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Abstract. The Bilong Co oil shale zone is located in the South Qiangtang
depression, northern Tibet, southwestern China. This zone, together with the
Shengli River-Changshe Mountain oil shale zone in the North Qiangtang
depression, northern Tibetan Plateau, potentially represents the largest
marine oil shale resource in China. Altogether 18 samples of oil shale and
micritic limestone were collected from the Bilong Co area to determine their
Sr and Nd isotopic composition, as well as discuss sediment sources and
paleoenvironmental changes. The Sm-Nd model ages for the Bilong Co oil
shale samples support its derivation from the Nadi Kangra source whose
model ages reflect the origin of volcanic rocks from the older continental
crust by its melting. The Nd isotopic composition of the Bilong Co oil shale is
similar to that of Late Triassic Nadi Kangri Formation volcanic-volcani-
clastic rocks, which implies that this oil shale stems from said rocks.

Generally, the vertical variations of ey,(0) values in the Bilong Co oil shale
section are relatively homogeneous, suggesting a stable provenance for
sediments.

The *’Sr/*Sr ratio of the Bilong Co oil shale is much higher than that of
contemporary seawater. Such a high *’Sr/*°Sr ratio reflects the original com-
position of the deposited sediment, both chemical and clastic. In the Bilong
Co oil shale area, micritic limestone generally has a slightly lower ¥’ Sr/*°Sr
ratio than oil shale. The Sr isotopic fluctuation in the Bilong Co oil shale is
closely connected with sea level change. Sea level rise and consequent
marine incursion may change the aquatic environment of the pre-existing
lagoon, lowering the ¥ Sr/*°Sr ratio of the precipitation fluid.

Keywords: marine oil shale, Sr-Nd isotope, source region, paleoenviron-
mental change, Qiangtang basin, northern Tibet, China.
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1. Introduction

In China oil shale as an alternative energy resource has received much
attention in recent years [1, 2]. Chinese oil shale was mainly deposited in
lacustrine environments. Examples are the Tertiary oil shale in the Huadian
[2] and Fushun areas [1], and the Jurassic oil shale in the Minhe basin [3].
Marine oil shale is mainly found in the Qiangtang basin, northern Tibet,
China [4-7], which includes the Bilong Co and Shengli River-Changshe
Mountain oil shale zones. These zones potentially represent the largest
marine oil shale resource in China.

The Bilong Co oil shale zone is also of special interest because the
organic geochemistry of organic-rich oil shale can be correlated with that of
the Early Toarcian anoxic event in Europe [8]. Earlier studies of oil shale
were focused on organic geochemistry [9, 10] and anoxic event [8, 10].
However, little work has been done so far on the isotopic characteristics of
oil shale, especially radiogenic isotopes. Knowledge of the characteristics of
the Sr and Nd isotopes present in oil shale is very important, as it
provides unique information about paleoenvironmental changes and detrital
sediment sources along with the bulk chemistry and clay mineralogy of the
sediment [11].

In the present study, Sr and Nd isotopic data for the Bilong Co oil shale
from the Qiangtang basin, northern Tibet, China, were analyzed. The aim of
the paper was to reconstruct paleoenvironmental changes, as recorded by the
respective change in the Bilong Co oil shale section, and discuss sediment
sources.

2. Geological setting

On a large scale, the Tibetan Plateau constitutes a tectonic collage of
continental blocks. From north to south, Tibet is composed of the Kunlun-
Qaidam area, the Songpan-Ganzi flysch complex, and the Qiangtang and
Lhasa terranes, which are separated by the east-striking Anyimaqgen-Kunlun-
Muztagh, Hoh Xil-Jinsha River and Bangong Lake-Nujiang River suture
zones, respectively (Fig. 1a). It is generally accepted that the Paleo-Tethys,
represented by the Jinsha River suture zone, probably opened during the
Early Carboniferous [12] and closed by the Permian to latest Triassic [13].
The mid-Tethys branch between the Lhasa and Qiangtang terranes was open
by the Early Jurassic [13] and closed along the Bangong Lake-Nujiang River
suture during the Late Jurassic [12].

