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A B S T R A C T   

Exposure of buried source rocks at or near the surface causes organic matter (OM) to be subjected to loss through 
weathering impacts. A detailed organic and inorganic investigation of the natural weathering of the Triassic 
Chang 7 Yishicun Profile in Tongchuan City of the Ordos Basin revealed pronounced changes in bulk, molecular, 
mineral, and elemental compositions. In this study, systematic and visible variations caused by natural weath-
ering were shown in the amount and composition of both organic (kerogen and extractable organic matter 
[EOM]) and inorganic matter (minerals and elements). The results indicate that natural weathering could sub-
stantially affect the characteristics of source rocks at a depth of 2 m from the surface, resulting in a 41% decrease 
in total organic carbon (TOC) and a 75% loss of EOM. Furthermore, changes were noted in kerogen elemental 
compositions, fractional compositions of EOM, and some geochemical parameters from Rock-Eval pyrolysis. The 
mineral and major, trace, and rare earth element (REE) compositions of the outcrop samples were also analysed 
and compared. The weathering of source rocks was mainly due to the influence of surface water leaching and 
biodegradation of the OM. This resulted in the oxidation of kerogen and the preferential depletion of low-carbon- 
number n-alkanes and low-molecular-weight high-water-solubility biomarkers. This has led to bias in petroleum 
geochemical interpretation based on these organic geochemical parameters. The major elemental composition 
indicated that the outcrop profile was moderately weathered. Moreover, some commonly used palae-
oenvironmental geochemical proxies, including U/Th, AU, Mo, Sr/Ba, Sr/Cu, and P/Ti, display varying degrees 
of weathering-related alteration. However, other palaeoenvironmental proxies such as V/(V + Ni), Ni/Co, V/Cr, 
δU, and Ceanom experienced little variation and remained reliable for environmental interpretation. Thus, pe-
troleum resource evaluation and sedimentary environmental analysis of source rocks based on outcrop samples 
should consider the effects of natural weathering.   

1. Introduction 

In earth sciences, weathering is the process by which rocks or min-
erals at or near the surface of the earth are affected by the atmosphere, 

water, and organisms, resulting in various physical, chemical, and 
biochemical changes (Petsch et al., 2000, 2001, 2005; Cockell et al., 
2011). Weathering of organic matter (OM) plays an important role in the 
geochemical carbon cycle. The oxidation of OM rocks during weathering 
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provides important controls on the O2 and CO2 concentrations in the 
Earth’s atmosphere over geologic time (Petsch et al., 2000; Frings and 
Buss, 2019). Exposure of buried source rocks at or near the surface 
because of tectonic uplift causes OM in them to be subjected to loss 
through surface-water dissolution, erosion, oxidation, and biological 
assimilation. In the early stages of hydrocarbon exploration and devel-
opment, drilling and coring of source rocks were limited, and many 
exploration surveys were based on outcrop samples. Currently, China’s 
oil and gas exploration has developed toward deep and ultra-deep strata 
(Dai et al., 2018; Li et al., 2021), and the cost of drilling and coring at 
greater depths is high. Rock chip sampling is affected by drilling-fluid 
contamination (Carvajal-Ortiz and Gentzis, 2015). Therefore, research 
on the changes in geochemical characteristics of source rocks during 
weathering is of crucial theoretical and practical significance for the 
elucidation of the weathering process in source rocks, exploration of 
effective evaluation indicators based on outcrop samples, and prediction 
of the hydrocarbon potential of source rocks in the basin using outcrop 
data (Littke et al., 1991; Marynowski et al., 2011a; Marynowski et al., 
2011b; Tang et al., 2018). 

Previous studies have primarily considered the loss of organic car-
bon, general variation in the composition of kerogen (Leythaeuser, 
1973; Petsch et al., 2001) and variations in the molecular composition of 
extractable OM (EOM) (Clayton and King, 1987; Littke et al., 1991; 
Petsch et al., 2000; Marynowski et al., 2011a, 2011b; Tamamura et al., 
2015). These changes are revealed as substantial losses in the amount of 
OM, selective leaching of kerogen macromolecules, and variations in the 
concentration and distribution of EOM due to oxidation. Many studies 
have shown that the interpretation of biomarkers as palae-
oenvironmental indicators, OM source indicators, and thermal evolu-
tionary stages can be substantially influenced by weathering processes 
(Clayton and King, 1987; Petsch et al., 2000; Marynowski et al., 2011a, 
2011b). However, although these variations are visible in most weath-
ering profiles reported in previous studies, weathering-induced alter-
ations can vary from one weathering profile to another due to the 
different degree of weathering, which is determined by a combination of 
many factors. They can be attributed to intrinsic factors such as mineral 
composition, porosity, and permeability of the source rock; type and 
maturity of OM (Spears and Taylor, 1972; Leythaeuser, 1973; Clayton 
and Swetland, 1978; Tao et al., 2016) and extrinsic factors such as 
climate, exposure time, and microbial activity (Petsch et al., 2005; 
Fischer et al., 2009; Marynowski et al., 2011a; Tao et al., 2016; Frings 
and Buss, 2019). 

The variation in the composition of major and trace elements 
(including rare earth elements [REEs]) in shale caused by weathering 
has been relatively poorly reported. Peucker-Ehrenbrink and Hannigan 
(2000) discussed the mobility of rhenium and platinum group elements 
during weathering of organic-rich deposits, and Kolowith and Berner 
(2002) studied the effect of weathering on phosphorus concentrations. 
Ma et al. (2011) and Jin et al. (2017) have discussed the mobility and 
fractionation of REEs during shale weathering. Marynowski et al. (2017) 
and Tang et al. (2018) reported element concentrations and palae-
oenvironmental proxies of black shales during weathering. Neverthe-
less, the behaviour of many other elements remains poorly understood. 
Thus, interpretations of palaeoenvironmental conditions based on con-
ventional elemental indicators may be influenced by weathering. 

This study was novel in its approach to avoid strong vertical in-
homogeneities in shale composition and its focus on progressive changes 
in rock composition because of weathering. To avoid strong vertical 
inhomogeneities in the mineral and elemental composition of the shale 
(Fathi and Akkutlu, 2009; Fan et al., 2012; Chen et al., 2015), samples 
were collected along a single horizontal stratum from Triassic Yanchang 
Formation source rocks in the Yishicun Profile of the Ordos Basin. We 
focused on progressive changes in the mineralogical composition and 
bulk and molecular compositions of sedimentary OM. In addition, we 
documented the variations in major and trace element abundances, with 
special attention to the disturbance of key palaeoenvironmental proxies. 

Finally, petrogeochemical interpretations and palaeoenvironment 
determination based on these organic and inorganic geochemical evi-
dence during weathering are discussed and valid geochemical indicators 
are identified. 

2. Geological setting 

The Ordos Basin, located in the western part of the North China 
Craton, is a large Mesozoic inland depressional lake basin superimposed 
on the early and late Palaeozoic North China Craton Basin (Fig. 1A). It 
covers an area of 25 × 104 km2 and is a large superimposed sedimentary 
basin that experienced stable subsidence in the early stages and migra-
tion of the depressional centre in the later stages, forming a large 
depression lacustrine deposit in the Late Triassic Yanchang Formation. 
According to sedimentary cycles and lithological associations, the Yan-
chang Formation (T3y) is divided into 10 subunits, ranging from 1 to 10 
from top to bottom (Fig. 1B; Li et al., 2016). 

The Yishicun Profile is in Tongchuan city within the Weibei uplift 
tectonic unit (Fig. 1C). Because of tectonic extrusion and uplift in the 
Yanshan–Himalayan orogenic period, the Yanchang Formation in this 
area is widely exposed at the surface (Song et al., 2019). In this study, 
samples were collected from the Yishicun Profile (a recently exposed 
roadcut), which is located 5 km southwest of Yaoqu Town. The Chang 73 
and Chang 72 subsections are exposed in this profile, and the occurrence 
of black oil shale is nearly horizontal. The lithology of this profile is 
composed of oil shale and mudstone with thin tuff intercalations 
(Fig. 1C). 

According to the climate data from the study area over the last three 
decades, the Tongchuan city is well-lit with 2250.7–2387.7 h of mean 
annual sunshine duration. The temperature varies widely from day to 
night with an annual average temperature of 9.7–12.7 ◦C. The Yishicun 
Profile is in the mountainous area, which has sufficient precipitation 
with an average annual precipitation of ~700 mm. There are numerous 
waterfalls and streams throughout the mountains, which are steep with 
an altitude of 1500 m. Additionally, the flora and trees in the area grow 
densely because of a warm and humid climate, and the surface erosion is 
quite severe. 

3. Samples and methods 

3.1. Samples 

Ten samples (black oil shale) of approximately 500 g each were 
obtained from the Yishicun Profile along the roadcut (Fig. 1A). Sample 
locations (black dots) were spaced at intervals of 0.5–1 m along a single 
stratigraphic horizon. The samples were collected by drilling horizon-
tally into the outcrop along this single exposed layer to avoid interlayer 
heterogeneity in lithology and OM content (Fig. 1C). The shale samples 
were obtained at 20–30 cm into the face of the outcrop rather than 
directly from the exposed surface layer to ensure that the degree of 
surface weathering of the collected samples was consistent. Fresh rock 
samples were collected and stored in plastic bags to ensure minimal 
contamination pending experimental analysis. To analyse the degree of 
weathering of the samples intuitively and conveniently, their positions 
were directly converted into the vertical distance below the soil/vege-
tation layer (Fig. 1C, red line) to the sampling horizon (blue line), 
depicted by the lengths of the yellow lines in Fig. 1C. The suite of 
samples could be divided into three stages according to the horizontal 
distance from the samples to the surface soil/vegetation cover. The 
weathering of samples generally increased from Stage I to Stage III, as 
evidenced by a colour change from black to brown and an increase in 
rock fissility and friability. Table 1 shows the sample numbers and 
depths of the source rock samples. 
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3.2. Methods 

All outcrop samples were crushed to approximately 100 mesh and 
then dried in an oven for 10 h at 60 ◦C (176 ◦F) before geochemical 
analyses. The partially powdered samples were used for mineral 
composition analysis using an X-ray diffractometer (Olympus Innova-X 
BTX-II). The diffractometer was equipped with a Co X-ray tube oper-
ating at 31 kV and 0.4 mA. The exposure time was 70 min, and the 
exposure rate was three times per minute (Zheng et al., 2018). The 
relative mineral percentages were estimated semi-quantitatively using 
the area under the curve for the major peaks of each mineral, which was 
implemented using the relevant software (XPowder, Ver. 2010). 

