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Abstract: The carbonate rock of the Qiulitage Formation is a significant stratum for oil and gas
exploration in the Tarim Basin. To elucidate its environmental characteristics, we conducted tests
and analyses of trace elements, carbon, and oxygen isotopes of the carbonate rocks of the Qiulitage
Formation in the Kekeqigankake section of the Keping area. The results reveal that δ13C values
range between −1.7‰ and 4.3‰, with an average value of 1.645‰. δ18O values fluctuate from
−11.4‰ to −6‰, with an average value of −8.2475‰. Z values (paleosalinity) vary from 120.33 to
131.67, significantly exceeding 120 with an average value of 126.52, indicating a marine sedimentary
environment. Paleotemperature values (T) range from 12.75 to 29.09 ◦C, with an average value of
21.36 ◦C, suggesting warm climate conditions. The Sr/Ba (3.42~24.39) and Sr/Cu (57.5~560) ratios are
elevated, while Th/U (<1.32) and V/Cr (0.989~1.70) ratios are reduced, suggesting that the Qiulitage
Formation was deposited in an oxygen-rich, warm marine sedimentary environment with relatively
high salinity.

Keywords: Tarim Basin; Qiulitage Formation; carbon and oxygen isotopes; trace element; sedimentary
environment

1. Introduction

The Tarim Basin, spanning 56 × 104 km2 in northwestern China, ranks among the
three principal Paleozoic marine sedimentary basins in the country [1]. This expansive
diachronous basin has undergone varied tectonic regimes throughout its evolutionary
history, transitioning from a Paleozoic intracratonic basin to Mesozoic–Cenozoic foreland
basins [2,3]. Situated between the Paleozoic Central Asia and the Tethys tectonic belts, the
Tarim Basin is bounded by the Tien Shan Mountains to the north, the Kunlun Mountains
to the south, the Altun Mountains to the east, and the Pamirs to the west (Figure 1).
Ongoing large-scale oil and gas exploration within the basin has unearthed significant
fossil fuel reserves, with confirmed petroleum reserves of 120.65 × 108 t and natural gas
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volumes of 14.7 × 1012 m3 [4], prompting an escalating research interest in this region. The
Cambrian–Ordovician marine carbonate successions are notably prevalent in the Tarim
Basin and represent a crucial stratigraphic horizon for oil and gas exploration. Notably,
recent discoveries have been made in the Tahe-Lunnan and Tazhong large oil and gas
fields within this formation [5]. Within the realm of carbonate successions, the Upper
Cambrian–Lower Ordovician Qiulitage Formation has been established as a reservoir [6].
Consequently, comprehending the formation’s depositional environment is essential for
evaluating its resource potential. Prior research on the Lower Ordovician–Upper Qiulitage
Formation has primarily concentrated on stratigraphic succession divisions [7], reservoir
characteristics, and its formation mechanisms [6,8,9]. However, there has been a relative
lack of focus on the analysis of its depositional environments. In this study, we conducted
a systematic evaluation of carbon and oxygen stable isotopes, as well as trace element
geochemistry of carbonate rocks in the Upper Qiulitage Formation, based on extensive
field observation and sedimentary petrology. This will provide a theoretical perspective for
future oil and gas explorations.
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2. Geological Background

The Tarim Basin is tectonically distinguished by three primary uplifted regions and
four significant depocenters, which can be further segmented into seven structural units:



