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ABSTRACT

Paleoflora studies suggest that continental 
drying occurred associated with the Early 
Permian deglaciation in southern North 
America, but not in North China. Both re-
gions occupied tropical latitudes during the 
Early Permian, but they were separated by 
the Tethys Ocean. To further constrain the 
tropical paleoclimate conditions during the 
Early Permian glacial to deglacial transi-
tion, we undertook a weathering geochem-
istry study on Early Permian mudstone and 
siltstone samples from southeastern North 
China and evaluated the climate impact on 
regional weathering patterns. Whole-rock 
major- and trace-element geochemistry, 
and X-ray diffraction mineralogy data sug-
gest that sample compositions, and resultant 
calculated values of most weathering indi-
ces, are dominated by chemical weathering 
from a source akin to the average upper 
continental crust (UCC) of the adjoining 
southern North China craton. Values of the 
chemical index of alteration (CIA) and other 
well-correlated weathering indices, includ-
ing the index of sodium depletion fraction 
(τNa), indicate high chemical weathering 
intensity (e.g., CIA > 80 and τNa < –0.80) in 
the southern North China craton source 
region related to intense climate forcing. 
Based on modern surface weathering data 
from granitic landscapes, we propose that 
the dependence of land surface soil chemical 
weathering intensity on the air temperature 
can be described by a τNa-MAT (mean an-
nual temperature) transfer function, where 
humidity control is demonstrated by the 
consistently high τNa values of surface soils 
at sites with low annual precipitation rates 

(<400 mm/yr) despite temperature variation. 
By applying this modern weathering-climate 
relationship, we compare the Early  Permian 
(Asselian-Sakmarian) terrestrial climate be-
tween North China and west tropical Pan-
gea (present-day west Colorado). Using the 
southern North China craton as an average 
source composition, the average τNa value 
of ~–0.90 for the Asselian-Sakmarian sedi-
ments of North China transforms to a MAT 
of ~20 ± 2.7 °C and suggests a warm-humid 
climate. Using average UCC as an average 
source composition, the Asselian-Sakmarian 
loessites in west Colorado have an average 
τNa value ~–0.20, which  either denotes an arid 
climate or corresponds to a cold (or cold-dry) 
climate with MAT of ~4 ± 2.7 °C. If valid, this 
estimated MAT is consistent with inferred 
upland glaciation within the ancestral Rocky 
Mountains of west tropical Pangea. The τNa-
MAT transfer function provides a quantita-
tive method for deep-time paleoclimate study 
and enhances our understanding of the de-
pendence of continental chemical weathering 
on climate conditions.

INTRODUCTION

The demise of the late Paleozoic ice age 
marked the gradual collapse of high-latitude 
Gondwana ice sheets (Fielding et al., 2008; 
Isbell et al., 2012) and represents the only 
vegetated icehouse-to-greenhouse transition 
on Earth (Montañez and Poulsen, 2013). The 
transition was associated with significant envi-
ronmental, biological, and climatic changes, 
including atmospheric pCO2 increase, flora 
replacement, global warming, and continental 
aridification (Hilton and Cleal, 2007; Mon-
tañez et al., 2007; Tabor et al., 2008). Studies 
of paleosols, eolianites, evaporates, flora, and 
sedimentology from equatorial west Pangea, 

corresponding to present-day southern North 
America, have demonstrated a semiarid-arid 
climate during the Early Permian deglacia-
tion (DiMichele et al., 2009; Hilton and Cleal, 
2007; Soreghan et al., 2014b; Tabor et al., 
2008). Both high soil temperatures in north-
central Texas (Tabor, 2007) and inferred tropi-
cal upland glaciation in the ancestral Rocky 
Mountains (Soreghan et al., 2008, 2014a) have 
been argued for this interval. Loessite-paleosol 
accumulations in western United States indi-
cate weak continental chemical weathering 
(Soreghan and Soreghan, 2007; Soreghan et al., 
2014b). In contrast, widespread deposition of 
Early Permian coal-bearing strata, as well as 
the distribution of wetland plants, implies a 
warm, wet (tropical) environment in the east-
ern area of the Paleo-Tethys region, such as in 
North China (Hilton and Cleal, 2007; Tabor and 
Poulsen, 2008; Wang, 2010; Wang and Pfeffer-
korn, 2013; Zhang, 1999). To further constrain 
the climate conditions, we undertook a direct 
climate comparison study based on weather-
ing proxy data between west Pangea and North 
China tropical environments.

Sediment generation is controlled largely by 
continental weathering (e.g., McLennan, 1993), 
a process involving primary mineral decom-
position and mobile element release (Nesbitt 
et al., 1980; Wilson, 2004), and it is sensitive to 
climate and tectonic processes (Jacobson et al., 
2003; Nesbitt et al., 1997; Nesbitt and Young, 
1982; Rasmussen et al., 2011; Riebe et al., 
2001, 2004; White and Blum, 1995). Numerous 
studies have attempted to quantify the intensity 
of rock chemical weathering based on geo-
chemical compositions of resultant soils and 
derived sediments/sedimentary rocks, and these 
have resulted in the development of various 
chemical weathering indices (Fedo et al., 1995; 
Gaillardet et al., 1999; Harnois, 1988; Meunier 
et al., 2013; Nesbitt and Young, 1982; Parker, 
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1970; Riebe et al., 2004; Ruxton, 1968). In gen-
eral, intense chemical weathering corresponds 
to a warm and humid climate. This relationship 
between weathering and climate is, however, 
influenced by tectonic controls on the processes 
of source chemical weathering through physi-
cal erosion and thus the soil residence time 
(Gaillardet et al., 1999; Johnsson, 1993; Nes-
bitt and Markovics, 1997; Nesbitt and Young, 
1996; White and Blum, 1995), which in turn 
may be reflected in the sedimentary tectonic 
settings (Cawood et al., 2012). Compositions 
of sedimentary rocks for calculating chemical 
weathering index values are directly related 
to the source rock composition, sedimentary 
sorting and recycling, and postdepositional 
diagenesis (Cox et al., 1995; Fedo et al., 1995; 
Garzanti et al., 2013;  McLennan et al., 1993; 
Nesbitt et al., 1996; Nesbitt and Markovics, 
1997). Despite these factors complicating their 
applicability (Chetelat et al., 2013; Clift et al., 
2014; Garzanti et al., 2014; Xiao et al., 2010), 
weathering indices have been successfully 
used to measure source weathering intensity of 
fine-grained sedimentary rocks and thus con-
strain deep-time climatic variation (Fedo et al., 
1997a; Rieu et al., 2007; Schatz et al., 2015; 
Scheffler et al., 2003; Yan et al., 2010; Young 
et al., 2004; Young and Nesbitt, 1999). This 
study compiles multiple weathering indices to 
estimate the source chemical weathering inten-
sity of the Early Permian strata in North China. 
Mineralogical and geochemical analyses were 
combined to evaluate the potential influences 
(provenance, sedimentary recycling and sort-
ing, postdepositional diagenesis, and physical 
erosion) and determine the impact of climatic 
variables (precipitation and temperature) on 
weathering intensity. These data were then 
used to develop a proxy for climatic conditions, 
which we then used to make a direct compari-
son between the time-equivalent records from 
the ancestral Rocky Mountain region of west-
ern tropical Pangea and southern North China 
(Fig. 1). This proxy could be used as a quantita-
tive estimate of deep-time continental surface 
temperature.