After approximately 200 mesh powdered samples were digested with 
perchloric acid, nitric acid, hydrofluoric acid, and hydrochloric acid, the 
volume was fixed with dilute hydrochloric acid. Inductively coupled 
plasma emission spectroscopy (Agilent 5110) was used to measure the 
trace elements and inductively coupled plasma mass spectrometry 
(Agilent 7900) was employed to measure the REEs and major elements. 

TOC analysis of all samples was performed using a LECO CS230 
carbon‑sulfur analyser. Inorganic carbon in the samples was removed 
using dilute hydrochloric acid (5% HCl). These samples were burned in 
an oxygen-rich carrier gas at 900 ◦C to convert the organic carbon into 
carbon dioxide. The basic parameters were obtained using a Rock-Eval 6 
instrument. The initial temperature of the pyrolysis oven was set at 
300 ◦C with a holding time of 3 min. Then the temperature was pro-
grammed to increase to 650 ◦C at a rate of 25 ◦C/min using nitrogen as 
the carrier gas. 

The extracts (bitumen) were prepared using approximately 50 g of 
clean and powdered aliquots of each rock sample. The extract was 
extracted for 72 h in a Soxhlet apparatus with dichloromethane (DCM): 
methanol (93:7, v:v). Activated copper foil was added to remove 
elemental sulfur from the extracts. The extracts were separated into 
maltene and asphaltene fractions using a de-asphaltening procedure, as 
described in detail by Liao et al. (2009). The maltene fraction was 
fractionated into saturated, aromatic, and resin fractions by silica gel/ 
alumina column chromatography and eluted with n-hexane, DCM/n- 

Fig. 1. (A) Tectonic map of Ordos Basin showing the location of the studied section (modified after Song et al., 2019); (B) stratigraphic column of the Upper Triassic 
Yanchang Formation (modified after Li et al., 2017); (C) outcrop profile with numbers denoting the samples collected through the Upper Triassic Yanchang For-
mation in the Tongchuan area. 
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hexane (3:1, v:v), and DCM/methanol (2:1, v:v). An appropriate quan-
tity of C24D50 was added to the saturated fraction as an internal standard 
to quantify n-alkanes concentrations. Solvent-insoluble OM (kerogen) 
was obtained by successive HCl/HCl:HF/HCl digestion of powdered 
samples after extraction through a demineralising procedure (Goklen 
et al., 1984). 

GC–MS analyses of the saturated and aromatic fractions were per-
formed with an Agilent 8890/5977MSD instrument equipped with an 
HP-1MS fused silica column (60 m × 0.32 mm i.d. × 0.25 μm film 
thickness). Appropriate amounts of 20R-5α(H),14α(H),17α(H)-[2,2,4,4- 
d4] cholestane and phenanthrene-d10 were added to the saturated and 
aromatic hydrocarbons as internal standards for the quantification of 
biomarkers. Helium (purity 99.999%) was introduced as the carrier gas 
at a flow rate of 1.2 mL/min. The temperature of injection port was 
285 ◦C and pulse split injection was performed. Simultaneously, the GC 
oven was programmed to hold at 60 ◦C for 2 min, then increase to 290 ◦C 
at a rate of 4 ◦C/min with a final holding at 290 ◦C for 20 min. The mass 
spectrometer was operated in the electron ionisation (EI) mode at a 
voltage of 70 eV. The ion source was maintained at 260 ◦C. The MS was 
operated in both full-scan mode (m/z 50–650) and selective-ion moni-
toring (SIM) mode. The data of the biomarkers were acquired in SIM 
mode for the total ion current (TIC). 

The elemental analysis (CNS/O) of the kerogen concentrates was 
performed using an Elementar Vario EL III elemental analysis system. 
The accuracy of the data was monitored using standards of known iso-
topic composition (C: 65.43%; H: 6.70%; N: 8.47%; and O: 19.40%), 
with normalisation of the weight percentages of these elements. All 
analytical experiments in this study were performed at the Organic 
Laboratory of the Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences. 

4. Results 

In this study, the coefficient of variation (CV), which is the per-
centage of the standard deviation of the original data to the mean of the 
original data, was used to characterise the degree of dispersion of the 
measured data in the sample suite. It is necessary to eliminate the in-
fluence of different measurement scales and dimensions during the 
organic and inorganic instrumental analyses. Therefore, the magnitude 
of variability in geochemical parameters can be compared using CV to 
determine the effect of weathering on the samples. The higher the CV of 
the parameter, the greater its variability, indicating that the weathering 
effect had a more pronounced influence. 

4.1. General geochemical characteristics 

4.1.1. Total organic carbon content and rock-eval analysis 
The results of the TOC and Rock-Eval analyses are presented in 

Table 1 (Fig. 2). The TOC content of these samples ranged from 14.44% 
to 24.91% (mean = 19.96%, CV =18.05%), which shows a smooth and 
gradual decrease toward the top interval of the profile. The Rock-Eval 
S1 + S2 values ranged from 30.01 to 84.52 mg HC/g rock (mean =
58.50 mg HC/g rock, CV = 30.84%), which showed the same trend with 
depth as did TOC (Fig. 2). The hydrogen index (HI) was in the range of 
205–325 mg HC/g TOC (mean = 277.9 mg HC/g TOC, CV = 13.59%) 
and the oxygen index (OI) was in the range of 34–51 mg CO2/g TOC 
(mean = 43.40 mg CO2/g TOC, CV =14.98%). HI and OI have opposite 
trends with depth. HI gradually increases and OI gradually decreases, as 
observed in a previous study by Bjorøy and Vigran (1980). 

It is notable that parameters such as TOC, S1 + S2 and EOM, which 
are often used to evaluate the abundance of OM in source rocks, 
decrease with weathering. The variation in these parameters was 
evident in Stage III samples that had experienced more severe weath-
ering. These parameters depicted only slight change in Stage I, and some 
(such as TOC, S1, EOM and OI) showed the opposite trend with depth. Ta
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4.1.2. Bulk composition of EOM 
As shown in Table 1 and Fig. 2, the contents of EOM were in the 

range of 3.12–13.91 mg/g (mean = 7.16 mg/g, CV = 55.92%). The 
aromatic fraction contents were the lowest in the EOM, while the resin 
and asphaltene contents were the highest. The saturated and aromatic 
fractions showed a clear decreasing trend, whereas the resin and 
asphaltenes showed a relative increasing trend during weathering. The 
high ratio of saturated to aromatic fractions (Sat/Aro) in Stage III 
(Fig. 3), accompanying a gradual decrease in EOM content, show the 
preferential depletion of aromatic hydrocarbons and gradual enrich-
ment of polar fractions in source rocks during weathering. 

4.1.3. Kerogen elemental compositions 
The elemental composition of kerogen from the source rocks was 

normalized by the sum of C, H, N, and O. Table 1 shows the elemental 
composition of the FH-series samples and their statistical parameters. 
The CV values of O/C (mean = 0.16), H/C (mean = 1.01), and N/C 
(mean = 0.04) were 26.80%, 3.53%, and 4.83%, respectively, indicate 
the preferential loss of both carbon and hydrogen, and the relative 
enrichment of oxygen during weathering. During weathering there is no 
alteration of nitrogen, but a substantial enrichment of oxygen and a 
slight depletion of hydrogen compared to carbon in the kerogen. This is 
consistent with the report by Petsch et al. (2000) based on the kerogen 
from different weathering profiles. 

4.2. Molecular composition 

4.2.1. N-alkanes and isoprenoids 
The TIC plots of saturated hydrocarbons in the samples are shown in 

Fig. 4. Analytical data showed that the carbon number (CN) of n-alkanes 
in most samples ranged from n-C12 to n-C35, except for the samples (FH- 
10, FH-9, and FH-8) in Stage III which had n-alkanes CNs ranging from n- 
C13 to n-C35. Most samples showed a unimodal and low CN n-alkane 
distribution with the main peak at C17 and C19, whereas the samples in 
Stage III showed a high CN n-alkane distribution with the major alkanes 
of C29. In all samples, except for three samples in Stage III, long-chain 
alkanes (n-C27–n-C29) were dominant relative to short-chain alkanes 
(n-C17–n-C19). Notably, the ratios of short-chain to long-chain alkanes 
(SCh/LCh) were lower in highly weathered samples (Table 2). This is 
inconsistent with previous reports, which suggest that the oxidative 
evolution of n-alkanes usually leads to a gradual increase in short-chain 
alkanes and degradation of long-chain compounds (Faure et al., 1999; 
Marynowski and Wyszomirski, 2008). Similar trends were observed for 
the concentration of n-alkanes in the outcrop samples. Table 3 demon-
strates that the n-alkanes total concentrations of samples in Stage III 
ranged from 10.27 to 12.27 μg/g rock, while the remaining sample 
concentrations of n-alkanes were relatively higher, ranging from 28.87 
to 61.76 μg/g rock. The distribution of n-alkanes is consistent with other 
weathering reports that illustrate the preferential loss of lower CN n- 

Fig. 2. Abundance indices of OM and their related statistical parameters by Rock-Eval and Soxhlet extracts for FH-series samples from the Yishicun Profile in the 
Tongchuan area, Ordos Basin. 

