO and an average bulk crustal SiO2 of 58
wt. %.

Our estimated crustal compositions (Figure 6) are consistent with the inter-
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media compositions suggested in previous studies. The average lower crustal
composition of the TNCO and EB is intermediate in this study (60.28 and
57.41 ± 0.97 wt. % SiO2) (Figure 6). Along the whole profile, the crust with
VP > 7.1 km/s has mafic compositions (SiO2 < 52 wt. %) (Figure S6), which
supports the conclusion of Behn and Kelemen (2003) and Hacker et al. (2015)
that a crust with VP > 7.2 km/s must be mafic. Our analysis also agrees with
previous two-layer lower crustal models of the NCC based on xenolith and seis-
mic structures (Gao et al., 1998a, 1999, 1998b; Liu et al., 2001). The two-layer
lower crust is most apparent beneath the EB (Figure 6b). The shallow lower-
crustal layer of the EB is 8 km thick with an average of ~58 wt. % SiO2 and
the deeper lower-crustal layer is 3 km thick with an average of ~53 wt. % SiO2.
Towards the west, this mafic deeper layer becomes thinner beneath the TNCO
and almost absent beneath the WB (Figure 6b).

The seismic and our estimated chemical structures of the NCC show heterogene-
ity from the west to the east (Figure 6). The EB is characterized by a thin crust
(30 km in thickness), which is 10 km thinner than the WB (40 km in thickness).
Besides, the EB has a more felsic middle crust (average 63.19 vs. 59.77 ± 1.56
wt. % SiO2) and more mafic lower crust than the WB (average 57.41 vs. 59.15
± 0.97 wt. % SiO2), especially at the lowermost part (Figure 6b). The EB has
a heterogeneous lower crust, while the WB has a more homogeneous chemical
structure (Figure 6). While both EB and WB are Precambrian cratons, the
large difference in the interpreted chemical structure likely results from their
different tectonic histories in the Phanerozoic. The WB is considered to be
stable and rigid, and retained the characteristics of a typical craton ( a ~200
km thick lithosphere) Chen et al., 2009(). In contrast, the EB is a destructed
craton with a thin lithosphere (~80 km) Wu et al., 2018(). Besides, the EB
has interlaced and nonuniform chemical layering, and a mafic lower-most crust
(Figure 6b). These compositional features are consistent with intensive mag-
matism and asthenosphere upwelling during Mesozoic-Cenozoic extension and
lithospheric thinning induced by the rollback of the Pacific Plate Gao et al.,
2004Ma & Xu, 2021Wu et al., 2018Zhu & Xu, 2019(; ; ; ). Thus, we interpret
the chemical variation and layering within the EB to be the combined result of
Mesozoic crustal thickening, removal of the dense lithospheric root, and mantle
magmatism Ju et al., 2021Zhu et al., 2012(; ).

The spatial composition distribution of the NCC indicates the deep crust com-
positions in the orogenic crust (TNCO) is the most felsic of the three units
(average 63.87 ± 1.56 and 60.28 ± 0.97 wt. % SiO2 for the middle and lower
crust; Figure 6b). The evolution of TNCO was mainly controlled by the Pa-
leoproterozoic continental collision followed by Mesozoic and Cenozoic folding,
uplift, and extensional detachment Ju et al., 2021(). In contractional orogens,
partial melting and differentiation of the continental crust can produce more
felsic upper and middle crustal compositions DeCelles et al., 2009(). Crustal
thickening during the building of collisional orogens causes eclogite-facies meta-
morphism in the lowermost crust Spencer et al., 2017(). As eclogites are denser
than underlying mantle peridotites, the lowermost mafic crust can be delami-
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nated Gao et al., 2004(). This process was suggested for the Altiplano-Puna
Plateau in the Andes Kay et al., 1994(). Similar processes can also take place
at the base of thick arcs (e.g., Sierra Nevadas) by removal of arclogites (i.e.,
eclogite-facies pyroxene-rich rocks formed in equilibrium with a melt) Ducea et
al., 2015Lee & Anderson, 2015(; ). After the removal of dense mafic material
from the lower crust, the remaining buoyant lower crust would be intermediate
in composition Hawkesworth & Kemp, 2006(). For these reasons, we interpret
that the TNCO has evolved to more intermediate compositions through intra-
crustal differentiation combined with removal of dense mafic materials at the
lowermost crust during orogenesis and extension (Zhu et al., 2012; Ju et al.,
2021).

