
ORIGINAL ARTICLE

Influence on lacustrine source rock by hydrothermal fluid: a case
study of the Chang 7 oil shale, southern Ordos Basin

Delu Li1 • Rongxi Li1 • Zengwu Zhu2
• Xiaoli Wu1

•

Futian Liu1
• Bangsheng Zhao1

• Baoping Wang3

Received: 25 April 2017 / Revised: 2 June 2017 / Accepted: 3 July 2017 / Published online: 10 July 2017

� Science Press, Institute of Geochemistry, CAS and Springer-Verlag GmbH Germany 2017

Abstract Hydrothermal fluid activity during sedimenta-

tion of the Triassic Yanchang Formation in the Ordos

Basin and the impact of said activity on formation and

preservation conditions of source rocks have received little

attention. Oil yield, major element, trace element, rare

earth element, and total sulfur (TS) data from the oil shale

within the Yanchang are here presented and discussed in

the context of hydrothermal influence. Oil shale samples

returned relatively high total organic carbon (TOC), in the

range of 4.69%–25.48%. A high correlation between TS

and TOC suggests TS in the oil shale is dominated by

organic sulfur and affected by organic matter. The low Al/

Si ratio of oil shale samples implies quartz is a major

mineralogical component. Si/(Si ? Al ? Fe) values sug-

gest close proximity of the oil shale to a terrigenous source.

dEu; Fe versus Mn versus (Cu ? Co ? Ni) 9 10; and

SiO2/(K2O ? Na2O) versus MnO/TiO2, Fe/Ti, and

(Fe ? Mn)/Ti are evidence of hydrothermal fluid activity

during oil shale sedimentation, and dU and U/Th of the oil

shale indicate reducing conditions. The Sr/Ba of oil shale

samples suggests fresh-water deposition. The high corre-

lations of Fe/Ti and (Fe ? Mn)/Ti with dU, U/Th, and TS

demonstrate that hydrothermal fluid activity promotes

reducing conditions. Sr/Ba ratios had low correlation with

Fe/Ti and (Fe ? Mn)/Ti, implying that hydrothermal fluid

activity had little impact on paleosalinity. Fe/Ti,

(Fe ? Mn)/Ti, dU, U/Th, and Cu ? Pb ? Zn all exhibited

high positive correlation coefficients with TOC in oil shale

samples, suggesting that more intense hydrothermal fluid

activity improves conditions in favor of formation and

preservation of organic matter.

Keywords Hydrothermal fluid activity � Lacustrine source

rock � Element geochemistry � Chang 7 � Ordos Basin

1 Introduction

The study of hydrothermal fluid activity started in the

1960s and has been a research hotspot of fluid metallogeny

(Bischoff 1969; Zeng et al. 2015). Previous research has

suggested that hydrothermal fluid activity could transport

massive thermal energy, chemical energy, and metallo-

genic materials, making it one of the most important

mineral-forming geologic processes (Zhang et al. 2010).

Research of hydrothermal fluid activity has focused mainly

on metallic ore in the marine environment (Qi et al. 2015;

Zeng et al. 2015) and studies of hydrocarbon resources in

the context of hydrothermal activity are primarily focused

on marine siliceous shale, carbonaceous shale, and dolo-

mite of the Cambrian and Silurian Niutitang and Longmaxi

Formations in southern China (Sun et al. 2003, 2004; Chen

et al. 2004; Chen and Sun 2004; Jia et al. 2016). Post-

Permian source rocks with a lacustrine sedimentary envi-

ronment affected by hydrothermal activity are in northern

China (Liu et al. 2010; Zhang et al. 2010). The formation

of these source rocks is closely associated with

hydrothermal fluid activity (Xie et al. 2015; Chu et al.

2016; He et al. 2016, 2017; Jia et al. 2016). Nutrients and

elements transported in hydrothermal fluids affect organic

matter, but the impact is disputed. Some scholars argue

hydrothermal activity increases organic matter
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concentration (Zhang et al. 2010; He et al. 2016), while

others suggest it can render the environment inhos-

pitable for the formation of organic matter (Xie et al. 2015;

Chu et al. 2016).

The Triassic Yanchang Formation in the Ordos Basin

went through four periods of hydrothermal fluid activity, of

which Chang 7 represents the peak in scale and intensity.