Appl. Sci. 2024, 14, 7885 3 of 11

the Tabei uplift, Central uplift, Tanan uplift, Kuqa depression, North depression, Southwest
depression, and Southeast depression [12]. The Keping faulted uplift, the focus of this
study, is located at the intersection of the Tien Shan orogenic belt and the northwest margin
of the Tarim basin (Figure 1). This foreland fold-and-thrust belt consists of a series of
NEE-striking imbricated overthrust nappes, formed by the collision of the Indian plate to
the south and the Asian plate [13]. The Keping uplift is bordered by the Wushi sag and the
South Tien Shan orogenic belt to the north, the Bachu positive relief and the Awati sag to the
south, and is adjacent to the West Tian Shan fold-and-thrust belt to the west and the Wensu
positive relief to the east (Figure 1). The Sepabayi area is characterized by outcropping
Palaeozoic marine sedimentary rocks, including the Ordovician Qiulitag Formation, the
Silurian Kepingtag and Tataaiertag Formations, the Devonian Yimugantaw Formation,
the Carboniferous Bashisuogong and Biegentaw Formations, the Carboniferous-Permian
Kangkelin Formation, and the Permian Kunkelaqi and Kalundaer Formations [10]. The
study area is predominantly populated with Cambrian–Ordovician carbonates, notably
the Upper Qiulitage Formation, which is triangular in shape and covers an approximate
area of 5 km2. This formation is thrust southward towards the Lower Silurian Kepingtage
Formation and the Upper Carboniferous Bashisuogong Formation, while its northern region
is enveloped by the Quaternary System. The stratum thickness of the Upper Qiulitage
Formation in the outcropping Kekeqigankake section is approximately 864 m. The lithology
primarily consists of dolomite, limestone, dolomitic limestone, and calcareous dolomite,
interspersed with layers containing chert nodules and cephalopod fossils.

3. Analytical Methods

In this study, 40 whole rock samples were collected from fresh, unaltered, calcite
vein-free layers of the Upper Qiulitage Formation in the Kekeqigankake section, Keping
area, Tarim basin (GPS: 78◦41′40.8′′ N; 40◦56′26.3′′ E). The section is an outcrop. We used
PM04-0-1 as the first sample at the bottom of the profile, sampling from the old to the new
stratigraphic succession until we collected sample PM04-24-1 (Table 1). Due to the length
of the profile, we started numbering from PM13-0-1, sampling in chronological order from
old to new until PM13-16-1. The samples are limestone and dolomite. All the samples
were surface-cleaned and dried, grounded to 200 meshes in an agate bowl [14], and then
sieved and packed in paper sample bags. C and O isotope analyses for 40 powder samples
were performed using MAT-253 Mass Spectrometer manufactured by Finnigan MAT at the
Analytical Laboratory of Beijing Research Institute of Uranium Geology (BRIUG), Beijing,
China. Whole rock trace-element concentrations were also determined in BRIUG for further
selected 27 powder samples, using a Perkin Elmer Elan DRC-e Induced Coupled Plasma-
Mass Spectrometer against primary standard solutions and validated against certified
standard rock materials. The analytical precision was generally better than 5%.

Table 1. Analysis results of C and O isotopic values of carbonate rocks of the Upper Qiulitage
Formation in Kekeqigankake section, Keping area.

Sample No. Lithology δ13CPDB
/‰

δ18OPDB
/‰

δ18OSMOW
/‰

Z
Value T (◦C)

PM04-0-1 Arenaceous limestone 2.6 −8.8 21.9 128.24 24.79
PM04-1-1 Arenaceous limestone 2.6 −8.5 22.2 128.39 23.40
PM04-2-1 Arenaceous limestone 1.6 −8.2 22.4 126.49 22.04
PM04-3-1 Dolomitic limestone 0.6 −8.8 21.8 124.15 24.79
PM04-4-1 Dolomitic limestone 2.3 −9 21.6 127.53 25.73
PM04-5-1 Micrite limestone 3.2 −8.4 22.3 129.67 22.94
PM04-6-1 Dolomitic limestone 3.4 −8.9 21.7 129.83 25.26
PM04-7-1 Micrite limestone 2.8 −8.5 22.2 128.8 23.40
PM04-8-1 Arenaceous limestone 4.3 −8.9 21.7 131.67 25.26
PM04-9-1 Dolomitic limestone 3.3 −9.3 21.4 129.43 27.15

PM04-10-1 Micrite limestone 3.6 −9.7 20.9 129.84 29.09
PM04-11-1 Arenaceous limestone 2.3 −9.3 21.3 127.38 27.15



Appl. Sci. 2024, 14, 7885 4 of 11

Table 1. Cont.