Fig. 3. Relative contents of EOM bulk compositions and their related statistical parameters for the series samples from Yishicun Profile in the Tongchuan area, 
Ordos Basin. 

S. Pan et al.                                                                                                                                                                                                                                      



International Journal of Coal Geology 263 (2022) 104119

6

alkanes during weathering (Clayton and Swetland, 1978; Bjorøy and 
Vigran, 1980; Marynowski et al., 2011a). This may indicate that, in 
addition to oxidation, the distribution of n-alkanes in the weathered 
samples was also affected by other factors, such as surface water 
leaching and evaporation (Palmer, 1993; Skręt et al., 2010). 

As shown in Fig. 4 and Table 2, the distributions of isoprenoids in the 
FH-series samples were stable. The Pr/Ph ratio is in the range of 
0.53–0.60 (mean = 0.56, CV = 4.08%), which indicates a strong 
reducing environment (Peters et al., 2005). Pr/nC17 and Ph/nC18 values 
ranged from 0.33 to 0.45 (mean = 0.39, CV = 12%) and from 0.59 to 
0.81 (mean = 0.68, CV =14.76%), respectively. The ratio of Pr/Ph to Pr/ 
nC17 are almost stable for each sample during weathering, except for a 
slight decrease in Ph/nC18. 

4.2.2. Steranes and terpanes 
Pregnane (S21), homopregnane (S22), regular steranes (C27–C29), and 

diasteranes (C27–C29) were identified on the m/z = 217 mass chro-
matograms (Fig. 5A). The relative contents of C27, C28, and C29 regular 
steranes were approximately 16.93–24.94% (mean = 22.02%, CV =
13.11%), 28.31–31.21% (mean = 30.31%, CV = 3.22%), and 
44.85–54.76% (mean = 47.67%, CV =7.22%), respectively. The sam-
ples in Stage III showed the distribution of C29 > C27 > C28 and an in-
verse L-shape on the sterane fragmentograms. The relative content of 
C27ααα(20R) gradually decreased, and the relative content of 
C29ααα(20R) gradually increased, indicating that weathering had a 
pronounced effect on the distribution of C27–C29 regular steranes. The 
C27 and C29 sterane isomerisation parameters [ααα 20S/(20S + 20R) and 

αββ/(αββ + ααα)] remained virtually unchanged in all samples across the 
outcrop profile (Table 2). Interestingly, the C21–22 pregnane/C27–29 
regular steranes and S21/S22 ratio for the outcrop samples show a 
gradual decrease during weathering, which indicates that the distribu-
tion of pregnane and homopregnane will be affected by weathering. 

The peaks identified in m/z 191 mass chromatograms were C19–C24 
tricyclic terpanes (TT19–24), C24 tetracyclic terpanes (TeT24), and 
C27–C35 pentacyclic hopanes (Fig. 5B). The distribution of C27–C35 
pentacyclic hopanes was stable, with C30 αβ hopane being predominant 
in all samples. Ts (18α(H)-22, 29, 30-trisnorneohopane) and Tm (17α 
(H)-22, 29, 30-trisnorhopane) are also common pentacyclic terpanes, 
and their relative ratios are commonly used to indicate OM maturity in 
source rocks (Peters et al., 2005). In this study, the Ts/(Ts + Tm) ratio 
remained stable during weathering. The distribution of related tricyclic 
terpanes was characterised by the order C23 > C21 > C20 for all samples. 
However, the TT21/TT23 and TT20/TT23 ratios gradually decreased 
during weathering (Table 2). Furthermore, the total tricyclic terpene 
content decreased faster than that of pentacyclic terpanes, resulting in a 
gradual decrease in the total tricyclic terpenes/C30 hopane ratio (TT/ 
H30). 

It is notable that the steranes and terpenes changed differently. In 
this study, the ratio of C29-ααα 20R sterane to 17α(H)-hopane (C29/ H30, 
CV = 14.83%) and the total sterane to total hopane ratio (TS/TH, CV =
27.39%) decreased during weathering. This indicates that hopane 
compounds are more resistant to weathering than sterane compounds. 
This is consistent with the order of resistance to biodegradation of 
components in crude oil (Seifert and Moldowan, 1979; Volkman et al., 

Fig. 4. Total ion chromatograms (TIC) plot of saturated hydrocarbon fractions for the source rock samples from Yishicun Profile in the Tongchuan area, Ordos Basin; 
IS: internal standard (C24D50). 
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1983; Peters and Moldowan, 1993) and the study of palaeoweathering 
in black shale by Marynowski et al. (2011a). 

4.2.3. Aromatic hydrocarbon biomarker 
The concentration of most PAHs decreases during weathering, as 

shown on Table 4. Table 2 shows the commonly used aromatic maturity 
parameters: the methylphenanthrene index (MPI-R, MPI1) and the ratio 
of short sidechain triaromatic steroid hydrocarbons (TAS) to long side-
chain TAS [TAS(C20–21)/(C26–28)]. MPI-R (CV = 9.66) and MPI1 (CV =
13.72) showed a slight increasing trend with weathering, and P/ΣMP 
(CV = 29.09%) gradually increased, which is consistent with a previous 
study of weathering (Marynowski et al., 2011a). However, TAS(C20–21)/ 
(C26–28) exhibited a noticeable tendency to decrease during weathering, 
which is consistent with the tendency of the S21–22/C27–29 steranes 
during weathering. Interestingly, DBT/P (CV = 89.25%), an indicator of 
water washing (Palmer, 1984; Lafargue and Barker, 1988; Alkhafaji, 
2021), decreased sharply in Stage III and showed a pronounced 
decreasing trend during weathering. 

4.3. Inorganic geochemical characteristics 

4.3.1. Mineralogical characteristics 
The outcrop samples were characterised by quartz, albite, potassium 

feldspar, carbonate minerals (calcite and dolomite), pyrite, and clay 
minerals (illite and montmorillonite) based on X-ray diffraction (XRD) 
analysis (Fig. 6A and Table S1), indicating a lithology of carbonaceous 
mudstone. Carbonate minerals were the most variable of all mineral 
compositions during weathering, followed by pyrite and feldspar min-
erals. In Stage III, the carbonate minerals and pyrite were heavily 
depleted. It is notable that in Stage I, the carbonate minerals and pyrite 
clearly follow opposite trends, which is consistent with the results of the 
organic geochemical characteristics above. 

4.3.2. Major elements 
As shown in Table S2, SiO2 is the main chemical composition among 

all the FH-series samples, ranging from 36.85% to 43.33%. The MnO 
content was the lowest and was too low to be detected. CaO 
(0.55–1.55%, average = 1.15%) and Fe2O3 (10.34–13.94%, average =
11.7%) were the most variable of all major elements, with CVs of 

Table 2 
Molecular parameters based on biomarker and PAH distributions of the Upper Triassic Yanchang Formation source rocks from the Yishicun Profile in the Tongchuan 
area, Ordos Basin.  

Biomarker ratios Stage I Stage II Stage III Mean CV (%) 