The oil shale from Chang 7 is the superior Triassic source

rock. The formation of the oil shale is considered to have

occurred in a deep lake environment. But some evidence,

such as micro- and nano-fossils (Zhang et al. 2011), tuff

(Qiu et al. 2009, 2011), and high-gamma sandstone (Liu

et al. 2013), suggest the presence of hydrothermal activity

during oil shale sedimentation. Due to its high total organic

carbon (TOC), the viewpoint that hydrothermal fluid

activity has a positive effect on the formation of oil shale is

widely accepted (Lai et al. 2010; Zhang et al. 2010; Wang

et al. 2014a, b). However, relevant evidence remains in the

qualitative stage, there being insufficient quantitative data.

In this study, considering the high organic matter in oil

shale relative to other source rocks, along with advantages

of research regulations, we selected oil shale samples in the

southern Ordos Basin. TOC of oil shale samples was

calculated based on the relationship of TOC with oil yield.

Then, elemental characteristics of oil shale samples were

studied to ascertain hydrothermal fluid activity. Following

correlation analyses of element ratios, calculated values,

and TOC, the influence of hydrothermal fluid activity on

organic matter is discussed.

2 Geologic setting

Located in a structurally bound site of central China, the

Ordos Basin is one of the country’s main hydrocarbon

basins. It consists of six first-order tectonic units: the

Weibei Uplift, Yishan Slope, Yimeng Uplift, Jinxi Flexure

Zone, Tianhuan Depression, and Western Thrusted Zone

(Fig. 1a) and is the end product of a tectonic orogeny

involving the Pacific Plate and Tethyan oceanic crust fol-

lowing Indosinian movement over Paleoproterozoic crys-

talline basement (Wang 2011; Li et al. 2016). By the Early

Triassic, sedimentary facies were primarily fluvial and

swamp facies (He 2003; He et al. 2016). Subsequently, the

basin gradually developed lacustrine facies in the Yan-

chang Formation of the Upper Triassic (Wang 2011).

Fig. 1 a The geological map of Ordos Basin and locations of studied boreholes and b stratigraphic column of Upper Triassic Yanchang

Formation (modified after Qiu et al. 2014). Ch = Chang, the same hereinafter
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Toward the end of the Triassic, the lake gradually dried out

(He 2003). According to sedimentary cycles, the Yanchang

Formation has been divided into ten oil layers (Chang 10 to

Chang 1 from bottom to top) as seen in the Changqing

Oilfield (Yang et al. 1992), which shows a transgressive–

regressive lacustrine cycle (Fig. 1b) (Qiu et al. 2014).

During the deposition of Chang 7, the lake reached its

largest size (Wu et al. 2004), forming a superior oil shale

known as the ‘‘Zhangjiatan Shale,’’ under a climate that

was mainly warm and humid (Zhang et al. 2011). The

bottom of the Chang 7 oil layer is composed of oil shale,

mudstone, siltstone, and tuff.

3 Samples and analytical methods

Twenty-one samples collected from four boreholes in the

oil shale section were analyzed for oil yield, major ele-

ments, rare earth elements (REEs), and total sulfur (TS).

Samples were 70 mm in diameter and 30 cm long and were

stored separately in plastic bags until tested to minimize

contamination and oxidation. Sampling locations and rock

assemblages are shown in Fig. 2.

For oil yield analysis, samples were ground to particle

size \3 mm, then 50 g was enclosed in aluminum retort

and heated to 520 �C under air-free conditions. The ana-

lytical method was low temperature carbonization and the

procedures followed the Chinese standard method SH/T

0508-1992 (1992). The analytical uncertainty was within

5%.

For major elements analysis, samples were crushed and

ground to less than 200 mesh for X-ray fluorescence

spectrometry (XRF) with AA-6800 atomic absorption

spectroscopy and UV-2600 ultraviolet–visible spectropho-

tometer. The analytical procedures followed Chinese

National Standard GB/T14506.1 * 14-2010 (2010). The

analytical uncertainty was usually within 5%.

REE and trace element concentrations were determined

with a Perkin Elmer SciexElan 6000 inductively-coupled

plasma–mass spectrometer (ICP-MS), by the method of

Chinese National Standard GB/T14506.30-2010 (2010).

The analytical precision was generally within 5%.

The samples for TS test were ground to \100 lm, and

then heated in a pipe furnace to 1250 ± 20 �C with fluxing

agent of cupric oxide powder. The analysis method followed

Chinese National Standard GB/T 6730.17-2014 (2014).