SAMPLING FROM NORTH CHINA 
AND ANALYTICAL METHODS

North China occupied a near-equatorial lati-
tude during the Pennsylvanian–Early Permian 
(5°N–15°N; Embelton et al., 1996; Huang et al., 
2001; Zhu et al., 1996) and was surrounded by 
the warm waters of the Tethys Ocean to the 
west and the Panthalassic Ocean to the east 
(Fig. 1; Torsvik and Cocks, 2004). In North 
China, the Pennsylvanian–Early Permian strata 
accumulated in a stable, cratonic basin and 

disconformably overlie Cambrian–Ordovician 
carbonate rocks (Wang, 1985; Wang and Mo, 
1995). From oldest to youngest, this succes-
sion includes the Benxi, Taiyuan, Shanxi, and 
Xiashihezi Formations. Two drill-core sections 
(Zk1401 and Zk0901) were analyzed from the 
Yongcheng Coalfield of eastern Henan Province 
in southeastern North China (Figs. 2A and 2B). 
The studied cored intervals consist of the upper 
Shanxi Formation and the conformably overly-
ing Xiashihezi Formation. The cored sedimen-
tary rocks consist of black-gray mudstones, silt-
stones, and fine sandstones along with several 
coal seams (Figs. 2C and 2D). The sediments 
accumulated in a deltaic environment (Feng, 
2012). Zircon U-Pb dating of a tuff from near 
the top of the Shanxi Formation gave an age of 
293 ± 2.5 Ma (Yang et al., 2014). In combina-
tion with regional biostratigraphic data (Wang, 
1982; Wang and Zhang, 1985; Zhang, 1990), 
this age constrains the Shanxi Formation to the 
Asselian-Sakmarian and the Xiashihezi Forma-
tion to the Artinskian-Kungurian (Gradstein 
et al., 2012). This succession covers the Early 
Permian glacial-postglacial transition and cor-
relates with contemporaneous high-latitude 
Gondwana sequences, and it is an interval that 
corresponds with the global late Sakmarian–
early Artinskian enhancement in continental 
weathering (Yang et al., 2014).

Bulk-rock geochemical and mineralogical 
X-ray diffraction (XRD) data were measured on 
core samples, including 33 silt-mudstone and 
two fine sandstone samples from core Zk1401 
(Fig. 2C), and 36 silt-mudstone samples from 
core Zk0901 (Fig. 2D), which was located 
~40 km southwest of Zk1401 (Fig. 2B). After 
eliminating any surface contamination, samples 
were ground to less than 200 mesh. For elemen-
tal oxide concentration analysis, sample pow-
ders were mixed with dry lithium tetraborate 
and borate and fused to glass beads. Analyses 
were conducted on a PANalytical Axios X-ray 
fluorescence spectrometer at ALS Chemex 
(Guangzhou, China). Analytical accuracy was 
better than 5%, and uncertainty was less than 
5%. Trace-element abundances of core Zk1401 
samples were obtained on a Perkin Elmer Elan 
9000 inductively coupled plasma–mass spec-
trometer (ICP-MS) at ALS Chemex (Guang-
zhou, China). Accuracy was better than 10%, 
and uncertainty was less than 10% for the 
majority of analyzed elements. For core Zk0901 
samples, trace-element abundances were mea-
sured on an Agilent 7500a ICP-MS at the State 
Key Laboratory of Geological Process and Min-
eral Resources (GPMR), China University of 
Geosciences (Wuhan). About 50 mg aliquots 
of each sample powder were weighed into a 
Teflon bomb and then digested by HF + HNO3. 
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Analytical precision and accuracy were gen-
erally better than 5% for most trace elements. 
Mineralogical XRD studies for all samples 
were performed with a PANalytical X’Pert Pro 
model instrument using a Cu-Ni tube at 40 kV 
and 40 mA at GPMR, China University of Geo-
sciences (Wuhan). Samples were continuously 
scanned from 3° to 65° (2q) with a speed of 
25°/min using CuKa radiation and a graphite 
monochromator. The analytical software pack-
age for the XRD analysis was X’Pert HighScore 
Plus. The mass percentage of the main mineral 
phases identified was semiquantified with an 
analytical error of 5%–10%.

RESULTS

Mineralogical and Chemical Compositions

XRD mineralogical and geochemical data for 
core Zk1401 samples were compiled from Yang 
et al. (2014), and some additional trace-element 
concentrations are given here. New whole-rock 
geochemical and XRD mineralogical results for 
core Zk0901 samples are first reported in this 
study. All the mineral and chemical composi-

tion data for the samples of the two cores are 
collectively listed in Tables DR1–DR2.1 Quartz 
and clay minerals are the major detrital compo-
nents, with only very minor feldspar and calcite 
(Fig. 3). Most of the samples contain siderite, 
occurring as oolites, and five of the samples (Ps7, 
Ps20, Ps33, C14-156, and C14-157) have high 
siderite contents (15%–46%). Clay minerals 
include chlorite, illite, and kaolinite. Kao linite 
is the main clay phase (40%–80%) and is nega-
tively correlated with both illite (0%–40%) and 

A C D

B

Figure 2. (A) Generalized tectonic map of China showing the position of Henan Province. (B) Map of Henan Province showing the positions 
of sampled core sections in the Yongcheng coalfield with simplified Phanerozoic stratigraphy in the insert. Samples were collected from the 
Lower  Permian sedimentary sequences of (C) core Zk1401 and (D) core Zk0901. Zircon age data are from Yang et al. (2014).