FH-1 FH-2 FH-3 FH-4 FH-5 FH-6 FH-7 FH-8 FH-9 FH-10 

n-alkanes  
CPI 1.14 1.13 1.12 1.14 1.12 1.14 1.13 1.1 1.11 1.1 1.12 1.4 
OEP 1.06 1.03 1.05 1.04 1.05 1.07 1.03 1.05 1.08 1.09 1.06 1.91 
Major Alkanes 17 19 19 19 19 17 19 29 29 29  
SCh/LCh 2.3 1.86 1.97 1.92 1.9 2.38 2.28 1.21 0.43 0.32 1.66 45.36 
C21-/C22+ 1.44 1.14 1.17 1.07 1.06 1.44 1.26 0.61 0.22 0.2 0.96 47.77 
Pr/Ph 0.59 0.56 0.57 0.54 0.56 0.60 0.56 0.54 0.54 0.53 0.56 4.08 
Pr/nC17 0.38 0.45 0.4 0.45 0.44 0.33 0.34 0.34 0.38 0.36 0.39 12 
Ph/nC18 0.66 0.81 0.73 0.83 0.77 0.57 0.6 0.6 0.6 0.59 0.68 14.76 
TAR 0.34 0.45 0.41 0.49 0.47 0.32 0.38 0.92 3.52 4.06 1.14 124.52 
Steranes  
ααα20R C27/(C27 + C28 + C29) 24.94 23.94 23.73 22.68 23.7 24.18 23.06 18.93 18.09 16.93 22.02 13.11 
ααα20R C28/(C27 + C28 + C29) 30.16 31.21 31.18 30.8 30.81 30.78 30.53 28.83 30.52 28.31 30.31 3.22 
ααα20R C29/(C27 + C28 + C29) 44.9 44.85 45.09 46.51 45.49 45.04 46.42 52.24 51.4 54.76 47.67 7.72 
S21/S22 1.4 1.3 1.45 1.42 1.33 1.28 1.23 1.24 1.02 1.13 1.28 10.42 
S21–22/C27–29 0.18 0.14 0.13 0.11 0.13 0.16 0.13 0.08 0.03 0.04 0.11 43.36 
C27ααα20S/(20S + 20R) 0.53 0.53 0.53 0.54 0.53 0.53 0.55 0.53 0.51 0.52 0.53 1.99 
C29ααα20S/(20S + 20R) 0.43 0.43 0.44 0.45 0.43 0.43 0.43 0.39 0.42 0.38 0.42 5.11 
C27αββ/(αββ + ααα) 0.34 0.37 0.37 0.37 0.36 0.36 0.36 0.35 0.34 0.31 0.35 5.35 
C29αββ/(αββ + ααα) 0.37 0.39 0.39 0.38 0.38 0.38 0.38 0.36 0.37 0.33 0.37 4.74 
C29/H30 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.06 0.05 0.05 0.07 14.83 
TS/TH 0.18 0.25 0.26 0.2 0.24 0.22 0.21 0.15 0.12 0.11 0.19 27.39 
Terpanes  
Ts/(Ts + Tm) 0.21 0.21 0.18 0.22 0.2 0.21 0.22 0.2 0.19 0.19 0.2 6.59 
H29/H30 0.71 0.7 0.7 0.72 0.67 0.76 0.74 0.65 0.61 0.64 0.69 6.8 
TT23/(TT23 + TT24) 0.7 0.69 0.68 0.68 0.69 0.69 0.72 0.7 0.68 0.68 0.69 1.86 
C3122S/(22S + 22R) 0.56 0.57 0.57 0.56 0.56 0.57 0.55 0.56 0.55 0.55 0.56 1.46 
C3222S/(22S + 22R) 0.61 0.53 0.6 0.6 0.6 0.54 0.58 0.59 0.62 0.6 0.59 5.02 
TT/H30 0.26 0.26 0.25 0.21 0.26 0.28 0.24 0.1 0.04 0.04 0.19 49.27 
TT21/TT23 0.93 0.9 0.89 0.8 0.89 0.91 0.89 0.81 0.65 0.66 0.83 12.31 
TT20/TT23 0.71 0.65 0.65 0.57 0.65 0.69 0.62 0.55 0.36 0.39 0.58 20.63 
TT23/H30 0.07 0.07 0.07 0.06 0.07 0.07 0.06 0.03 0.01 0.01 0.05 48.65 
Aromatic hydrocarbon  
P/ΣMP 0.35 0.49 0.58 0.58 0.89 0.85 0.74 0.97 0.93 0.87 0.72 29.09 
MPI-R 0.61 0.62 0.65 0.5 0.71 0.69 0.66 0.72 0.67 0.67 0.65 9.66 
MPI1 0.58 0.52 0.5 0.4 0.42 0.42 0.44 0.41 0.39 0.41 0.45 13.72 
TAS(C20–21)/(C26–28) 0.09 0.11 0.11 0.09 0.13 0.14 0.06 0.06 0.04 0.05 0.09 41.01 
TAS20/TAS21 0.97 0.95 0.95 0.99 0.98 0.97 0.86 0.92 0.74 0.75 0.91 10.4 
DBT/P 0.1 0.15 0.11 0.05 0.02 0.03 0.02 0.01 0.04 0.01 0.05 89.25 

CPI = Carbon Preference Index [Σ(C25–33)odd/Σ(C24–32)even + Σ(C25–33)odd/Σ(C26–34)]/2 (Bray and Evans, 1961); OEP = Odd-over-Even Predominance: [(Ci + 6 ×
Ci+2 + Ci+4)/(4 × Ci+1 + 4 × Ci+3)]m, m––(− 1)i+1; i + 2 denotes the main peak CN of n-alkanes, (Scalan and Smith, 1970); SCh/LCh = short chain to long chain n- 
alkanes ratio: (nC17 + nC18 + nC19)/(nC27 + nC28 + nC29); Pr/Ph = Pristane/Phytane; TAR = The terrigenous to aquatic ratio: (C27 + C29 + C31)/(C15 + C17 + C19), 
(Bourbonniere and Meyers, 1996); S21/S22 = pregnane/homopregnane; S21–22/C27–29 = S21–22 pregnane/C27–29 regular steranes; C29/H30 = C29 ααα 20R sterane/17α 
(H)-hopane; TS/TH = total steranes/total hopanes: C27–29 ααα(20S + 20R) and αββ(20S + 20R) regular steranes/C29–33 17α-hopanes (including 22S and 22R epimers); 
H29/H30 = C29-17α(H)-norhopane to C30-17α(H)-hopane ratio; TT/H30 = tricyclic terpanes/17α(H)-hopane; P/ΣMP = P/(1-MP + 4-MP + 9-MP + 2-MP + 3-MP); 
MPI1 = 1.5(2-MP + 3-MP)/(Ph + 1-MP + 9-MP), (Radke and Welte, 1983), MPI-R = (3-MP + 2-MP)/(9-MP + 1-MP), (Cassani et al., 1988). 
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35.13% and 21.50%, respectively. The relative contents of Al2O3 and 
K2O showed an increasing tendency, whereas CaO was decreased as 
weathering increased. 

4.3.3. Trace elements and REEs 
The trace element and REE compositions of the FH-series samples are 

listed in Tables S3 and S4. A comparison of the concentrations among 
the sample suite shows that some elements changed substantially during 
weathering, which can be confirmed by the CV values. Among the large- 
ion lithophile elements (LILE; Mn, Rb, Ba, Sr, Pb, Cs, Th, and U), Rb, Cs, 
and K are Group IA elements with similar chemical properties. Rb and Cs 
may migrate to replace K in mineral form (isomorphism) and become 
enriched during weathering. As weathering increases, the U content 
tends to decrease, while the Sr, Th, Rb, and Cs contents tend to increase. 
Among the transitional elements (TE; Zn, V, Cr, Cu, Ni, Co, and Sc), 
various oxidation states can be exhibited owing to their high mobility. 
Therefore, there is a tendency for their elemental content to increase 
during weathering, except for Sc, which does not change substantially. 
Among high-field-strength elements (HFSE; Zr, Ga, Nb, Hf, Ta, and Ti), 
their relatively stable geochemistry (they are insoluble in water) makes 
them less susceptible to metamorphism, alteration, and weathering. The 
overall trend is that the loss of soluble fractions increases with weath-
ering owing to leaching. Among the other trace elements (Mo, Li, Sb, Cd, 
Tl, W, Bi, In, and Be), only Mo content gradually decreased with 
increased weathering. 

The REE contents and associated geochemical parameters of the 
source rock samples are listed in Table S4. REEs are classified into light 
REEs (LREEs, La to Pm), middle REEs (MREEs, Sm to Dy), and heavy 
REEs (HREEs, Ho to Lu) (Tang et al., 2018). 

∑
REE, 

∑
LREE, 

∑
MREE, 

and 
∑

HREE are typically used to illustrate REE composition. The nor-
malisation of the North American shales (NASC) shows that the overall 
REE content of these samples is lower than that of NASC, and the overall 
curves are smooth and sloping, indicating an enrichment of LREEs and 
depletion of HREEs (Fig. 7). 

5. Discussion 

5.1. Determination of the degree of weathering 

5.1.1. Major elements indicator 
Different chemical weathering indices, such as the chemical index of 

alteration (CIA), chemical index of weathering (CIW), plagioclase index 
of alteration (PIA), and A-CN-K diagram index, have been proposed by 
many scholars to characterise the degree of weathering (Nesbitt and 
Young, 1982; Harnois, 1988; Tang et al., 2018; Krzeszowska, 2019). CIA 
(Nesbitt and Young, 1982) and PIA (Fedo et al., 1995) are defined as 
follows: 

CIA =

[
Al2O3

Al2O3 + CaO* + Na2O + K2O

]

× 100, (1)  

and 

PIA =

[
Al2O3 − K2O

Al2O3 + CaO* + Na2O − K2O

]

× 100. (2) 

The unit of the oxide in the equation is molar, and CaO* is the 
amount of CaO in the silicate mineral. Because the content of CaO in 
silicate minerals is comparable to that of Na2O, when the number of 
moles of CaO is greater than that of Na2O, the number of moles of CaO 
should be equal to that of Na2O. The CIA was calculated to range from 
68.39 to 72.16 with an average value of 69.63 and a CV of 1.54%. PIA is 
also comparable to CIA, ranging from 67.45 to 82.12 (Table 5). The 
trend of chemical weathering and changes in major elements and min-
erals during weathering can be reflected in the A-CN-K ternary diagram. 
The weathering trend line of these samples is parallel to the A-CN axis, 
indicating that plagioclase and carbonate minerals were the first to 
decompose during the weathering of source rocks, contributing to the 
leaching loss of Ca, Na, and Mg elements. K elements were in a stable 
state and Al elements were enriched, suggesting that the formation of 
clay minerals such as montmorillonite and illite was facilitated by 
increased weathering (Fig. 8A). Furthermore, the data from the weath-
ering profiles were concentrated around the UCC-NASC-PAAS chemical 
weathering trend line, suggesting that the Yanchang Formation shales in 
the Yishicun Profile originated mainly from upper continental crust. 

Table 3 
Concentrations (μg/g rock) of n-alkanes with different CNs in the source rock samples from Yishicun Profile.   