Marked by the Hoh Xil-Jinsha River suture zone to the north and the
Bangong Lake-Nujiang River suture zone to the south, the Qiangtang block
consists of the North Qiangtang depression, the central uplift and the South
Qiangtang depression (Fig. 1a) [14]. During the Permo-Trissic, the Paleo-
Tethys Ocean was consumed by northern subduction beneath the Kunlun
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terrane and southward subduction beneath the Qiangtang terrane [13], result-
ing in a large-scale regression in the Qiangtang basin. During this period,
most parts of the Qiangtang basin were uplifted and exposed to erosion.
Meanwhile paleo-weathering crusts occurred widely in the Qiangtang basin
[15]. Subsequently, these weathering crusts were unconformably overlain by
a succession of volcanic-volcaniclastic strata (the Late Triassic Nadi Kangri
Formation volcanic-volcaniclastic rocks) that mark the onset of the Meso-
zoic Qiangtang basin [16]. As a result, the sediments are almost exclusively
Mesozoic marine deposits that crop out in the South Qiangtang and North
Qiangtang depressions, whereas Paleozoic marine sedimentary sequences
are locally preserved in the central uplift.

The Bilong Co area is located in the South Qiangtang depression, northern
Tibetan Plateau, China (Fig. 1b), where Jurassic marine strata are wide-
spread, including the Lower Jurassic Quse Formation, the Middle Jurassic
Sewa Formation, the Buqu and Xiali Formations, and the Upper Jurassic
Suowa Formation (Fig. 1c). Oil shale, whose layer is about 35.5 m in thick-
ness, is exposed for a distance of more than 4 km in the east-west direction.
Abundant ammonites (Harpoceras sp.), occurring at the top of the Bilong Co
oil shale section [9], indicate that the Bilong Co oil shale is of Early Jurassic
age (i.e. Quse Formation strata).

The minerals identified by X-ray diffraction in oil shale include abundant
calcite, clay minerals, quartz, minor dolomite, feldspars and pyrite [17].
Anhydrite and hematite have also been detected in several oil shale samples
[17]. Clay minerals are common and occur in thin-layered and massive
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forms. Calcite, whose content of the Bilong Co oil shale is high, occurs
mainly as disseminated fine particles [17]. Quartz is mostly present as
disseminated fine particles too. Pyrite is also found and occurs chiefly as
disseminated fine particles. Minor quantities of pyrite crystals were detected
in a field survey [17].

3. Samples and analytical methods

The location of the study area and oil shale section is shown in Figs. 1b and
Ic, respectively. A total of 18 fresh unmetamorphosed samples were
collected from the Bilong Co oil shale section. 13 samples were collected
from oil shale seams with an average vertical sampling interval of 1 m, and
five samples were taken from micritic limestone intervals.

Powdered samples (200 Mesh) were first heated to decompose organic
materials prior to Sr-Nd isotopic analysis. The concentration of Sr isotopes
was measured on a GV Isoprobe-T thermal ionization mass spectrometer
(TIMS) at the Institute of Geology and Geophysics, Chinese Academy of
Sciences. The analytical technique followed the procedure described by Ma
et al. [18]. ¥Sr/**Sr=0.1194 was adopted to calibrate mass bias during
measurements, and the NBS 987 Sr standard was repeatedly measured to
monitor the quality of measurements, yielding an average *’Sr/*°Sr of
0.710265+0.000009 (20) (N=24). Nd concentration measurements were
carried out on a MicroMass Isoprobe multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-CAS). The analytical
procedures have been described by Liang et al. [19]. The fractionation of the
measured '“Nd/'**Nd was normalized using '**Nd/'**Nd=0.7219. A standard
Nd solution, the Shin-Etsu JNDi-1, was repeatedly measured, yielding a
mean value of 0.512118+0.000009 (26) (N=20) for '*Nd/'**Nd. The
accuracy of measurement of concentrations and the Sm/Nd ratio was better
than 2%.