1GSA Data Repository item 2016020, outline of compiled weathering indices and Tables DR1–DR4, is 
available at http:// www .geosociety .org /pubs /ft2016 .htm or by request to editing@ geosociety .org.

http://www.geosociety.org/pubs/ft2016.htm
mailto:editing%40geosociety.org?subject=
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chlorite (5%–35% generally, but 55%–65% for 
samples Ps36 and Ps37). Samples rich in sider-
ite or chlorite have Fe2O3T contents of 12.4%–
37.5%, with all other samples having values of 
<6%, except sample Ps8 (8.7%). Normalized to 
the average upper continental crust (UCC) com-
position of southern North China (Gao et al., 
1998), the Eu/Eu*, Ce/Ce*, and (La/Yb)N ratios 
of the analyzed samples have average values of 
0.95, 1.05, and 1.02, respectively, but each has a 
relatively wide range of values.

Weathering Index Values

Weathering indices can be used to quanti-
tatively trace weathering history based on the 
chemical composition of weathered materials 
(Reiche, 1943; Ruxton, 1968; Price and Velbel, 
2003). Various chemical weathering indices 

were compiled in this study (see supplemental 
text in Data Repositary [see footnote 1]), and 
detailed formulations for index calculations are 
listed in Table 1. These indices involve different 
elements and thus can be combined to discuss the 
potential influences on sediment compositions. 
For example, the chemical index of alteration 
(CIA; Nesbitt and Young, 1982) and elemen-
tal weathering indices aK and aAl

K ( Gaillardet 
et al., 1999; Garzanti et al., 2013) are sensi-
tive to potassium metasomatism, which has no 
effect on other indices like the chemical index of 
weathering (CIW; Harnois, 1988). The weather-
ing index of Parker (WIP; Parker, 1970) and tNa 
(sodium depletion fraction; Rasmussen et al., 
2011) are sensitive to sedimentary recycling 
and sorting-induced accumulation of quartz and 
zircon, which generally does not affect the CIA 
value (Garzanti et al., 2013). The upper crust 

of the southern North China craton (Gao et al., 
1998) is considered to be the dominant source 
for the analyzed Early Permian sediments (Yang 
et al., 2014), and its average composition was 
used for the calculation of weathering indices 
requiring source rock composition. The calcu-
lated values of compiled weathering indices for 
the analyzed silt-mudstone samples are listed 
in Table DR3 (see footnote 1). The majority of 
weathering indices, like WIP, CIW, R3+/(R3+ + 
R2+ + M+) (trivalent-cations enrichment index; 
Meunier et al., 2013), loss chemical weather-
ing proxy (LCWP; Yang et al., 2006), tNa, and 
some elemental weathering indices (e.g., aK, 
aAl

Na, and aAl
K; Gaillardet et al., 1999; Garzanti 

et al., 2013), have good correlations with CIA 
(Table 2; Fig. 4). Stratigraphic variation trends 
for seven representative indices (CIA, CIW, 
WIP, LCWP, aK, aAl

K and tNa) through the upper 
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Shanxi to Xiashihezi Formations are shown on 
Figure 3. Overall, the analyzed samples have 
high CIA (>80), CIW (>90), aK (>2), and aAl

K 
(>2) values, and low WIP (<30), LCWP (<4), 
and tNa (<–0.80) values.

Here, we pay specific attention to the sodium 
chemical depletion index (tNa). Sodium is found 
predominantly in plagioclase in granites and 
is not significantly incorporated into clays in 
most regolith. This index quantifies the net Na 
loss relative to Zr during chemical weathering 
and has been used to measure the intensity of 
modern weathering profiles (Rasmussen et al., 
2011). The tNa values of land surface soils gen-
erally covary with local or regional climatic 
conditions: mean annual precipitation rate 
(MAP) and mean annual atmospheric tempera-
ture (MAT) (Rasmussen et al., 2011). The rela-
tionship between land surface soil tNa values and 
regional MAT will be explored further by using 

an extended data set compiled in this study 
(Table DR4 [see footnote 1]). Error propagation 
for tNa can be calculated based on the analytical 
uncertainties associated with the measurements 
of Na2O (<5%) and Zr (<10%). Following the 
simple error propagation rule (Taylor, 1997) as 
used by Rasmussen et al. (2011), the calculated 
relative standard deviation for tNa would be less 
than 11%. This uncertainty does not affect our 
final tNa-based climate interpretation.

DISCUSSION: LINKING CHEMICAL 
WEATHERING WITH CLIMATE

Provenance Interpretation

For in situ weathered profiles on metamor-
phic (Price and Velbel, 2003) and magmatic 
rocks (Kamei et al., 2012), protolith heteroge-
neity influences the reliability of weathering 

indices. For sediments, their compositions are 
directly related to the provenance from which 
they were derived (Johnsson, 1993;  McLennan 
et al., 1993). A graphic provenance interpre-
tation based on an A-CN-K (Al2O3–Na2O + 
CaO*–K2O) diagram was proposed by Fedo 
et al. (1995) and has been widely applied (e.g., 
Clift et al., 2014; Rieu et al., 2007; Yang et al., 
2012a; Young and Nesbitt, 1999). On this trian-
gular diagram, those samples that have under-
gone a moderate degree of weathering (CIA < 
~86) generally display a trend (sub)parallel to 
the A-CN boundary, and after approaching the 
A-K boundary, those samples having under-
gone an advanced degree of weathering (CIA > 
~86) move toward the A apex (Fig. 5A). This 
trend mimics the natural weathering trend for 
modern moderate-advanced weathered profiles 
on igneous rocks and the predicted weathering 
trend based on thermodynamic calculations 