In summary, the thin crust EB has a more felsic middle crust and a more mafic
lower crust compared to the WB. This difference may have been caused by more
intense lithospheric delamination and asthenosphere upwelling in the eastern
NCC Wu et al., 2018(). We interpret the felsic lower crust of the TNCO to be
mainly influenced by intra-crustal differentiation and removal of dense eclogitic
crust during orogenesis and later extension (Ju et al., 2021). The inferred chem-
ical structure of the NCC can serve as a reference model for comparison with
other cratons.

5 Conclusions
This paper presents a geophysical-geochemical modeling for inferring deep
crustal compositional structures from crustal observed VP. First, we compiled
172 published chemical models providing variation patterns in the continental
crust composition. Secondly, functional VP-composition relationships are es-
tablished for common P-T conditions (10-80 km, 50-1200°C) from modal crustal
compositions and their thermodynamically calculated VP. The relationships
are robust for oxides SiO2, CaO, FeOT, MgO, and K2O in the �-quartz stability
field (R2 > 0.7). We provide a MATLAB user-friendly graphical user interface
(GUI) for the whole inverting process (CalcCrustComp). With the given VP,
depth, and temperature, users can invert their deep crustal composition (major
oxides).

Using this geophysical-geochemical modeling, we recalculated the lower crustal
compositions of typical tectonic settings in Rudnick and Fountain (1995) and
inverted crustal chemical structure from a 2-D VP profile Jia et al., 2014() across
North China Craton. We found the following conclusions:

1. Our estimated compositions on the average global lower crust are mostly
consistent with Rudnick and Fountain (1995) within ± 10% difference, ex-
cept for higher K2O content in agreement with more recent studies (Huang
et al. 2013). The estimates for thin- (rifted margins, forearcs, active rifts,
and extensional settings) and thick- (Mesozoic-Cenozoic contractional oro-
gens) crust regions are more mafic than Rudnick and Fountain (1995). The
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reason for these composition differences is that we avoid the empirical as-
signments of deep crust endmember lithologies and linearly extrapolated
VP in the previous method.

2. Our recalculations suggest mafic lower crustal compositions for
subduction-related (continental arcs and forearcs) and rifting-related
settings (rifted margins, active rifts, Mesozoic-Cenozoic extension) (47.09–
53.33 ± 1.77 wt. % SiO2), and intermediate lower crustal compositions
for Precambrian shields and platforms and orogens (e.g., Paleozoic
orogens and Mesozoic-Cenozoic contractional orogens) (54.30–58.14 ±
1.04 wt. % SiO2). These observations indicate the continent has evolved
to the relatively mature compositional condition after orogenesis and
cratonization processes.

3. Compared to the WB, which represents the stable part of the NCC, the
EB has a thinner (40 vs. 30 km) crust Jia et al., 2014() with more felsic
middle crust (59.77 vs. 63.19 ± 1.56 wt. % average SiO2) and more mafic
lower crust (59.15 vs. 57.41 ± 0.97 wt. % average SiO2). Moreover, a
mafic lowermost layer (~ 3 km thick) in the EB is almost absent beneath
the WB. These features of EB agree well with compositional findings and
evolution history in previous studies. The TNCO is the most felsic in all
units (63.87 ± 1.56 and 60.28 ± 0.97 wt. % average SiO2 for the middle
and lower crust), which agrees with the evolution history of intra-crustal
differentiation combined with the removal of dense mafic materials from
the lowermost crust.

Our modeling provides an efficient way to construct crustal chemical structures
from crustal wave speed structures. Although with simplifications, the esti-
mated composition from this modeling can serve as a reference model, from
which crustal heterogeneity can be identified. Admittedly, the sources of un-
certainty in the inverted chemical composition of the crust are multifold, but
can be constrained by regional geology and geophysics. Future studies are also
needed on the influence of microfabrics on the seismic wave speed of the crust,
which are not addresses in this study.
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