4. Results

Isotopic data for oil shale and micritic limestone samples from the Bilong Co
area are graphically presented as initial *’St/**Sr versus initial exq in Fig. 2
and tabulated in Table 1. The Sr and Nd isotopic ratios were age-corrected to
the 183 Ma age based on the Early Toarcian ammonites [9].
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Fig. 2. 'St/%Sr, vs. ena values for the samples under study.

4.1. Sr isotopes

Our results (Table 1) show that the Sr concentrations of oil shale samples
exceeded 318 ppm, with a maximum of 600 ppm and an average of
427 ppm. In contrast, micritic limestone samples had a higher Sr con-
centration varying between 309 and 639 ppm, with an average of 456 ppm.
All samples had a low Rb/Sr ratio ranging from 0.04 to 0.33. The *’Sr/**Sr
ratios of samples cluster into discrete groups with minimal overlap:
0.70783-0.70876 for the oil shale group, and 0.70730-0.70825 for the
micritic limestone group (Fig. 2). Overall, the Sr isotopic ratios rapidly
decrease upwards from oil shale seams to micritic limestone intervals.

4.2. Nd isotopes

In the oil shale samples from the Bilong Co area the concentrations of
Sm and Nd ranged from 0.93 to 3.87 ppm and from 4.65 to 20.4 ppm,
respectively, while the Sm/Nd ratio varied only a little, 'Y’Sm/'*'Nd
remaining between 0.1065 and 0.1249. The measured values of eng(0) varied
from —12.3 to —11.0. The Nd isotopic composition of samples revealed no
obvious systematic change with increasing stratigraphic height (Fig. 3).
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5. Interpretation and discussion
5.1. Mode of occurrence of Rb, Sr, Sm and Nd

In general, elements in oil shale occur in combination with either organic or
inorganic constituents. Inorganic constituents may comprise more than one
component with distinct elemental signatures. The mode of occurrence of
elements in oil shale can be inferred from its association with particular
minerals or major elements, based on Pearson’s correlation coefficients
between the elements. Coarse-grained detrital minerals are rare in the Bilong
Co oil shale. The absorption of fine-grained minerals and/or organic matter
may be the main mode of occurrence of Rb, Sr, Sm and Nd. It is to be noted
that the concentrations of Rb, Sm, and Nd positively correlated with ash
yield [17], which shows that detrital minerals in oil shale are the main
carriers of these elements. The prevailingly positive correlations between the
concentrations of Si and Rb (» = 0.97), Sm (r = 0.78) and Nd (r = 0.85), Al
and Rb (» = 0.98), and Sm (» = 0.83) and Nd (» = 0.91) imply that Rb, Sm,
and Nd are mainly present in clay minerals.

The concentration of strontium only slightly correlated with ash yield
[17], suggesting that Sr is different in mode of occurrence from the other
elements under study.
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5.2. Use of Nd isotope data in source determination