Stage I Stage II Stage III 

FH-1 FH-2 FH-3 FH-4 FH-5 FH-6 FH-7 FH-8 FH-9 FH-10 

C12 0.93 0.40 0.14 0.11 0.16 0.18 0.11    
C13 2.73 1.35 0.87 0.88 0.69 1.04 0.74 0.06 0.00 0.01 
C14 4.43 2.71 2.54 2.19 1.81 2.27 1.54 0.25 0.04 0.06 
C15 5.81 4.07 4.43 3.57 2.98 3.14 2.26 0.55 0.16 0.16 
C16 5.03 3.73 4.10 3.51 3.14 3.07 2.34 0.66 0.20 0.20 
C17 5.27 4.41 4.49 3.74 3.61 3.44 2.66 0.86 0.31 0.28 
C18 4.81 3.86 4.19 3.55 3.40 3.06 2.42 0.81 0.36 0.31 
C19 4.84 4.03 4.17 3.79 3.63 3.06 2.43 0.92 0.47 0.39 
C20 4.29 3.61 3.77 3.28 3.23 2.70 2.18 0.86 0.51 0.43 
C21 4.01 3.43 3.58 3.11 3.07 2.46 2.05 0.86 0.60 0.50 
C22 3.53 2.94 3.02 2.66 2.62 2.08 1.74 0.80 0.60 0.53 
C23 3.09 2.74 2.83 2.47 2.46 1.90 1.60 0.76 0.63 0.59 
C24 2.51 2.31 2.43 1.99 2.09 1.52 1.32 0.66 0.62 0.62 
C25 2.46 2.25 2.25 2.07 2.02 1.42 1.24 0.66 0.67 0.70 
C26 1.78 1.78 1.72 1.48 1.59 1.06 0.95 0.51 0.60 0.65 
C27 1.60 1.58 1.58 1.46 1.39 0.95 0.85 0.54 0.64 0.77 
C28 1.30 1.32 1.35 1.34 1.21 0.77 0.69 0.51 0.70 0.80 
C29 1.13 1.20 1.03 1.12 0.92 0.59 0.54 0.42 0.76 0.61 
C30 1.03 1.23 1.29 1.34 1.09 0.61 0.58 0.61 1.03 0.98 
C31 0.51 0.59 0.64 0.68 0.58 0.31 0.28 0.33 0.63 0.67 
C32 0.29 0.29 0.29 0.27 0.26 0.14 0.12 0.20 0.37 0.32 
C33 0.29 0.34 0.36 0.51 0.35 0.19 0.20 0.34 0.75 0.57 
C34 0.06 0.07 0.06 0.07 0.07 0.03 0.03 0.07 0.11 0.11 
C35 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.02 0.01 0.02 
Total 61.76 50.25 51.18 45.24 42.39 36.00 28.87 12.27 10.77 10.27  
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Fig. 5. (A) m/z 217 mass chromatograms displaying steranes and (B) m/z 191 mass chromatograms displaying terpanes of saturated hydrocarbon for source rock 
samples; S21, pregnane; S22, homopregnane; TT19–24, C19–C24 tricyclic terpanes; TeT24, C24 tetracyclic terpanes; Ts, C27 18α(H)-22,29,30-trisnorhopane; Tm, C27 17α 
(H)-22,29,30-trisnorhopane; M29, C29 17β(H),21α(H)-30-normoretane; M30, C30 17β(H),21α(H)-moretane; H29–35, C29–C35 pentacyclic hopanes. 
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According to the cross-plot of CIA versus Na/K (Fig. 8B), all samples 
were moderately weathered. As the number of samples decreased, the 
CIA index increased substantially, indicating a pronounced increase in 
weathering. 

5.1.2. Mineral alterations 
In the present study, carbonate minerals and pyrite were substan-

tially depleted in the FH-series samples. The reasons for this are as fol-
lows: First, the dissolution of carbonate minerals is promoted by 
sufficient H+ provided by atmospheric rainfall and pyrite weathering. 
The decomposition of related minerals in source rocks can also be 
accelerated by an increase in the permeability and porosity of rocks 
(Littke et al., 1991; Petsch et al., 2005). Second, the presence of a large 
area of soil/vegetation cover at the top and bottom of the Yishicun 
Profile, a warm and humid climate in the Tongchuan area, and the ac-
tivity of surface water would favour the dissolution and leaching of 
carbonate minerals. Notably, the pyrite content was relatively low in the 
overall mineral composition. The main reason for this may be that pyrite 
(an extremely sensitive mineral) was affected by weathering on the side 
of the profile, despite the relative freshness of the samples during 
collection. 

Minerals have distinct weathering rates under the same surface 
conditions. Therefore, the degree of weathering can be estimated by the 
relative loss or enrichment of the minerals (Littke et al., 1991; Mar-
ynowski et al., 2011a; Tang et al., 2018). Littke et al. (1991) suggested 
that the presence of pyrite may indicate the degree of weathering of 
source rocks, as pyrite is the mineral most susceptible to weathering 
(Petsch et al., 1999; Tuttle et al., 2014; Wildman et al., 2004). Tang et al. 
(2018) estimated that a 40% loss of feldspar, 15% enrichment in clay 
minerals, and 26% loss of pyrite represented a weak-to-moderate degree 
of weathering. In this study, the loss of carbonate minerals was 

Table 4 
Concentrations of selected PAHs (in μg/g TOC) for source rocks from the Yishicun Profile in the Tongchuan area, Ordos Basin.   

FH-10 FH-9 FH-8 FH-7 FH-6 FH-5 FH-4 FH-3 FH-2 FH-1 Mean CV (%) 

1-MP 0.05 0.04 0.22 0.17 0.30 0.16 0.22 0.18 0.17 0.26 0.18 46.22 
2-MP 0.05 0.04 0.24 0.15 0.28 0.16 0.14 0.16 0.15 0.23 0.16 47.72 
3-MP 0.02 0.01 0.07 0.05 0.13 0.07 0.03 0.06 0.05 0.06 0.06 62.04 
9-MP 0.05 0.03 0.11 0.13 0.30 0.16 0.13 0.17 0.16 0.21 0.14 53.15 
DBT 0.002 0.008 0.009 0.008 0.004 0.008 0.014 0.037 0.039 0.027 0.02 86.65 
P 0.15 0.11 0.42 0.37 0.85 0.49 0.30 0.33 0.26 0.27 0.35 58.97 
TAS20 0.01 0.03 0.09 0.08 0.06 0.03 0.29 0.24 0.30 0.38 0.15 90.48 
TAS21 0.01 0.04 0.09 0.09 0.06 0.03 0.29 0.26 0.31 0.39 0.16 88.33 
TAS2620R + 2720S 0.21 0.86 1.33 1.19 1.31 1.20 2.42 1.68 2.15 3.50 1.58 57.86 
TAS2620S 0.05 0.21 0.33 0.29 0.08 0.05 0.76 0.47 0.55 0.89 0.37 79.54 
TAS2720R 0.12 0.53 0.81 0.70 0.16 0.11 1.45 1.19 1.46 2.12 0.87 78.41 
TAS2820R 0.15 0.75 1.09 0.98 0.20 0.14 2.29 1.62 1.89 2.96 1.21 80.04 
TAS2820S 0.22 0.99 1.43 1.31 0.30 0.21 2.84 2.07 2.41 3.71 1.55 77.26 
Py 0.04 0.05 0.13 0.09 0.14 0.06 0.13 0.20 0.22 0.27 0.13 57.52 
Chr 0.30 0.95 1.48 1.17 0.68 0.30 1.62 0.82 0.91 1.74 1.00 50.69 
Fl 0.03 0.08 0.17 0.25 0.13 0.12 0.08 0.14 0.12 0.15 0.13 47.44 

MP: methyl phenanthrene, DBT: dibenzothiophene, P: phenanthrene, TAS: triaromatic steroid, Py: pyrene, Chr: chrysene, Fl: fluoranthene. 

Fig. 6. (A) Stacked bar chat of mineral composition (B) carbonate/Quartz for source rocks from the Yishicun Profile in the Tongchuan area, Ordos Basin.  

Fig. 7. Spider diagram of REEs for the FH-series samples when normalized to 
NASC (the North American Shales; Haskin et al., 1968). 
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approximately 77%, with a very low pyrite content of approximately 2% 
(Table S1, Fig. 6), which is consistent with the moderate degree of 
weathering indicated by the CIA. 

5.1.3. Organic matter variation 
OM may be susceptible to varying degrees of oxidation, water 

leaching, and biodegradation during weathering, which not only results 
in a decrease in the OM content but also in molecular composition of the 
EOM. Clayton and King (1987) showed that sterane distribution was 
substantially altered during weathering, whereas pentacyclic triterpenes 
were not affected. Marynowski et al. (2011a) reported that the distri-
butions of steranes and hopanes were affected by weathering, and 
steranes were less resistant to weathering than hopanes. Although the 
extent of weathering varies, certain characteristic effects are recognis-
able (Clayton and Swetland, 1978). This indicates that the depletion of 
specific compound groups depends on their molecular stability during 
weathering. In other words, the change in certain compound groups 
during weathering may be related to the degree of weathering. There-
fore, it is essential to assess the degree of weathering of the source rocks 
based on OM changes, mineral alteration, and elemental characteristics. 
The specified variations in OM in this study are discussed in detail 
below. 

By comparing the organic and inorganic geochemical characteristics 
of the source rock samples across the outcrop profile (Figs. 2, 3, 6B, 14, 
and 15), it is notable that many parameters show an opposite tendency 
for those samples in Stage I compared to the samples in Stage III. These 
include TOC, EOM, Rock-Eval parameters (TOC, S1, S2, and HI), Sat/ 
Aro, Carbonate/Quartz, Mo content, and DBT/P. The data indicate that 
the samples in Stage III were severely altered, and the weathering of the 
samples occurred mainly at depths up to 2 m below the surface soil/ 

vegetation cover. Moreover, this provides geochemical evidence to 
demonstrate that the samples in Stage I were weathered mainly in the 
opposite direction owing to the influence of the soil and vegetation 
cover at the bottom of the profile (Fig. 1C, green line). Based on these 
results, the pathway and degree of weathering were determined 
(Fig. 1C). 