TABLE 1. CHEMICAL WEATHERING INDICES AND THEIR COMPUTATIONAL FORMULA

Weathering indices compiled Equation for index calculation Note* Sources
Weathering index of Parker WIP = 100 × [(2Na2O/0.35) + (MgO/0.9) + (2K2O/0.25) + (CaO*/0.7)] Molar Parker (1970)
Indices based on feldspar weathering CIA = 100 × Al2O3/(Al2O3 + CaO* + Na2O + CaO + K2O) Molar Nesbitt and Young (1982)
Chemical index of weathering, CIW CIW = 100 × Al2O3/(Al2O3 + CaO* + Na2O) Molar Harnois (1988)
Plagioclase index of alteration, PIA PIA = 100 × (Al2O3 – K2O)/(Al2O3 + CaO* + Na2O – K2O) Molar Fedo et al. (1995)
Chemical proxy of alteration, CPA CPA = 100 × (Al2O3)/(Al2O3 + Na2O) Molar Cullers (2000); Buggle et al. (2011)
Modified chemical index of alteration CIX = 100 × (Al2O3)/(Al2O3 + Na2O + K2O) Molar Garzanti et al. (2014)
Elemental weathering indices, αE and αAl

E αNa = [Sm/Na]sediment /[Sm/Na]source rock Mass Gaillardet et al. (1999)
αCa = [Ti/Ca]sediment /[Ti/Ca]source rock Mass
αMg = [Al/Mg]sediment /[Al/Mg]source rock Mass

αK = [Th/K]sediment /[Th/K]source rock Mass
αSr = [Nd/Sr]sediment /[Nb/Sr]source rock Mass
αBa = [Th/Ba]sediment /[Th/Ba]source rock Mass
αRb = [Th/Rb]sediment /[Th/Rb]source rock Mass

αAl
E = [Al/E]sediment /[Al/E]source rock Mass Garzanti et al. (2013)

Weathering 
intensity scale

Proportion of trivalent cations R3+/(R3+ + R2+ + M+) = (Fe3+ + Al3+)/[(Fe2+ + Mg2+ + Mn2+) + ( Na+ + K+ + 2×Ca2+)] Molar Meunier et al. (2013)
Si-accumulation index 4Si = Si/4; 4Si% = [Si/4]/([Si/4] + M+ + R2+);

∆4Si% = [(4Si%weathered materials – 4Si%source rock) × 100]/(100 – 4Si%source rock)
Molar

Mafic index of alteration for oxidative condition MIA-O = 100 × (Al2O3 + Fe2O3T)/(Al2O3 + Fe2O3T + MgO + CaO* + Na2O + K2O) Molar Babechuk et al. (2014)
Loss chemical weathering proxy (LCWP) LCWP = (CaO* + Na2O + MgO)/TiO2 Mass Yang et al. (2006)
Chemical weathering depletion CDF = 1 – Zrsoil /Zrprotolith

τNa = (Na/Zr)soil /(Na/Zr)protolith – 1
Mass Riebe et al. (2004)

Rasmussen et al. (2011)

*Except αE, αAl
E, LCWP, and chemical weathering depletion proxies calculated using mass contents of oxides, all other weathering indices were calculated based on 

molecular proportion. CaO* denotes the corrected CaO in silicate minerals following the method of McLennan (1993).

TABLE 2. STATISTICAL RESULTS FOR THE CORRELATIONS OF CHEMICAL INDEX OF ALTERATION (CIA) WITH OTHER WEATHERING INDICES

WI WIP CIW PIA CIX CPA LCWP τNa CDF MIA-O ∆4Si% R3+/(R3++R2++M+) αCa

r 2 0.92 0.97 0.98 0.99 0.95 0.94 0.85 0.30 0.97 0.86 0.99 0.40
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
F* P P P P P P P P L P L E
C* Nv Pv Pv Pv Pv Nv Nv Nv Pv Pv Pv Pv

WI αAl
Ca αNa αAl

Na αK αAl
K αSr αAl

Sr αMg αBa αAl
Ba αRb αAl

Rb

r 2 0.46 0.03 0.90 0.88 0.93 0.05 0.28 0.77 0.52 0.77 0.89 0.93
P <0.0001 <0.0000 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
F* E E E E E S E E E E E E
C* Pv No† Pv Pv Pv Pv Pv Pv Pv Pv Pv Pv

Note: WIP—weathering index of Parker, CIW—chemical index of weathering, PIA—plagioclase index of alteration, CIX—modified chemical index of alteration (without 
Ca), CPA—chemical proxy of alteration, LCWP—loess chemical weathering proxy, CDF—chemical weathering depletion, and MIA-O—mafic index of alteration for 
oxidative condition.

*F—regressions are P—polynomial, L—linear, E—exponential and S—single peak; C—correlations are Pv—positive and Nv—negative.
†There is no correlation between αNa and CIA.
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(Nesbitt and Young, 1984). This linear trend 
for the intermediately weathered samples can 
be extended very close to the point represent-
ing the average upper crust composition of the 
southern North China craton (Gao et al., 1998). 
Such a pattern combined with the paleogeo-

graphic analysis (Wang, 1985) is consistent 
with a southern North China–dominated prov-
enance for this sedimentary sequence (cf. Yang 
et al., 2014). Contribution from the upper crust 
of the interior North China craton (Gao et al., 
1998) is also highly possible but seems limited 

in the paleogeographic reconstruction (Wang, 
1985). This conclusion is also supported by the 
plots of the analyzed samples on the southern 
North China-4Si line in the M+-4Si-R2+ triangle 
(Meunier et al., 2013; Fig. 5B), on the south-
ern North China-AF line in the AF-CNK-M 

A
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E F

D

B

Figure 4. Correlation diagrams of chemical index of alteration (CIA) with other weathering indices, including, 
weathering index of Parker (WIP), chemical index of weathering (CIW), R3+/(R3+ + R2+ + M+), τNa, αK and αAl