Oil yield analysis was conducted at Shaanxi Coal Geo-

logical Laboratory Co., Ltd. Major element, trace element,

and REE concentrations and TS were analyzed at Analytical

Center, No. 203, Research Institute of Nuclear Industry.

4 Results

4.1 Oil yield, total organic carbon, and total sulfur

Oil shale samples had high oil yield (1.40 wt%–9.10 wt%,

averaging 5.01 wt%), indicating relatively high quality

(Table 1). Sun et al. (2011) discovered that oil yield of oil

shales in the southern Ordos Basin is related to TOC

Fig. 2 Oil shale sections from the bottom of Chang 7 formation, showing sampling locations
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Table 1 Oil yield, total organic carbon (TOC), total sulfur (TS), major element concentrations, Al/Si and Si/(Si ? Al ? Fe) of oil shale samples

(oil yield, TOC, TS, and major elements in wt%)

Sample no. Oilyield TOC TS SiO2 Al2O3 TFe2O3 MgO CaO Na2O K2O P2O5 MnO Al/Si Si/(Si ? Al ? Fe)

ZK702H6 4.30 12.52 3.55 55.73 13.54 6.95 0.75 0.42 0.98 3.61 0.24 0.09 0.37 0.62

ZK702H14 7.20 20.35 6.00 40.61 13.37 10.52 0.97 0.97 0.91 2.25 0.28 0.05 0.50 0.50

ZK702H18 9.10 25.48 5.63 46.90 10.69 9.48 0.86 1.61 1.30 1.85 0.45 0.06 0.34 0.57

ZK702H24 8.10 22.78 4.98 43.33 12.50 8.85 0.98 1.67 1.49 1.49 0.35 0.07 0.44 0.54

ZK702H32 7.70 21.70 5.26 44.26 12.66 9.62 0.93 1.25 1.00 2.37 0.29 0.09 0.43 0.54

ZK1501H3 5.70 16.30 6.29 45.36 11.45 9.57 1.06 1.62 1.45 2.12 0.36 0.11 0.38 0.55

ZK1501H6 6.80 19.27 7.48 36.42 11.37 11.27 1.45 2.19 0.74 1.90 0.26 0.08 0.47 0.48

ZK1501H11 6.00 17.11 5.51 43.58 12.96 9.87 1.16 2.36 1.43 2.03 0.41 0.21 0.45 0.53

ZK1501H13 2.30 7.12 1.74 56.52 14.20 5.48 2.31 3.48 1.92 2.09 0.23 0.10 0.38 0.64

ZK1501H15 5.40 15.49 4.56 48.09 14.00 7.97 1.22 1.98 1.30 2.36 0.46 0.25 0.44 0.56

ZK1501H17 1.50 4.96 0.10 59.95 13.61 4.86 2.13 3.59 2.25 4.11 0.15 0.13 0.34 0.66

ZK2709H1 1.80 5.77 0.45 53.80 20.15 7.28 2.08 0.94 1.17 3.02 0.23 0.23 0.57 0.54

ZK2709H3 7.40 20.89 3.96 44.44 14.15 8.03 1.71 1.59 1.29 2.53 0.39 0.19 0.48 0.54

ZK2709H5 2.40 7.39 0.53 64.70 14.00 3.61 1.19 1.24 1.73 2.43 0.12 0.14 0.33 0.69

ZK2709H6 6.80 19.27 4.11 46.51 13.44 7.46 1.76 2.09 1.39 2.23 0.38 0.19 0.44 0.57

ZK2709H8 5.10 14.68 2.47 50.17 15.92 7.61 2.01 1.17 1.14 2.80 0.27 0.16 0.48 0.56

ZK2709H11 5.00 14.41 2.39 49.72 16.53 7.54 2.06 1.02 1.03 2.74 0.23 0.13 0.50 0.55

ZK2709H12 1.40 4.69 0.43 62.40 16.97 5.80 2.09 0.39 2.05 3.10 0.13 0.06 0.41 0.63

ZK719H7 1.40 4.69 1.26 52.60 17.95 7.16 2.39 1.39 0.78 2.18 0.15 0.14 0.52 0.56

ZK719H13 7.20 20.35 1.16 47.03 17.07 6.21 1.74 0.73 0.76 2.54 0.24 0.15 0.55 0.55

ZK719H16 2.70 8.20 0.39 56.23 18.72 6.14 2.08 1.92 0.82 2.22 0.14 0.09 0.50 0.58

Average 5.01 14.45 3.25 49.92 14.54 7.68 1.57 1.60 1.28 2.47 0.27 0.13 0.44 0.57

Fig. 3 a–c Correlation

diagrams of TOC with TS, SiO2

and Al2O3 concentration of oil

shale samples (d) lithology

calssification of oil shale

samples and the base map is

from He et al. (2016)
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(r = 0.894) by: T = 2.7 9 x ? 0.907 where T and x rep-