5.2. Element fractionation and the impact on elemental analysis 
applications 

5.2.1. Major elements 
The characteristics of major elements during weathering depends on 

the form in which they are present in the shale and their activities. For 
instance, Si, which is present in quartz and is more resistant to weath-
ering, is more abundant in the sample suite. Ca is mainly present in shale 
in the form of carbonate minerals, which are highly mobile and soluble 
under acidic conditions. The CaO content correlates well with the car-
bonate mineral content (R2 = 0.73), and both decreased substantially 
with increased weathering (Fig. 9), which suggests that the depletion of 
Ca is mainly related to the loss of carbonate minerals from source rocks 
by weathering decomposition and leaching. 

5.2.2. Trace elements and related palaeoenvironmental parameters 

5.2.2.1. Redox conditions. Trace elements are sensitive to environ-
mental variation. Therefore, redox-sensitive element parameters [e.g. 
V/Cr, V/(V + Ni), U/Th, Ni/Co, and δU] in fine-grained sediments have 
been widely used for palaeosedimentary environmental discrimination 
(Wignall, 1994; Wedepohl, 1995; Sageman and Lyons, 2003; Qiao et al., 

Table 5 
Parameters of the palaeosedimentary environment for source rocks from the Yishicun Profile in Tongchuan of the Ordos Basin.   

CIA PIA Sr/Ba U/Th Ni/Co V/(V + Ni) V/Cr Mo (ug/g) AU δU P/Ti Sr/Cu 

FH-1 69.34 68.84 0.54 4.91 5.05 0.97 8.49 93.6 44.27 1.87 0.46 2.65 
FH-2 69.02 68.69 0.48 4.42 5.14 0.97 8.1 101 45.4 1.86 0.44 2.65 
FH-3 68.89 67.45 0.44 4.77 4.48 0.97 7.57 101 46.78 1.87 0.42 2.51 
FH-4 68.84 68.33 0.44 4.96 4.39 0.95 7.73 69.8 44.68 1.87 0.42 2.87 
FH-5 68.39 67.49 0.56 5.28 4.54 0.95 6.45 71.4 51.15 1.88 0.38 3.5 
FH-6 69.41 69.95 0.56 4.85 5.27 0.96 7.24 66 46.93 1.87 0.37 1.9 
FH-7 70.29 79.94 0.5 4.43 4.85 0.95 7.46 63.4 43.83 1.86 0.32 2.87 
FH-8 69.79 78.52 0.6 3.79 5.49 0.95 6.96 69 35.3 1.84 0.32 3.64 
FH-9 70.2 78.72 0.75 3.16 5.31 0.94 6.91 74.3 32.47 1.81 0.39 3.34 
FH-10 72.16 82.12 0.86 2.9 5.34 0.93 6.8 77.8 32.22 1.79 0.39 4.19 
Mean 69.63 73.01 0.57 4.35 4.99 0.95 7.37 78.73 42.30 1.85 0.39 3.01 
CV% 1.54 8.20 23.36 18.48 7.96 1.59 8.49 18.25 15.54 1.61 11.74 21.86 

AU, U − Th/3; δU, 2 U (U + Th/3). 

Fig. 8. (A) A-CN-K ternary diagram, A: Al2O3; CN: CaO* + Na2O; K: K2O; UCC: Upper Continental Crust; NASC: North American shales; PAAS: the post-Archean 
Australian Shale; Kln: Kaolinite; Mnt: Montmorillonite; Ill: Illite; Pl: Plagioclase; Kfs: K-feldspar; (B) cross plots of CIA index against Na/K ratio showing the 
weathering degree for the FH-series samples (Wu et al., 2016). 
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2022). Ni is commonly used as a redox-sensitive element (Brumsack, 
2006). Under reducing conditions, Ni can be bound to pyrite (NiS) or 
tetrapyrrole complexes (geoporphyrins), which accumulate in sedi-
ments (Baker and Louda, 1986). Jones and Manning (1994) suggested 
that anoxic marine conditions favour the concentration of V in OM by 
binding V4+ to porphyrins, whereas Cr is usually concentrated in the 
detrital sediment fraction (Tuttle et al., 2009). The V/(V + Ni) ratio, as 
defined by Hatch and Leventhal (1992), Ni/Co, as defined by Jones and 
Manning (1994), and V/Cr can reflect the stratification and redox con-
ditions of sedimentary waters. According to Tables S3 and 5, the V/(V +
Ni), V/Cr, and Ni/Co ratios are in the range of 0.93–0.97 (CV = 1.59%), 
6.45–8.49 (CV = 8.49%), and 4.39–5.49 (CV = 7.96%), respectively. 
Each of these parameters indicate that the sedimentary water conditions 
the source rocks were anaerobic. Although the variation in these pa-
rameters was small (CV < 10%), there was a slight decrease in the V/(V 
+ Ni) and V/Cr ratios, and a slight increase in the Ni/Co ratio during 
weathering (Fig. 10). 

Uranium is highly sensitive to variations in redox conditions 
(Wignall, 1994). U4+ in uranium-containing minerals is oxidised to more 
soluble U6+ in an oxic environment, leading to U dissolution migration 
(Panahi et al., 2000), which results in the depletion of U under weath-
ering. Tuttle et al. (2009) and Marynowski et al. (2017) investigated 
trace element variations in related profile during weathering and sug-
gested that the decrease in U concentration was largely associated with 
OM. However, Th is immobile, insoluble in surface water, and present in 
residual minerals during weathering (Jones and Manning, 1994). As 
shown in Table 5 and Fig. 10, the CV values of U/Th (mean = 4.35), δU 
(mean = 1.85), and AU (mean = 42.30) are 18.48%, 1.61%, and 

15.54%, respectively, which are typically interpreted to reflect the 
anaerobic water column (Cao et al., 2012; Li et al., 2017). 

Molybdenum is also strongly influenced by redox conditions 
(Brumsack, 2006; Qiao et al., 2022). Mo dissolves in water in the high- 
valent state (Mo6+) under oxidising conditions. Under reducing condi-
tions, Mo is enriched in sediments in the low-valent state of Mo4+. 
Wildman et al. (2004) and Marynowski et al. (2017) discovered that Mo 
is mainly hosted in pyrite and MoS in shale and that the rapid weath-
ering of pyrite may lead to removal of Mo from shale. Our results 
demonstrated Mo ranges from 63.4 μg/g to 101 μg/g with a mean value 
of 78.73 μg/g and a CV of 18.25%. This indicates an anaerobic reducing 
environment (Algeo and Tribovillard, 2009) and a very rapid depletion 
of Mo across the weathering profile (Table 5 and Fig. 10). 

5.2.2.2. Palaeosalinity. Several studies have shown that the Sr/Ba 
values in shales can be used to reconstruct palaeosalinity (Pan et al., 
2021). This study found an apparent enrichment of Sr (CV = 22.82%) 
and obscure change of Ba (CV = 10.26%) in these samples (Table S3). 
The Sr/Ba ratios range from 0.44 to 0.86, with a CV of 23.36% (Table 5 
and Fig. 10). Sr/Ba gradually increases with weathering, and its palae-
osalinity interpretation could change from a freshwater to brackish 
water environment. 

5.2.2.3. Palaeoclimate. In continental basins, a high concentration of Sr 
is generally related to the strong evaporation of lake water in arid and 
hot climates. The Sr/Cu ratio can also be applied in judging palae-
oclimate (Pan et al., 2021). The Sr/Cu ranges from 1.9 to 4.19 with a CV 
of 21.86% (Table 5 and Fig. 10), indicate that the climate was mainly 
warm and humid during the deposition of source rocks in the Yishicun 
Profile. The Sr/Cu ratio tends to gradually increase with increasing 
weathering, and its palaeoclimatic interpretation is closer to a dry and 
hot environment. 

5.2.2.4. Palaeoproductivity. The P/Ti ratio is commonly used to char-
acterise the trophic status of palaeolakes (Algeo et al., 2011; Pan et al., 
2021). According to Table 5 and Fig. 10, the P/Ti values of the samples 
range from 0.32 to 0.46 with a CV of 11.74%, ranging between moderate 
productivity (Ubara section, average chert P/Ti ratio of 0.34) and high 
productivity (Ubara section, average black shale P/Ti ratio of 0.79), 
which indicates moderate palaeoproductivity during their deposition. It 
should be noted that there was a decreasing tendency for P/Ti with 
increasing weathering, which would lead to a lower productivity bias in 
the palaeoproductivity interpretation of this indicator. 

5.2.2.5. Provenance. The Sc-La-Th ternary diagram is commonly used 

Fig. 9. Correlation diagram between Cao and carbonate minerals for the FH- 
series samples. 

Fig. 10. Composite depth plot of sedimentary environment parameters for source rocks from the Yishicun Profile in Tongchuan of Ordos Basin.  
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to explore mineral origin (Bhatia and Crook, 1986; Diskin et al., 2011). 
Sc-La-Th elements were concentrated throughout the weathered series 
of samples, which is comparable to the distribution of UCC (Fig. 11), 
indicating that the REE composition and their relative ratios remain 
applicable to the determination of their origin. This provenance expla-
nation is consistent with the discussion above for the A-CN-K ternary 
diagram. 