K, for 
studied samples and inferred average source composition, the upper crust of southern North China (SNC; Gao 
et al., 1998). Statistical results (r 2 and P value) and regression lines are shown. In CIA-τNa plot (D), the average 
loessites of Maroon Formation in west Pangea (Soreghan et al., 2014b), average loess L1–5 of Chinese Loess Pla-
teau (Ding et al., 2001), average upper continental crust (UCC; Taylor and McLennan, 1985), and average upper 
crust of interior North China craton (INC; Gao et al., 1998) are also shown. For the average loessites of Maroon 
Formation in west Pangea (Soreghan et al., 2014b), the τNa value was calculated based on three UCC composition 
models proposed by Taylor and McLennan (1985), Condie (1993), and Rudnick and Gao (2003), marked by filled 
square, blank square, and blank triangle, respectively.
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(Al2O3 + Fe2O3T–CaO* + Na2O + K2O–MgO) 
ternary diagram proposed by Babechuk et al. 
(2014; Fig. 5C), and along the chemical weath-
ering trend of southern North China on the R3+/
(R3+ + R2+ + M+)-D4Si% diagram (Meunier 
et al., 2013; Fig. 5D). These plots indicate a 
general weathering trend for a source region 
with average upper crust composition of the 
southern North China craton. Though the Zr/Ti 
and Al2O3/TiO2 ratios often used as provenance 
indicators are different from sample to sample, 
and are comparable or higher in samples than 
in southern North China, the samples have aver-
age southern North China normalized Eu/Eu*, 

Ce/Ce*, and (La/Yb)N ratios close to 1. Con-
sistent with this provenance interpretation, the 
calculated southern North China source rock–
based weathering indices like D4Si%, aAl

E, and 
tNa have strong correlations with CIA, the values 
of which are not based on source composition 
(Table 2; Fig. 4).

Evaluating Sedimentary Recycling 
and Sorting

As a result of sedimentary recycling, the min-
eralogical and chemical compositions of depos-
its may reflect the combined effects of syndepo-

sitional weathering regimes as well as the effects 
of previous weathering and diagenetic histories 
(Cox et al., 1995; Gaillardet et al., 1999; Gar-
zanti et al., 2013). In North China, late Paleo-
zoic coal-bearing sequences disconformably 
overlie Cambrian–Ordovician marine carbon-
ates (Wang, 1985), and thus it is unlikely that 
the underlying strata provide a significant source 
of recycled siliciclastic materials for the late 
Paleozoic basin. Furthermore, the studied Lower 
Permian sedimentary rocks and their dominant 
southern North China source display a well-
defined polynomial CIA-WIP relationship (Fig. 
4A). This is consistent with derivation of first-

A
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D

Figure 5. Plots of (A) A-CN-K, (B) M+-4Si-R2+, (C) AF-CNK-M, and (D) R3+/(R3+ + R2+ + M+)-Δ4Si% for sedimen-
tary rock samples from cores Zk1401 and Zk0901 showing chemical weathering trend of the average upper crust 
of southern North China craton (SNC; Gao et al., 1998) and possible diagenetic influences. Also shown are aver-
age upper continental crust (UCC; Taylor and McLennan, 1985) and average upper crust of interior North China 
craton (INC; Gao et al., 1998) on A-CN-K diagram for comparison. Abbreviations: A—Al2O3, CN—CaO* + 
Na2O, CNK—CaO* + Na2O + K2O, K—K2O, AF—Al2O3 + FeO3(T), M—MgO, CIA—chemical index of alteration. 
MIA-O—mafic index of alteration for oxidative condition.  Sample symbols are the same as in Figure 4.
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cycled muddy sediments from metamorphic and 
plutonic basement rocks (Garzanti et al., 2013, 
2014). Polycyclic reworking processes tend to 
accumulate stable minerals like quartz and zir-
con (McLennan et al., 1993) in the sediments, 
diluting other components. With increasing sedi-
mentary recycling, the WIP value will decrease 
linearly, but CIA and other indices (e.g., aAl

E) 
are largely immune to this process (Garzanti 
et al., 2013, 2014). Although resolving recy-
cling becomes harder as weathering intensity 
increases (Garzanti et al., 2013, 2014), good 
correlation of CIA with WIP combined with the 
regional stratigraphic framework suggests that 
recycling is not significant for the Early  Permian 
sedimentary system in southern North China.

The Al/Si ratio, used as a proxy of grain 
size and indicator of hydraulic sorting (Bou-
chez et al., 2011), varies from ~0.3 to 1.0. 
For the analyzed core Zk1401 samples, Al/Si 
and quartz/clay ratios have a negative correla-
tion (r 2 = 0.78; Fig. 6A). This correlation sug-
gests the ratio provides insight into the impact 
of sedimentary sorting processes on chemical 
and mineral compositions of the samples, with 
enrichment of minerals like quartz and zircon 
in coarse sediments and enrichment of clays in 
finer sediments (Cullers et al., 1988; Garzanti 
et al., 2013; McLennan et al., 1993; Morey and 
Setterholm, 1997; Nesbitt et al., 1996; Singh and 
Rajamani, 2001; Yang et al., 2012a). However, 
rather than an expected sorting-responsible pos-

itive correlation between Al/Si and K/Si ratios 
(Lupker et al., 2013), the two ratios have a nega-
tive correlation for core Zk1401 samples (r 2 = 
0.59) and show no correlation for core Zk0901 
samples (data for Al/Si vs. K/Si plots not shown 
here). Meanwhile, WIP and the quartz/clay 
mineral ratio show a positive correlation for 
core Zk1401 samples (r 2 = 0.54) and have no 
covarying relationship for core Zk0901 samples 
(Fig. 6B). This result is strongly at odds with 
the sorting effect in which quartz enrichment 
tends to dilute the alkali-alkaline earth element 
contents and thus decrease the WIP value (e.g., 
Garzanti et al., 2013). Even for the weathering 
indices based on sorting-sensitive elements Zr 
and Ti, such as LCWP and tNa, the correlations 
with Al/Si and quartz/clay mineral ratios are not 
obvious for the studied samples (Figs. 6C–6D). 
It is thus unlikely that sedimentary sorting pro-
cess dominated during the formation of these 
Early Permian sediments.