resent TOC (wt%) and oil yield (wt%), respectively. TOC of

oil shale samples was thus calculated to range from

4.69 wt% to 25.48 wt%, with an average of 14.45 wt%

(Table 1). TS includes organic and inorganic sulfur and its

content was relatively high with a range of 0.10 wt%–

7.48 wt% (Table 1). Positive correlation (r = 0.792)

between TOC and TS content shows that sulfur in oil shale

samples is mainly organic sulfur, strongly influenced by

organic matter (Fig. 3a).

4.2 Element characteristics

4.2.1 Major element characteristics

SiO2, Al2O3, and TFe2O3 (total iron) were the most

abundant three elements in oil shale samples (36.42%–

64.70%, 10.69%–20.15%, and 3.61%–11.27%, respec-

tively) (Table 1). Other major elements were detected at

concentrations of no more than 5%. The Al/Si ratio can be

used to determine minerals in oil shale; the ratio gradually

declines as the content of quartz increases (Fu et al.

2010a, b). The Al/Si ratios of oil shale samples were very

low (0.33–0.57) (Table 1), implying domination by quartz,

which is in accordance with previous X-ray diffraction

analysis (Qiu et al. 2015). Si/(Si ? Al ? Fe) can provide

information on distance from terrigenous provenance,

decreasing with increasing distance (Chen and Sun 2004).

The Si/(Si ? Al ? Fe) ratio of oil shale samples ranged

from 0.48 to 0.69, suggesting that the oil shale was

deposited not far away from a terrigenous provenance.

Terrigenous matter input can dilute organic matter, leading

to negative correlation between TOC and Al2O3 concen-

tration (Fig. 3b). SiO2 concentration also negatively

correlated with TOC (Fig. 3c), suggesting that Si was

mainly from terrigenous clastic material and the content of

authigenic diatom was very low. A discrimination diagram

of log(SiO2/Al2O3)-log(TFe2O3/K2O) can provide accu-

rate classification of rocks. From Fig. 3d, oil shale samples

mainly plotted in shale and Fe-shale ranges.

4.2.2 Rare earth element characteristics

Total REEs (RREE) of oil shale samples were relatively low

(138.51–228.66 ppm, Table 2) with a high ratio (7.05–11.71)

of light REEs (LREEs) to heavy REEs (HREEs) (L/H). High

L/H ratio indicates a relative enrichment of LREEs and deficit

of HREEs. After normalization to North American Shale

Composite (NASC) (167.41 lg/g; Haskin et al. 1968), the

REE distribution pattern showed a flat LREE trend and hori-

zontal or slightly left-leaning HREE trend with inconspicuous

negative Ce anomaly (dCe = 0.89–1.02, averaging 0.94) and

positive Eu anomaly (dEu = 0.70–1.41, averaging 1.11)

(Fig. 4a; Table 2). In addition, HREEs showed a slightly rich

trend, influenced by the absorption of organic matter (Fig. 4a)

(Tu and Xu 2016).

4.2.3 Trace element characteristics

Selected trace elements are shown in Table 3. The charac-

teristics of trace elements in oil shale samples can be quan-

titatively depicted by enrichment factor (EF), defined as the

ratio of the concentration to the corresponding value of upper

continental crust (UCC) (Taylor and McLennan 1985). The

EFs of these elements varied and were classified into three

types: (1) Enrichment type (average EF [ 1.1): Ba, Cu, Zn,

Pb, Th, and U; (2) Equal type (average EF = 1 ± 0.1): Co;

and (3) Deficit type (average EF \ 0.9): Sr and Ni (Fig. 4b;

Fig. 4 a REEs distribution pattern and b spider diagram of trace elements of oil shale samples
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Table 3). A discrepancy in enrichment level of trace ele-

ments is associated with a paleo-sedimentation environment.

5 Discussion

5.1 Evidence of hydrothermal fluid activity

REEs in hydrothermal sedimentation have been widely

studied (Rona et al. 1983; Zhang et al. 2003; Jia et al. 2016)

and can be used to identify hydrothermal fluid activity.