Nd isotopes can provide important information about the provenance of
clastic sediments in marine environments [20]. The present-day values of
end(0) and the Sm/'"**Nd ratio of oil shale are relatively uniform, with small
variations between —12.3 and —11.0, and 0.1065 and 0.1249, respectively. The
Sm-Nd model ages (or crustal residence ages) are restricted to a range of
1.56-1.86 Ga (Table 1). The depositional age of the Bilong Co oil shale is
about 183 Ma [7]. The obtained data suggest that the shale is of Meso-
/Paleoproterozoic origin. However, the Bilong Co oil shale was deposited in
the Early Toarcian coincident with the peak of the Early Jurassic trans-
gression [7]. Sedimentary facies and palaeogeographic reconstruction reveal
that potential sources (or sediment supply areas) for oil shale are located in
the southern part of the central uplift [14] where the Mesozoic strata are
widely spread, including the Late Triassic Nadi Kangri Formation volcanic-
volcaniclastic rocks and conglomerates. Additionally, the gravel components
of Nadi Kangri Formation conglomerates mainly consist of Nadi Kangri
Formation volcanic gravels and underlying limestone [14]. These data rule
out the Meso-/Paleoproterozoic sediments as major source rocks for the
Bilong Co oil shale. The values of the '*’Sm/'**Nd ratio of oil shale samples
reported here are similar to those of the Late Triassic Nadi Kangri Formation
rhyolite (average 0.1267) and tuff (average 0.1076) (Table 2), indicating that
the shale originates from the Nadi Kangri Formation volcanic-volcaniclastic
rocks. Moreover, our results reveal that the difference in average &ng(0)
between oil shale samples and the Nadi Kangri Formation volcanic-volcani-
clastic rocks is only 0.6¢ (Table 2), which further supports the above
recognition. The Sm-Nd model ages for oil shale samples also second the
shale’s derivation from the Nadi Kangra source whose model ages reflect the

Table 2. Nd isotopic data for oil shales and Nadi Kangri Formation volcanic-
volcaniclastic rocks

Sediment S m/ " Nd BNd/"Nd ena(0)
Samples from the Bilong Co
oil shale profile
Oil shale 0.1065-0.1249 | 0.511865-0.511935 | —-12.3t0o-11.0
(average 0.1161) | (average 0.511912) | (average —11.4)
Micritic limestone 0.1095-0.1238 | 0.511880-0.511922 | —-11.9to-11.4

Nadi Kangri Formation
volcanic-volcaniclastic rocks

Rhyolite

Tuff

(average 0.1163)

0.1203-0.2566
(average 0.1267)

0.1064-0.1088
(average 0.1076)

(average 0.511900)

0.511789-0.511886
(average 0.511845)
0.511868-0.511886
(average 0.511877)

(average —11.7)

-12.7t0-11.2
(average —12.0)
-122t0-11.6
(average —11.9)
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stemming of volcanic rocks from the older continental crust by its melting.
The model ages of the Bilong Co oil shale are similar to those of the Nadi
Kangri Formation rhyolite (~1.7-1.9 Ga), tuff (~1.6-1.7 Ga) and granite
(~1.7-2.0 Ga).

5.3. Stability of source regions across the oil shale profile

The change in Nd isotopes concentration could be attributed to the change of
sediment provenance [21]. Table 1 shows that the exg(0) values in the Bilong
Co oil shale profile range from —12.3 to —11.0, with an average of —11.5. The
respective values of oil shale seams vary between —12.3 and —11.0, with an
average of —11.4, whereas those for micritic limestone intervals remain
between —11.9 and —11.4, with an average of —11.7. The difference in
averages between oil shale seams and micritic limestone intervals is only
0.3¢ unit. This is indicative of the relatively homogeneous eng(0) values in
the whole profile, as well as of the comparatively stable provenance of oil
shale and micritic limestone in the Bilong Co oil shale profile.

As seen from Fig. 3, the fluctuations of eyxg(0) values in the Bilong Co oil
shale profile are small. The respective maximum fluctuations from micritic
limestone beds to oil shale seams are observed at the boundary between
BP-9 and BP-10-1, the variations being smaller than 0.7¢ unit. Wang ef al.
proposed that the total experimental error of '*Nd/'**Nd is generally
accepted to be within +0.000050, which would lead to a change of exqy(0) not
beyond 0.7¢ unit [22]. Thus, the Nd isotopic composition has changed or an
isotopic anomaly takes place only when the difference in enxqg(0) values
between the samples is larger than 0.7eng unit [22]. Obviously, a smaller
fluctuation of &yq(0) than 0.7¢ unit from micritic limestone beds to oil shale
seams indicates that the source regions of micritic limestone cannot be
shown to be different from those of oil shale.