Postdepositional Diagenetic Alteration

Diagenesis forms authigenic illite, chlorite, 
and carbonate minerals during the conversion 
of mud sediments into mudstone (Fedo et al., 
1997b; Awwiller, 1993; Land et al., 1997; Bloch 
et al., 1998), and changes the chemical compo-
sition of sedimentary products and resultant cal-
culated weathering index values. XRD detected 
all three of these authigenic minerals in the 

Early Permian samples. Illitization, through the 
addition of K into mudstones (Awwiller, 1993; 
Bloch et al., 1998), decreases apparent CIA 
values (Fedo et al., 1995). On the A-CN-K dia-
gram, some of our samples plot on a line parallel 
to the A-CN boundary, mimicking the predicted 
weathering trend of the southern North China 
source (Fig. 5A). This plot indicates little to no 
K-metasomatism, which would lead to muddy 
samples plotting off this trend and toward the 
K apex (Fedo et al., 1995; see Fig. 5A). Though 
CIA values of our samples are generally high, 
and the samples falling on such a line are few, 
the strong correlation of CIA with CIW, CPA, 
LCWP, and tNa, which are indices that are 
insensitive to K-metasomatism (Tables 1 and 2; 
Figs. 4B and 4D), does not support significant 
influences of illitization. Chlorite accounts for 
5%–35% of the clay minerals for all samples 
except samples Ps36 and Ps37, where more than 
half of the clays are chlorite, and the kaolinite 
contents are much lower than in other analyzed 
mudstones. Of carbonate minerals, calcite con-
tent is always low, and siderite content can be 
relatively high in some samples (Ps7, Ps20, 
Ps33, C14-156 and C14-157). Samples with rel-
atively high siderite or chlorite contents slightly 
deviate from the predicted weathering trend for 
the source southern North China (Fig. 5). Such 
plots suggest evident diagenetic superimposi-
tion on the source chemical weathering signals. 
Enrichment of these samples in Fe results from 
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Figure 6. Plots of quartz/clay 
mineral ratio vs. (A) Al/Si  ratio, 
(B) WIP (weathering  index 
of Parker), (C) LCWP (loess 
chemical weathering proxy), and 
(D) τNa showing no significant 
sedimentary sorting effect on 
sample compositions. Regres-
sion line for Zk1401 samples 
is also shown in A and B. In B, 
four samples (shaded areas) 
are not included in correlation 
analysis. Sample symbols are 
the same as in Figure 4. SNC—
southern North China.
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the mobilization and subsequent fixation of diva-
lent iron in a reduced postdepositional environ-
ment. Siderite likely formed during early stages 
of diagenesis with CO2–- and Fe2+-enriched pore 
waters (Bojanowski and Clarkson, 2012), and 
chlorite formed during later deep burial diagen-
esis (Boles and Franks, 1979; Land et al., 1997). 
Thus, diagenesis increases the values of MIA-O 
(mafic index of alteration for oxidative condi-
tion) and R3+/(R3+ + R2+ + M+), which measure 
the relative enrichment of Fe and Al in weath-
ered materials, but decreases the WIP value for 
the authigenic Fe minerals’ dilution.

Climatic Control on Source Chemical 
Weathering Intensity

By excluding possible influences from prov-
enance, sedimentary recycling and sorting, 
and postdepositional diagenesis, the observed 
elemental and mineralogical compositions 
can be used to monitor the chemical weather-
ing intensity in the source region. The simplest 
interpretation of the strong correlations between 
the weathering indices, following Schatz et al. 
(2015), is that these indices are equally well 
suited to tracing the source chemical weather-
ing intensity for the studied Early Permian sedi-
mentary rocks. Thus, a conclusion that can be 
drawn from the calculated weathering index val-
ues (e.g., CIA > 80 and tNa < –0.80) is that the 
chemical weathering intensity of the southern 
North China source was relatively high. Such 
high source chemical weathering intensity could 
result from either favorable climate conditions 
(high temperature and humidity) or ineffective 
physical erosion. Physical erosion converts in 
situ weathered soils to detritus, which is trans-
ported and deposited as sediments (e.g., Nesbitt 
et al., 1997), and which in turn is related to tec-
tonics and landscape topography (Dixon et al., 
2012; Jacobson et al., 2003; Nesbitt et al., 1997; 
Riebe et al., 2004; West et al., 2005).

To further understand the dynamic controls 
of physical erosion and climatic conditions on 
continental surface weathering intensity, we 
compiled modern data from regoliths developed 
on granitic terrains (Burke et al., 2007, 2009; 
Dixon et al., 2012; Khomo, 2008; Rasmussen 
et al., 2011; Riebe et al., 2004; White et al., 
2001). This data set is from 56 weathering sites 
distributed in low-middle latitudes (~15°N/S–
42°N/S; Fig. 7A) with MAT of –0.4 to 25 °C 
and MAP of 220–4200 mm/yr. The physical 
erosion rates for these regolith sites have been 
constrained by cosmogenic radionuclides and 
range from <2 to 252 m/m.y., covering all the 
estimated global average physical erosion rates 
(~10–60 m/m.y.) for the Phanerozoic (Wilkin-
son, 2005). Available Na and Zr contents of 

regolith soils and corresponding bedrock were 
compiled from literature and used to calculate 
the average tNa value of soils as a measure of the 
land surface weathering intensity (Table DR4 
[see footnote 1]). Based on this data set, we 
observed a strong linear correlation (r 2 = 0.84) 

between average land surface soil tNa and MAT 
for sites with physical erosion rate <100 m/m.y. 
and MAP >400 mm/yr (except four sites; Fig. 
7B). In comparison, seven sites with high physi-
cal erosion rate (>100 m/m.y.; sites JT-1, JT-4, 
and JT-5 in Jalisco Highland and sites RT-1 and 