5.2.3. REEs 
REEs are generally conserved during weathering and transportation 

to the ocean with fine-grained suspended sediment. However, the 
weathering of shales and the consequent dissolution of phosphate 
minerals cause the depletion of REEs, especially MREEs (McArthur and 
Walsh, 1984; Hannigan and Sholkovitz, 2001; Ma et al., 2011). Ceanom, 
proposed by Wright et al. (1987) to describe the degree of Ce anomalies, 
is usually applied to discriminate redox environments. According to 
Table S4 and Fig. 10, the Ceanom values of all the samples were greater 
than − 0.1, indicating reducing dysoxic water volume environments. It is 
notable that the REEs content in these samples appears to have increased 
slightly during weathering, which is inconsistent with previous reports 
(Hannigan and Sholkovitz, 2001; Marynowski et al., 2017; Tang et al., 
2018). This phenomenon is mainly caused by the horizontality of the 
sampled profile (Fig. 1C), which results in the re-deposition of REEs in 
the soil cover at depth owing to dissolution and untimely leaching 
during shale weathering. Jin et al. (2017) also observed this phenome-
non and explained that REEs can be dissolved near the surface and re- 
deposited at depth due to changes in DOC, pH, and clay surface area 
during weathering. The CV of 

∑
LREE, 

∑
MREE, and 

∑
HREE are 

11.17%, 16.49%, and 12.83%, respectively. As weathering increased, 
∑

REE values gradually increased, and 
∑

LREE, 
∑

MREE, and 
∑

HREE 
also showed increasing trends. However, the CV of 

∑
MREE is greater 

than those of 
∑

LREE and 
∑

HREE, indicating that MREE has a more 
significant variation than LREE and HREE, and the MREEs are prefer-
entially affected during weathering. 

5.3. Impact on source rock evaluation 

Petroleum resource assessment of source rocks is one of the funda-
mental stages of petroleum exploration and development, providing 
reliable geochemical information to focus exploration activities on a 

certain place and optimise risks (Ramos, 2015; Abd-Allah et al., 2019). 
However, in the early stages of exploration and development, owing to 
limited drilling and coring, outcrop samples are commonly used to 
characterise source rocks and conduct organic geochemical in-
vestigations (Clayton and Swetland, 1978). Weathering has a substantial 
influence on the organic geochemical characteristics of source rocks, 
resulting in a remarkable depletion in the amount of their OM and al-
terations in their chemical composition and structure (Leythaeuser, 
1973; Clayton and Swetland, 1978; Petsch et al., 2000, 2001; Mar-
ynowski et al., 2011b; Tamamura et al., 2015). 

5.3.1. Abundance of OM 
These results show a gradual decrease in TOC, S1 + S2, and EOM 

with increased weathering (Table 1; Fig. 2). Specifically, TOC decreased 
from 24.46% (an average in Stage I, similarly hereinafter) to 14.44% 
(FH-10, similarly hereinafter); S1 + S2 decreased from 81.86 mg/g to 
30.01 mg/g; EOM decreased from 12.34 mg/g to 3.12 mg/g, with losses 
of 40.96%, 63.34%, and 74.71%, respectively. This is higher than the 
shale weathering of the Upper Cretaceous Mancos Shale (approximately 
25% TOC loss and 50% soluble OM loss; Leythaeuser, 1973), and much 
lower than the Carboniferous marine shale in the Holy Cross Mountains 
(97% TOC loss and 75% soluble OM loss; Marynowski et al., 2011a), and 
similar to the weathering studied by Meng et al. (1999) for outcrops of 
source rocks in the Xining Basin (58.96% TOC loss and 77.59% soluble 
OM loss). It is notable that the loss of EOM is consistently higher than the 
loss of TOC, irrespective of the degree of weathering which had affected 
the source rocks, reflecting the fact that weathering is more destructive 
to soluble OM than solid OM. 

Not only is the amount of OM affected by weathering (Table 1, 
Fig. 2), the compositional characteristics of EOM can also be affected 
(Table 1; Fig. 3). The relative content of the EOM bulk composition 
changed during weathering, and the content of saturated and aromatic 
hydrocarbons decreased with a loss of 51.89% and 79.18%, respectively. 
The resin and asphaltene content increased by 15.91% and 63.39%, 
respectively. The relative contents of the resin and asphaltene fractions 
are much higher than those of saturated and aromatic hydrocarbons, 
which can be attributed to low maturity of OM in these samples. In 
addition, saturated hydrocarbons are relatively less depleted than aro-
matic hydrocarbons, resulting in a high saturated/aromatic ratio in 
samples in Stage III compared to the samples in Stage I (Table 1, Fig. 3). 
Specific components of soluble OM have distinct capacities to resist 
weathering. Clayton and Swetland (1978) also reported that the aro-
matic fraction is preferentially depleted relative to the saturated fraction 
during weathering. It has been reported that the water solubility of ar-
omatic compounds is approximately 200 times that of normal alkanes 
with the same CNs (Price, 1976; McAuliffe, 1979; Lafargue and Barker, 
1988; Fig. 12), which would cause aromatic hydrocarbons to be washed 
by surface water during weathering (Palmer, 1993; Skręt et al., 2010). 

5.3.2. Type and source of OM 
Determination of the OM type and source is important for evaluating 

the hydrocarbon potential of source rocks. In the cross plot of HI versus 
Tmax (Fig. 13A), the OM types of these samples were mainly types II1 and 
II2. During oxidative weathering, Tmax does not change substantially, the 
HI gradually decreases, and the OI gradually increases due to the 
incorporation of oxygen into the OM (Table 1), which results in a 
downward distribution of data points and a worse interpretation of OM 
types. A similar change was observed in the elemental composition of 
the kerogen. An increase in the kerogen O/C ratios and a slight decrease 
in the H/C ratios were observed in these samples. The kerogen N/C 
ratios remained low and constant (Table 1, Fig. 13D). This finding is 
consistent with the results of Petsch et al. (2000, 2005). Concurrently, a 
substantial decrease in the alkyl-CH2- and -CH3 groups and a pro-
nounced increase in the C = O bond were revealed by Petsch et al. 
(2000) based on an infrared analysis of kerogen. This suggests that ox-
ygen can also be incorporated into kerogen molecular structure during 

Fig. 11. Sc-La-Th ternary diagram illustrating the relationship of FH-series 
samples and the UCC as well as the Indian Ocean MORBs (Duliu et al., 
2009); UCC, upper continental crust (Taylor and McLennan, 1985); PM, passive 
continental margin; ACM, active continental margin; CIA, continental island 
arc; OIA, oceanic island arc. 
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weathering, leading to a partial distortion of the OM type. 
The distributions of n-alkanes and isoprenoids can be used for OM 

source analysis (Scalan and Smith, 1970; Peters et al., 2005; Qin et al., 
2018). Based on the results for n-alkanes and isoprenoids, the low CN n- 
alkanes were severely depleted compared to the high CN n-alkanes, 
which caused setback of the main peak, an increase in TAR, and a sharp 
reduction in SCh/LCh and ΣC21− /ΣC22+ (Table 2, Fig. 14). This is 
consistent with previous reports (Clayton and King, 1987; Bjorøy and 
Vigran, 1980; Marynowski et al., 2011a), but inconsistent with the 
laboratory results of low-temperature oxidation (Faure et al., 1999). The 
sedimentary environment and OM type are reflected by Pr/Ph, Pr/nC17 
and Ph/nC18. Isoprenoid-related parameters remain stable during 
weathering (Fig. 14), which is consistent with the results of the Mar-
ynowski et al. (2011a) shale weathering research. As shown in Fig. 13B, 
although weathering can slightly alter the distribution of the sample 
points, the OM type interpretation still remains valid. 

The distribution of steranes and terpenes can also be used to reflect 
the OM source (Peters et al., 2005; Cao et al., 2018). The relative dis-
tribution of regular steranes C27–29 was gradually transitioned from the 
typical ‘V’ type to the inverse ‘L’ type as weathering increased (Table 2, 
Figs. 5 and 14). The sample points gradually approached the C29 side in 
the ternary plot (Fig. 13C), and the CV values of the C27-C29 regular 
steranes were 13.11%, 3.22%, and 7.72%, respectively. This is consis-
tent with the observations of Wei et al. (2012), and inconsistent with the 
findings of Marynowski et al. (2011a), mainly because of the different 
degrees of weathering suffered by the samples. The distribution of tri-
cyclic terpenes was dominated by TT23 in the order TT23 > TT21 > TT20. 
Their relative content changed like that of steranes during weathering, 
with an increase in high CN TT23 and a significant decrease in low CN 
TT20–21 in Stage III. (Figs. 5 and 15). Furthermore, TT/H30 decreased 
with increased weathering. Marynowski and Wyszomirski (2008) and 
Clayton and King (1987) reported that oxidation can lead to a change in 
the relative content of tricyclic terpenes. 

In general, as judged from the results of samples in Stage I, where 
weathering was the weakest, the OM type of the Chang 7 source rocks in 
the Yishicun Profile is mainly type II, and the sources of OM were 
phytoplankton and terrestrial plants. This is consistent with the results 

of Li et al. (2017), who studied the OM source of shales from the Yan-
chang Formation in the Tongchuan area. In contrast, the data from the 
most weathered samples in Stage III suggested that weathering has 
influenced the identification of OM types in the source rocks. The 
interpretation based on n-alkanes may be distorted, while the results 
based on elemental analysis of kerogen, Rock-Eval data, and some bio-
markers (isoprenoids, regular steranes, and tricyclic terpenes) may be 
slightly influenced but still valid. 