5.4. Sr isotope evidence for sources of oil shale

The *’Sr/*Sr ratio varies between 0.70730 and 0.70876. The isotopes of Sr
are not fractionated in nature. Thus, during deposition the Bilong Co oil
shale may record the isotopic compositions of Sr in the latest Early Jurassic
seawater and/or sediment source. Our study revealed that all oil shale
samples had a higher ¥'Sr/**Sr ratio than contemporary seawater. This can be
explained by the following. The Bilong Co oil shale was either dia-
genetically altered due to addition of radiogenic Sr after their precipitation,
or the precipitation fluid had a high *’Sr/*®Sr ratio. The analysis of Mn and Sr
concentrations, as well as values of their ratio has become an effective tool
in evaluating the intensity of diagenetic alterations [23]. The Bilong Co oil
shale is characterized by a low concentration of Mn and a very low ratio of
Mn/Sr (0.54-0.95). Furthermore, there is no correlation between the *’Sr/*°Sr
ratio and Mn concentration (Fig. 4). Some samples of oil shale, whose Mn
concentration is high, possess a low *’Sr/**Sr ratio. This implies that dia-
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Fig. 4. Relationship between the *’Sr/*’Sr ratio and Mn content of Bilong Co oil
shale samples (Mn value from Ref. [17]).

genesis has a negligible impact on *’Sr/**Sr values. Consequently, the high
¥7S1/*Sr ratio of the Bilong Co oil shale reflects the original composition of
the deposited sediment, both chemical and clastic.

The high *’St/**Sr ratio of Bilong Co oil shale samples suggests that
radiogenic *’Sr had a significant input to the Sr system during deposition.
Such a high *’Sr/**Sr ratio is indicative of a radiogenic strontium flux and the
shale’s *’Sr/**Sr ratio was derived from tectonoclimatic processes such as the
exposure and chemical weathering of ancient crystalline rocks with high
¥7St/**Sr ratio [24]. Our study of Nadi Kangri Formation strata reveals that
the average Sr content of the exposed Nadi Kangri Formation rhyolite and
tuff is 122.4 and 104.8 ppm, respectively. Both the rocks have a high
8Sr/*%Sr ratio, i.e. about 0.7090 and 0.7118, respectively. Thus, the radio-
genic strontium, which is responsible for the high *’Sr/**Sr ratio of oil shale,
was probably derived from the Nadi Kangri volcanic-volcaniclastic rocks.
The significantly positive correlations between the *'Sr/*°Sr ratio and
contents of Si (statistically significant at a strict significance level of 0.001;
the linear correlation coefficient =0.88) and Al (»=0.84) further imply that
weathering clay minerals with more radiogenic Sr may have an important
role in the detrital input to oil shale.

5.5. Sr isotopic change and sea level fluctuations

In the Bilong Co oil shale area, micritic limestone generally has a slightly
lower ¥’St/*Sr ratio than oil shale. At Site BP-12-3, the oil shale’s *’Sr/*Sr
ratio is 0.70831, whereas that of micritic limestone is 0.70749 at Site BP-13,
indicating a dramatic shift in Sr isotope concentration at the boundary
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between oil shale seams and micritic limestone beds. A similar shift in SR
isotope concentration is also observed at sites BP-10-4 to BP-11 (Fig. 3).
The Sr concentration of the samples of both sediments is high, being
respectively 413-639 and 318-600 ppm, while their Mn/Sr ratio is low,
0.57-1.62 and 0.54-0.95, respectively. This excludes diagenetic alteration as
a factor which is responsible for the decrease in *’Sr/**Sr ratio from oil shale
seams to micritic limestone intervals. This decrease may be accounted for:
(1) a change in oceanic circulation pattern, (2) a change in Sr isotope con-
centration of local or regional continental inputs, and (3) a compositional
change of the precipitation fluid.