A

B

Figure 7. (A) Distribution of compiled modern granitic landscape soil sites on global map. 
Several locations include multiple samples over an elevation gradient. In these cases, the 
number of samples is indicated. A full description of sites can be found in the supplementary 
data in Table DR4 (see footnote 1). (B) Plot of modern surface chemical weathering data 
from these granitic landscapes documenting controls of physical erosion rate (E), mean an-
nual temperature (MAT), and mean annual precipitation (MAP) on land surface soil weath-
ering intensity indexed by τNa. A linear relationship between surface soil τNa and MAT was 
observed for sites with E < 100 m/m.y. and MAP > 400 mm/yr and developed into a τNa-MAT 
transfer function. One site with very low physical erosion rate (<2 m/m.y.) and three sites 
with high MAP (~4000 mm/yr) but cool temperatures (~8 °C) were not included. Average τNa 
values of the Asselian-Sakmarian sediments of the Shanxi Formation in North China and 
Maroon Formation (using upper continental crust [UCC] composition model of Taylor and 
 McLennan, 1985) in west Colorado of west tropical Pangea are shown for comparison. Also 
shown is the τNa value of the average loess L1–5 in the Chinese Loess Plateau. The standard 
error (S.E.) was calculated as: S.E. = Σσ2/n, where Σσ2 is the sum of squares of deviation of 
measured MAT from the linear model–based MAT, and n is the number of the weathering 
sites used for this linear model.
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RT-2 in Jalisco Lowland, Mexico, and site FR-5 
from Fall River and site A4 in Fort Sage, Sierra 
Nevada, California) and one site (Davis Run, 
northern Virginia, where Zr was unavailable 
and so Ti was used for tNa calculation; White 
et al., 2001) with a very low physical erosion 
rate (<2 m/m.y.; Rasmussen et al., 2011) display 
relatively higher and lower land surface soil tNa 
values (Fig. 7B), respectively. This discrepancy 
demonstrates the control of physical erosion 
and thus tectonic activity on land surface chemi-
cal weathering intensity (Dixon et al., 2012). 
Similarly, relatively higher tNa values (>–0.30) 
are noted for land surface soils at eight sites 
(site SR-10 in Santa Rosa Mountains, Nevada, 
sites CE-3 and JC-1 in Sonora Desert, Mex-
ico, sites A1, A2, and A3 in Fort Sage, north-
ern Sierra Nevada, site NP-1 in Nichols Peak, 
southern Sierra Nevada, and site W1 in western 
Sierra Nevada range of California) with MAP 
<400 mm/yr, despite a large variation of MAT, 
and lower tNa values (<–0.70) are observed 
for three sites with high MAP of 4000 mm/yr 
(MT-3, MT-4 and MT-5 in McNabb Track, New 
Zealand), but not high MAT (~8 °C; Fig. 7). 
These observations suggest a threshold control 
of water availability on chemical weathering 
(Rasmussen et al., 2011). There is one site with 
physical erosion rate >100 m/m.y. that appar-
ently fits into the linear model (site FR-2 from 
Fall River, northern Sierra Nevada). One expla-
nation might be the overestimate of physical 
erosion rate or underestimate of Na/Zr ratios in 
the soils. Alternatively, this fit may suggest that 
our linear model could be applied to some sites 
with high physical erosion rates.

For the analyzed sedimentary rocks, the 
physical erosion rate is unlikely to be very low 
because: (1) the southern margin of the North 
China craton experienced significant Ordovi-
cian–Silurian orogenesis and tectonic uplift 
(Gao et al., 1998; Wang and Mo, 1995; Yang 
et al., 2012b); and (2) the early Paleozoic arc-
related magmatic rocks and uplifted continental 
crystalline basement provided a predominantly 
sedimentary source for the Pennsylvanian–
Early Permian sequences (Wang, 1985; Wang 
et al., 2010). We assume the average physical 
erosion rate in the southern North China source 
region would be comparable to, or higher than, 
the global average value, which has been esti-
mated at ~10–30 m/m.y. for the Pennsylvanian–
Early Permian (Wilkinson, 2005). Accepting 
this inferred physical erosion rate and the indi-
cation of weathering index values (e.g., CIA 
and tNa) for source land chemical weathering 
intensity, the high southern North China source 
chemical weathering intensity appears to result 
from climate forcing related to high temperature 
and humidity.

Application of the τNa-MAT Transfer 
Function to the Asselian-Sakmarian 
Climate in Southern North China 
and Southern North America

Based on a linear model for 36 data sites of 
land surface soil tNa and MAT, an empirical 
tNa-MAT transfer function with standard error 
of 2.7 °C is proposed in Figure 7. The equa-
tion is expressed as: MAT = –24.2 × tNa – 0.9 
(r 2 = 0.84, P < 0.0001). Although this transfer 
function describes the dependence of land sur-
face chemical weathering intensity on air tem-
perature, it might be applicable to sediments 
derived from the surface soils on a wider scale. 
For example, fine-grained sediments from a 
river mouth with regional- or continental-scale 
drainage and loess deposits with an extensive 
derivation provide a first-order representation of 
surface weathered materials of the upper crust 
(e.g., Taylor and McLennan, 1985). Therefore, 
these sediments could provide clues for measur-
ing the average chemical weathering intensity of 
the surface soils in the source region and thus 
archive an approximate regional- or continental-
scale (depending on the source region) climate 
record. Using average upper crust of the interior 
North China craton (Gao et al., 1998) as an aver-
age source composition for the loess deposits of 
the Chinese Loess Plateau, a tNa of ~–0.40 was 
calculated for the average composition of loess 
L1–5 from six sections based on the chemical 
data reported by Ding et al. (2001). Such a tNa 
value is consistent with their average CIA value 
of ~61 (Fig. 4D), suggesting the rationality of 
using the interior North China craton as the 
average source composition and no significant 
sorting differentiation between the average Na 
and Zr concentrations in loess L1–5 (sedimen-
tary sorting has limited effect on the average 
Na/Zr ratio). Accepting this tNa value, the cor-
responding MAT during loess deposition would 
be ~8.8 ± 2.7 °C. This MAT estimate is similar 
to that of ~8.6 °C based on a magnetic suscepti-
bility–MAT transfer function (Han et al., 1996), 
using average magnetic susceptibility of ~70 × 
10–8 SI (Ding et al., 1999). On this basis, we 
apply the tNa-MAT transfer function to the sedi-
mentary rocks of the Shanxi Formation in North 
China and to the Maroon Formation in western 
Colorado of southern North America, which 
was deposited in western Pangea (Fig. 1), and 
we undertake a climate comparison between 
these two regions. The latter is characterized by 
loessite-paleosol sequences and contains acicu-
lar zircons dated at 293.1 ± 3.2 Ma, which has 
been interpreted as indicating the stratigraphic 
age of the unit (Soreghan et al., 2014b). Thus, 
both the Shanxi and Maroon Formations are of 
Asselian-Sakmarian age, when the atmospheric 

CO2 concentration was estimated to be similar 
to present-day levels (Montañez et al., 2007).