Generally, after being normalized to NASC (Taylor and

McLennan 1985), a positive Eu anomaly is a signature of

hydrothermal fluid (Zhang et al. 2003; Jia et al. 2016). As

discussed above, dEu of oil shale samples showed positive

anomalies (with the exception of ZK702H6), implying

hydrothermal fluid activity during oil shale sedimentation.

A negative anomaly of Ce can also indicate hydrothermal

fluid in sediments (Jia et al. 2016). The dCe of most oil

shale samples showed negative anomaly (with the excep-

tion of ZK2709H12), suggesting the influence of

hydrothermal fluid. In distribution pattern of REEs

(Fig. 4a), a slightly enriched trend of HREEs is generally

associated with hydrothermal fluid activity (Jia et al. 2016).

In addition, some discrimination diagrams of trace ele-

ments and major elements can also indicate hydrothermal

activity. The diagrams of Fe versus Mn versus

(Cu ? Co ? Ni) 9 10 and SiO2/(K2O ? Na2O) versus

MnO/TiO2 clearly manifest hydrothermal fluid activity

(Fig. 5a, b). Fe/Ti and (Fe ? Mn)/Ti can indicate the

intensity of hydrothermal input (Chu et al. 2016). Values of

more than 20 and 15, respectively, are regarded as

indicative of hydrothermal input and the intensity gradually

increases with increasing values. The corresponding aver-

age values of oil shale samples were 20.25 and 20.60,

respectively, suggesting the Chang 7 oil shale in the

southern Ordos Basin was affected by hydrothermal fluid

activity.

5.2 Influence of hydrothermal fluid activity

on paleo-environment

In discussing the impact on hydrothermal intensity on

redox conditions, two parameters—dU [dU = 2U/

(U ? Th/3)] and U/Th—are quoted to represent redox

degree (Ernst et al. 1970; Deng and Qian 1993; Jones and

Manning 1994; Teng et al. 2004, 2005; Tribovillard et al.

2006; Zhao et al. 2016). Generally, dU and U/Th indicate

an oxidizing environment when they are \1 and 0.75,

respectively, and reducing conditions when they are more

than 1 and 1.25, respectively. With an increasingly

reducing environment, these two parameters increase. The

average values of dU and U/Th of oil shale samples were

1.50 and 2.24, respectively, indicating that the environment

during oil shale sedimentation was dominated by reducing

conditions.

Hydrothermal fluid not only provides thermal energy but

also plenty of reducing gas (H2, CH4, CO, and H2S) (Chen

and Sun 2004; Zhang et al. 2010). The reducing gas can

consume lots of oxygen and change physiochemistry,

leading to reducing conditions. This can be demonstrated

with diagrams of Fe/Ti and (Fe ? Mn)/Ti versus dU and

U/Th. In oil shale samples, Fe/Ti and (Fe ? Mn)/Ti

showed high positive correlation of dU and U/Th (corre-

lation coefficients ranging from 0.855 to 0.884) (Fig. 6a–

d), which means that reducing conditions increased with

growing intensity of hydrothermal fluid activity. TS con-

centration is associated with redox conditions and a high

content of TS usually indicates reducing conditions, while

a low TS content points to an oxidizing environment

Fig. 5 a Ternary diagram discrimination of oil shale samples and the base map is from Qi et al. (2004) and He et al. (2016), b genesis

discrimination diagram of oil shale samples and the base map is from Li et al. (2014) and He et al. (2016)
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Fig. 6 Correlation diagrams of Fe/Ti and (Fe ? Mn)/Ti with dU, U/Th and TS concentration in oil shale samples

Fig. 7 Correlation diagrams of

Sr/Ba with Fe/Ti and

(Fe ? Mn)/Ti in oil shale

samples
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(Hakimi et al. 2016). The extreme high positive correla-

tions between TS concentration and Fe/Ti (r = 0.936) and

(Fe ? Mn)/Ti (r = 0.938) further indicates that

hydrothermal fluid activity made an important contribution

to reducing conditions in this case (Fig. 6e–f).

Due to the huge difference between Sr and Ba in

supergene environments, Ba is more easily deposited in salt

water than is Sr. Thus, Sr/Ba can be a sensitive indicator of

paleosalinity (Wang et al. 1979, 2014a, b; Wang and Wu

1983; Li and Chen 2003; Li et al. 2015). Sr/Ba ratios of

\0.6, 0.6–1, and [1 denote fresh, brackish, and salt water

environments, respectively. The Sr/Ba of oil shale samples

ranged from 0.23 to 0.69, averaging 0.38, suggesting

mainly fresh water sedimentation. Sr/Ba of samples

showed low correlation coefficients with Fe/Ti (r = 0.196)

and (Fe ? Mn)/Ti (r = 0.199), indicating that hydrother-

mal fluid activity had a negligible impact on paleosalinity

(Fig. 7a, b).