As discussed above, the vertical variations of eng(0) values in the Bilong
Co oil shale section are relatively homogeneous, which is indicative of a
stable provenance of sediments with no significant change of source regions
from the oil shale seam to the micritic limestone bed. The decreases upwards
from oil shale to micritic limestone suggest that the clastic content is a
critical factor. It is to be noted that the *’Sr/**Sr ratio reveals a consistent
vertical variation with Zr, Rb, and Y REE distributions (Fig. 3) and has a
highly positive relationship with the contents of Zr, Rb, and Y REE (Fig. 5).
These data further support the above observations.

Influenced by regional tectonics, sea level fluctuations in the Qiangtang
basin were frequent during the Early Jurassic. When the relative sea level
was low, a barrier-lagoon system was formed in the Bilong Co area. As a
result, the area was isolated from the sea by a paleotopographic high barrier.
Subsequently, a wide lagoonal area developed behind the protecting barriers.
Oil shale was mainly deposited in the lagoonal environment. Therefore, the
shale’s high ¥Sr/**Sr ratio is chiefly controlled by weathering clay minerals
with more radiogenic Sr. However, when the relative sea level was high; the
barriers were submerged as they continued to undergo transgression, result-
ing in open-ocean environments in the Bilong Co area. Sea level rise and
consequent marine incursion may have changed the aquatic environment of
the pre-existing lagoon, ending the deposition of oil shale. Furthermore,
introduction of seawater Sr would lower the precipitation fluid’s *’Sr/**Sr
ratio. Frequent sea level changes responded to repetitive cycles of oil shale
and micritic limestone depositions, resulting in Sr isotope concentration
fluctuation from oil shale seams to micritic limestone intervals.

Frimmel speculated that trace element distributions in carbonates can be
useful monitors of the depositional palacoenvironment. The low contents of
Zr, Rb and Y REE (total rare earth element) reflect a distal depositional environ-
ment, whereas the high ones are probably related to deposition in a near-shore
environment [25]. The Bilong Co oil shale has relatively high concentrations
of Zr (average 56.1 ppm), Rb (average 87.0 ppm) and Y REE (average 86.2
ppm) (Fig. 3), which is in agreement with deposition in the near-shore environ-
ment (lagoon). In contrast, the concentrations of Zr (average 32.2 ppm), Rb
(average 48.6 ppm) and Y REE (average 45.8 ppm) of micritic limestone are
lower (Fig. 3), reflecting deposition in the open-ocean environment.
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Fig. 5. Relationship between the *’Sr/*Sr ratio and contents of Rb, Zr, and Y REE of
Bilong Co oil shale samples (Zr and Y REE values from Ref. [17]).
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6. Conclusions

(1) The Nd isotopic composition of oil shale samples from the Bilong Co
area is similar to that of the Late Triassic Nadi Kangri Formation
volcanic-volcaniclastic rocks, implying that the shale originates from the
Nadi Kangri Formation volcanic-volcaniclastic rocks. The Sm-Nd model
ages for oil shale samples also support its derivation from the Nadi
Kangri source whose model ages reflect the origin of volcanic rocks
from the older continental crust by its melting.

(2) The vertical variations of enxq(0) values in the Bilong Co oil shale section
are relatively homogeneous, indicating a stable provenance of sediments
with no significant change of source regions from the oil shale seam
through the micritic limestone bed.

(3) The *’St/**Sr ratio of Bilong Co oil shale samples ranges from 0.70783 to
0.70876, being much higher than that of contemporary seawater. Such a
high *’Sr/**Sr ratio reflects the original composition of the deposited
sediment, both chemical and clastic. The radiogenic strontium, which is
responsible for the high *’Sr/*Sr ratio of oil shale samples, was probably
derived from the Nadi Kangri volcanic-volcaniclastic rocks.

(4) The Bilong Co oil shale was deposited in the lagoonal environment. Sea
level rise and consequent marine incursion may change the aquatic
environment of the pre-existing lagoon, lowering the precipitation-
fluid’s ¥Sr/*Sr ratio. Frequent regional sea level changes would result in
Sr isotope concentration fluctuation from oil shale seams to micritic
limestone intervals.
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