The Shanxi muddy sediments from North 
China have low tNa values with averages of 
–0.88 and –0.89 for cores Zk1401 and Zk0901, 
respectively, correlating well with high CIA val-
ues (Fig. 4D). The presence of multiple thick 
coal beds and wetland paleoflora (Wang, 2010; 
Zhang, 1999) suggest a humid climate, con-
sistent with modeled MAP around 1000–2500 
mm/yr for this tropical region at CO2 levels 
comparable to present-day values (355 ppmv; 
Poulsen et al., 2007). Therefore water availabil-
ity was not limiting the land surface chemical 
weathering in North China during this period. 
According to the tNa-MAT transfer function, 
the MAT is estimated at ~20 ± 2.7 °C (Fig. 7). 
This land MAT estimate is comparable with or 
slightly higher than tropical annual surface tem-
peratures modeled on the basis of low CO2 level 
with different ice-sheet volumes by Poulsen 
et al. (2007), but it is lower than the calculated 
epeiric sea-surface temperatures (>24 °C assum-
ing d18Oseawater from 0‰ to +1‰) of the Tethys 
Ocean determined from d18O data on shell mate-
rials (Chen et al., 2013; Angiolini et al., 2009). 
In addition, this temperature is obviously lower 
than the estimated earliest Permian soil tem-
peratures (~35–37 ± 3 °C), but it overlaps with 
those of the late Pennsylvanian (24 ± 3 °C) from 
north-central Texas of southern North America 
(Tabor, 2007). The temperature similarity is 
consistent with the close affinity between the 
Early Permian paleofloral community colonized 
in North China and that of the late Pennsylva-
nian in west tropical Pangea, where the wetland 
floras had largely diminished by the earliest 
Permian (Hilton and Cleal, 2007).

For the loessites of the Maroon Formation 
in west Colorado (southern North America), 
their average geochemical composition was 
compiled from Soreghan et al. (2014b), and 
average UCC was used as the average source 
composition. Using the three oft-cited UCC 
model compositions proposed by Taylor and 
 McLennan (1985), Condie (1993), and Rudnick 
and Gao (2003), the calculated average tNa value 
is ~–0.19, ~–0.24, and ~–0.02, respectively. The 
third tNa value indicates very small net Na loss 
in the loessites relative to their protolith and 
thus nearly no plagioclase chemical weathering. 
This is considered unrealistic for these loessites 
deposited in a tropical region. The former two 
tNa values are not distinguishable considering 
the analytical errors and uncertainties with the 
UCC composition models. They are consistent 
with a low CIA value (~55; Soreghan et al., 
2014b; Fig. 4D), suggesting a relatively low 
degree of chemical weathering for the source 
land surface. These tNa values are similar to that 
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of the modern land surface soils in sites with 
low precipitation (Fig. 7) and thus indicate a 
much more arid climate, as also evidenced by 
paleosol and paleoflora studies in the tropics of 
western Pangea (DiMichele et al., 2009; Hilton 
and Cleal, 2007; Tabor et al., 2008). Alterna-
tively, such low chemical weathering intensity 
might denote low air temperatures at ~4 ± 2.7 °C 
(using tNa value of –0.19; Fig. 7), suggesting a 
cold or cold-dry climate. Such cooler tempera-
ture would favor glacial ice accumulation on 
uplands of low-elevation (<1000 m) assuming 
an adiabatic lapse rate of ~6.5 °C/km (Soreghan 
et al., 2008). If our assumption is valid—that 
the sediment compositions of the Shanxi and 
Maroon Formations reflect the chemical weath-
ering intensity in their source regions—the trop-
ical climate would be warm-humid in southern 
North China and cold or cold-dry in southern 
North America.

SUMMARY

Chemical weathering indices provide cli-
mate proxy data for the Early Permian strata 
(upper Shanxi and Xiashihezi Formations) 
in the southern North China craton. Elemen-
tal concentrations and calculated weathering 
index values suggest that these sediments were 
derived from a common source with an average 
composition akin to the average upper crust of 
southern North China craton. Analyzed mud-
stone and siltstone samples from two drill cores 
lack mineral and chemical features indicative of 
significant influences from sedimentary recy-
cling and sorting. Though authigenic siderite 
and chlorite contents are high in some samples, 
the effect of diagenesis is minimal, as the major-
ity of samples follow the trend of the southern 
North China source in weathering plots. Includ-
ing all the data from the two cores, as well as 
the potential average source composition repre-
sented by southern North China, good correla-
tions of CIA with most other weathering indices 
(e.g., CIW, WIP, D4Si%, R3+/[R3+ + R2+ + M+], 
MIA-O, LCWP, and tNa) were observed and 
interpreted as recording the weathering inten-
sity in the source region. The values of these 
well-correlated weathering indices consistently 
suggest high source chemical weathering inten-
sity. In terms of the geological evolution of the 
southern North China source region, high chem-
ical weathering intensity likely reflects intense 
climatic forcing rather than very low physical 
erosion rates.

Based on modern soil weathering data from 
worldwide granitic landscapes with low to 
moderate physical erosion rate, the surface soil 
weathering intensity measured by the depletion 
of Na relative to immobile Zr (index of sodium 

depletion fraction, tNa) is dominantly controlled 
by climate conditions. A linear correlation of 
surface soil tNa with MAT is demonstrated for 
sites where MAP is more than 400 mm/yr. 
According to this relationship, a tNa-MAT trans-
fer function was defined and applied to the del-
taic fine sediments and loess, which provide a 
first-order representation of surface soils of a 
large continental region. Applying this trans-
fer function to the Asselian-Sakmarian muddy 
samples in North China generated a MAT of 
~20 ± 2.7 °C, which, when integrated with wet-
land paleoflora and coal-bearing strata, suggests 
an overall warm-humid climate in North China 
during this period. In contrast, the tNa values for 
the loessites of the Asselian-Sakmarian Maroon 
Formation in west tropical Pangea (present-day 
Colorado) indicate a low chemical weather-
ing intensity that might be attributed to limited 
humidity and/or a much colder climate (~4 ± 
2.7 °C), consistent with previously inferred 
upland glaciation. This weathering index–based 
climate proxy provides a method to quantita-
tively estimate the paleotemperature from sedi-
mentary records.
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