5.3.3. Maturity of OM 
The vitrinite reflectance (Ro), Tmax and biomarker parameters are 

commonly used to assess the maturity of source rocks (Seifert and 
Moldowan, 1986; Peters et al., 2005; Pan et al., 2021; Zhang et al., 
2022). The average value of Tmax was 432 ◦C with a CV of 0.35% 
(Table 1), indicating little change in Tmax and a low maturity stage of 
thermal evolution. This implies that weathering has no effect on Tmax in 
Rock-Eval. The ααα20S/(20S + 20R) and αββ/(ααα + αββ) for C27 and 
C29 steranes, Ts/(Ts + Tm), and 22S/(22S + 22R) for C31 and C32 
homohopanes, are also stable for the samples across the outcrop profile 
with extremely low CV values (< 8%, Table 2). This is comparable to 
that reported by Clayton and King (1987). Biomarker parameters of 
aromatic hydrocarbons, such as the methylphenanthrene index (MPI1, 
MPIR), can also be used to indicate maturity (Radke, 1988). According 
to Table 2, the average values of MPI1 and MPIR are 0.45 and 0.65, 
respectively, indicating a low-maturity thermal evolutionary stage. 
Although the content of 1-, 2-, 3-, and 9-MP, and P decreased during 
weathering (Table 4), the variation in their parameters was insignificant 
(Fig. 14). This is consistent with the variation in MPI in weathering re-
ported by Clayton and King (1987) and inconsistent with the results of 
Marynowski et al. (2011a). The main reason for this is that the FH-series 
samples were subjected to weaker weathering than the latter samples. 
The S21–22 pregnanes/C27–29 steranes and TAS(C20–21)/(C26–28) ratios 
can also be used to evaluate maturity of crude oils based on the differ-
ence in their thermal stability (Mackenzie and McKenzie, 1983; Liu 
et al., 2022). The average and CV values for S21–22/C27–29 and TAS 
(C20–21)/(C26–28) were 0.11, 43.36%, 0.09, and 41.01% (Table 2), 
respectively, indicating a high degree of data dispersion. A tendency to 
decrease with increased weathering was shown for these parameters, 
and this tendency was especially pronounced for those samples in Stage 
III, which causes the maturity interpretation based on both parameters 
to be distorted and suggest a lower maturity. 

5.4. Analysis of weathering 

It is worth noting that low molecular weight biomarkers, such as the 
low CN n-alkanes, S21–22 pregnanes, TAS(C20–21) and TT20–23, are more 
susceptible to depletion by natural weathering than their higher mo-
lecular weight counterparts in this study. OM is exposed to the surface 
for long periods of time, and the preferential loss of the lighter compo-
nents of EOM may be caused by natural evaporation, diffusion, and 
water leaching. In fact, in addition to the above factors, photooxidation 
induced by sufficient light conditions may also lead to a decrease in 
saturated and aromatic hydrocarbon content and an increase in 
asphaltene content in EOM (Glattke et al., 2020), which has been 
demonstrated in offshore oil spills. However, evaporation causes a sig-
nificant loss in the light hydrocarbon fraction (mostly in the C7 range) of 
crude oil or extracts, with only a little impact on the middle to high 
molecular weight alkanes (C12-C35+) (Cañipa-Morales et al., 2003). 
Moreover, the evaporation losses of C5-C8 n-alkanes become more 
difficult with increasing CNs. The TOC content favours the preservation 
of light hydrocarbons in shale, even if the high TOC (>11%) shale is 
exposed in powder form for a long time, the volatility loss of light hy-
drocarbons is even less. (Jiang et al., 2016). In addition, biodegradation 
can also alter the n-alkanes composition with microorganisms prefer-
entially and selectively consuming the lighter hydrocarbons in the early 
stages (Peters et al., 2005). In contrast, the short chains of n-alkanes 

Fig. 12. Solubilities of normal n-alkanes, aromatic hydrocarbons, and naph-
thenes (cycloalkanes) in water as a function of CN (from McAuliffe, 1979, with 
additions from Price, 1976); CP, cyclopentane; CH, cyclohexane; McH, 
methylcyclohexane. 
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increase while the long chains degrade during low temperature oxida-
tion (Faure et al., 1999). Pan et al. (2017) and Liu et al. (2018) observed 
that Pr and Ph partly degraded at a moderate biodegradation stage. 

Moreover, no pronounced biodegradation variations are observed for 
steranes and hopanes in all weathered samples. Therefore, it is likely 
that these samples were subjected to a low level of biodegradation. Short 

Fig. 13. (A) Cross plots of Rock-Eval HI versus Tmax; (B) plot of Pr/n-C17 versus Ph/n-C18 ratios; (C) ternary plot of regular steranes C27–C29; (D) composite depth plot 
of kerogen elemental composition for source rocks from the Yishicun Profile in Tongchuan of Ordos Basin. 

Fig. 14. Biomarker parameters from n-alkanes, isoprenoids, and steranes and their related statistical parameters for source rock samples in the Yishicun Profile.  
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sidechain TAS(C20–21) and C27–29 regular steranes were preferentially 
removed compared to S21–22 pregnanes and TAS(C26–28) during mod-
erate–severe stages of biodegradation (Wardroper et al., 1984; Brooks 
et al., 1988; Liu et al., 2022). Therefore, the preferential loss of preg-
nanes in this study was evidently not attributed to biodegradation. TT20, 
TT21 and TT23 with extremely high resistance to biodegradation (Peters 
et al., 2005; Liu et al., 2022), showed a significant change in distribution 
throughout the weathered sample suite. Therefore, biodegradation, 
photooxidation, evapotranspiration and low-temperature oxidation are 
obviously not effective enough to explain the regular changes of these 
biomarkers during weathering. We think surface water leaching may be 
another important factor that influence the distribution of biomarkers. 

Surface water leaching can change the composition of EOM in a 
similar way, preferentially removal of low CN alkanes with high water 
solubility (Palmer, 1993; Skręt et al., 2010). The water solubility of n- 
alkanes decreases exponentially with the increase in their molecular 
weight (Fig. 12, Eastcott et al., 1988). Low molecular weight PAHs are 
also preferentially depleted relative to their more stable polycyclic 
counterparts during weathering. In some detailed studies of EOM, low 
molecular-weight aromatic compounds, such as naphthalene, dibenzo-
furan, and dibenzothiophene, are substantially depleted (Gieskes et al., 
1990; Marynowski et al., 2011a). Han et al. (2022) studied the hygro-
scopicity of organic compounds and observed that organic compounds 
with more water-soluble functional groups, lower molecular weights, 
and higher O:C ratios tended to exhibit higher hygroscopicity, although 
this correlation was not linear. As discussed above for the water solu-
bility of biomarkers, the short side chains of pregnane and triaromatic 
steroids have higher water solubilities than their long side-chain coun-
terparts. This profile was in a mountainous area with steep terrain, and 
the precipitation in this study area was sufficient with an average annual 
of ~700 mm, which provides favourable conditions for enough surface 
water runoff. Meanwhile, it is notable that DBT/P, an indicator of water 
washing (Palmer, 1984), decreased gradually with increased weath-
ering, except for samples in Stage I. Therefore, besides DBT/P, the 
preferentialremoval of low molecular weight biomarkers, such as the 
low CN n-alkanes, high-bioresistance S21–22 pregnanes, TAS(C20–21) and 
TT20–23, may be mainly caused by the leaching of surface water during 
weathering. This suggests that surface water leaching played a sub-
stantial role in the weathering of source rocks in the Yishicun Profile. 

6. Conclusions 

The aim of this study was to examine how natural weathering can 
produce pronounced changes in bulk, molecular, mineral, and elemental 

compositions of petroleum source rocks. Detailed investigations of 
organic and inorganic characteristics have been conducted on a series of 
weathered source rock samples from the Yishicun Profile in the Tong-
chuan area of the Ordos Basin to examine the impact of natural 
weathering on source rocks. The results show that weathering causes 
systematic changes in the amount and composition of inorganic features 
(minerals, major and trace elements, and REEs) and OM (kerogen and 
EOM), and the extent of weathering-induced change is closely related to 
the degree of weathering. Owing to leaching by surface water and 
biodegradation, the weathering of samples along the horizontal strata 
chiefly occurred at a depth of approximately 2 m from the surface soil 
cover and the bottom of the profile, which could have resulted in a 41% 
decrease in TOC and a 75% loss of EOM. Furthermore, weathering can 
cause the loss of saturated and aromatic hydrocarbon fractions. With the 
increase of resin and asphaltene fractions, aromatic hydrocarbons are 
relatively more severely depleted than saturated hydrocarbons because 
of the differences in water solubility. In saturated and aromatic hydro-
carbons, low-molecular-weight biomarkers, such as the low CN n-al-
kanes, S21–22 pregnanes, TT20–23, and TAS(C20–21), are more susceptible 
to depletion by natural weathering than their higher molecular weight 
counterparts due to leaching by surface water. These biomarkers exhibit 
a similar phenomenon in that those with lower molecular weight are 
more easily depleted than those with higher molecular weight. For 
example, S21 vs. S22 pregnane, C27 vs. C29 steranes, TT20 vs. TT23, and 
TAS20 vs. TAS21. These weathering-induced changes in organic 
geochemical characteristics also influence the evaluation of hydrocar-
bon resources based on OM abundance, type, and maturity. 

The major element composition shows that the outcrop profile is in a 
moderate weathering stage, with slight enrichment of HREEs and pref-
erential removal of MREEs. The values of commonly used palae-
oenvironmental geochemical proxies, including U/Th, AU, Mo, Sr/Ba, 
Sr/Cu, and P/Ti, displayed varying degrees of weathering-related 
alteration (CV > 10%). Other palaeoenvironmental proxies, such as V/ 
(V + Ni), Ni/Co, V/Cr, δU, and Ceanom demonstrated only slight change 
and remained reliable for environmental interpretation. Therefore, data 
from organic and inorganic geochemical studies based on outcrop 
samples should be interpreted carefully. 
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