Fig. 8 Correlation diagrams of TOC with dU, U/Th, (Fe ? Mn)/Ti, Fe/Ti and Cu ? Pb ? Zn concentration
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5.3 Influence on organic matter from hydrothermal

fluid activity

Hydrothermal fluid activity can facilitate convection and

circulation, thus exchanging nutritional ingredients. Some

abundant life nutrition elements (P, N, Cu, Fe, Mo, and V)

associated with hydrothermal fluid can improve produc-

tivity (Zhang et al. 2010; He et al. 2016), encouraging

production of organic matter. Reducing conditions induced

by hydrothermal fluid activity directly determine the

preservation condition of organic matter. dU and U/Th both

showed a positive relationship with TOC concentration

(Fig. 8a, b), suggesting that, on one hand, reducing con-

ditions contribute to organic preservation, while on the

other hand, hydrothermal fluid activity affects not only the

enrichment of organic matter, but also its preservation.

In oil samples, TOC concentration showed positive

correlations with Fe/Ti and (Fe ? Mn)/Ti, suggesting that

hydrothermal fluid has a positive influence on organic

matter (Fig. 8c, d). Meanwhile, hydrothermal fluid can

change salinity. Low-salinity water can also support

organic matter preservation.

Previous studies have demonstrated that Cu, Pb, and Zn

are the typical sulfophilic elements (Chen et al. 2004). The

enrichment of these three elements is controlled by

hydrothermal fluid activity and terrestrial input. In general,

the degree of enrichment is positively associated with the

intensity of hydrothermal fluid activity (Chen et al. 2004).

The positive correlation (r = 0.768) between

Cu ? Pb ? Zn and TOC concentration further supports

this (Fig. 8e).

Therefore, the strengthening intensity of hydrothermal

fluid activity would be conducive to formation and

preservation of organic matter in the lacustrine

environment.

6 Conclusions

There is a clear positive correlation between hydrothermal

fluid activity and the formation and preservation of lacus-

trine superior source rocks based on elemental geochem-

istry. We conclude:

(1) Oil yield, TOC, and TS of oil shale of Chang 7 oil

layer from the southern Ordos Basin ranged from

1.4 wt% to 9.1 wt%, 4.69 wt%–25.48 wt%, and

0.10 wt%–7.48 wt%, respectively. Sulfur in oil shale

was mainly organic sulfur, influenced by organic

matter.

(2) Major elements in oil shale consisted mainly of SiO2,

Al2O3, and TFe2O3; based on the Al/Si ratio, the main

mineral was quartz. A log(SiO2/Al2O3)-log(TFe2O3/

K2O) discrimination diagram revealed that the oil

shale was dominated by shale and Fe-shale. Si/

(Si ? Al ? Fe) demonstrated that the depositional

environment was not far from a terrigenous

provenance.

(3) The distribution pattern of REEs, combined with

dEu, dCe, and diagrams of Fe versus Mn versus

(Cu ? Co ? Ni) 9 10 and SiO2/(K2O ? Na2O)

versus MnO/TiO2 suggest that hydrothermal fluids

were present during oil shale sedimentation. The

intensity indicators of hydrothermal fluid activity,

Fe/Ti and (Fe ? Mn)/Ti, also support this

conclusion.

(4) dU and U/Th of oil shale samples indicate reducing

conditions during oil shale sedimentation. Sr/Ba

ratios indicated that oil shale was deposited in fresh

water. The high correlation coefficients of Fe/Ti and

(Fe ? Mn)/Ti with dU, U/Th, and TS clearly

manifested the positive contribution by hydrothermal

fluid activity on reducing conditions. Sr/Ba showed

low correlation with Fe/Ti and (Fe ? Mn)/Ti,

implying that hydrothermal fluid activity had little

impact on paleosalinity.

(5) Fe/Ti, (Fe ? Mn)/Ti, dU, U/Th, and

Cu ? Pb ? Zn were highly positively correlated

with TOC in oil shale samples, suggesting that the

strengthening intensity of hydrothermal fluid activ-

ity is beneficial to the formation and preservation of

organic matter.
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