Sample No. Lithology δ13CPDB
/‰

δ18OPDB
/‰

δ18OSMOW
/‰

Z
Value T (◦C)

PM04-12-1 Arenaceous limestone 1.2 −9.1 21.5 125.23 26.20
PM04-13-1 dolomite 3.5 −7.6 23 130.68 19.38
PM04-14-1 dolomite 2 −8.3 22.3 127.26 22.49
PM04-15-1 Dolomitic limestone 2.1 −9.5 21.1 126.87 28.12
PM04-16-1 Dolomitic limestone 3.1 −9 21.6 129.17 25.73
PM04-17-1 Dolomitic limestone 2.7 −9 21.6 128.35 25.73
PM04-18-1 Dolomitic limestone 3.1 −8 22.7 129.66 21.14
PM04-20-1 Dolomitic limestone 3.1 −9.8 20.8 128.77 29.58
PM04-21-1 Dolomitic limestone 2 −6.3 24.4 128.26 13.94
PM04-22-1 dolomite 2 −11.2 19.4 125.82 36.73
PM04-23-1 Dolomitic limestone 3.2 −10.7 19.9 128.53 34.12
PM04-24-1 Dolomitic limestone 2.6 −11.4 19.1 126.95 37.79
PM13-0-1 Limestone 0.8 −8.8 21.9 124.56 24.79
PM13-1-1 Limestone −0.2 −7.1 23.6 123.35 17.24
PM13-2-1 Limestone 0.5 −7.4 23.2 124.64 18.51
PM13-3-1 Limestone 0.7 −7.3 23.4 125.1 18.09
PM13-4-1 Limestone 1.1 −7.6 23.1 125.77 19.38
PM13-5-1 Limestone 1.8 −6.2 24.5 127.9 13.54
PM13-6-1 Limestone −0.9 −6.8 23.9 122.07 15.98
PM13-7-1 Limestone −1.7 −7 23.6 120.33 16.82
PM13-8-1 Limestone −1.4 −7.8 22.8 120.55 20.26
PM13-9-1 dolomite −0.6 −7.4 23.3 122.39 18.51

PM13-10-1 dolomite 0.3 −7.4 23.2 124.23 18.51
PM13-11-1 Dolomitic limestone −0.7 −6.5 24.2 122.63 14.75
PM13-12-1 dolomite −0.2 −7.1 23.5 123.35 17.24
PM13-13-1 Calcareous dolomite 0.7 −6 24.7 125.75 12.75
PM13-14-1 Dolomitic limestone 0.5 −7 23.7 124.84 16.82
PM13-16-1 Limestone 1.9 −6.3 24.4 128.05 13.94

4. Results

The bottom of the Lower part consists of grayish-black interbedded pelitic limestone
intercalated with grayish-white layered chalky limestone. The middle is composed of
gray layered chalky limestone interlayered with shallow gray thin to medium layered
chalky limestone. The upper consists of gray layered argillaceous limestone that gradually
transitions into shallow gray layered granular limestone with localized pyrite nodules and
scarce fossils. The bottom of the Middle part consists of bluish-gray interbedded chalky and
cherty limestone with pyrite bands. Grayish-white medium-thick layered chalky limestone
intercalated with dark gray chalky limestone appears upward. The top consists of grayish-
white thick layered chalky limestone and chalky limestone, with few fossils. The Upper
part is characterized by grayish-black granular limestone, with localized pyrite bands.

The δ13C and δ18O values of the carbonate rocks from the Upper Qiulitage Formation
are listed in Table 1. The δ13CVPDB values of carbonate samples range from −1.7‰ to
4.3‰, with a mean value of 1.645‰. At the same time, the δ18O values range from −11.4‰
to −6‰, with a mean value of −8.2475‰. Both the δ13C and δ18O values exhibit significant
variability, with both positive and negative δ13C values being observed, suggesting the
presence of a diverse range of sedimentary environments [15].

The concentrations of the trace elements of carbonate samples are listed in Table 2.
The analytical results indicate that the Sr concentrations are ranging from 104 to 711 µg/g.
Moreover, the relatively high concentrations of V varying from 1.7 to 8.54 µg/g are also
recorded (Table 2). The concentrations of Cr, Cu, Th, U, and Ba range from 1.57 to 7.8 µg/g,
from 0.46 to 4.91 µg/g, from 0.23 to 1.6 µg/g, from 0.34 to 2.27 µg/g, and from 15.4 to
57.8 µg/g, respectively.
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Table 2. Analysis results of REE of the Upper Qiulitage Formation in Kekeqigankake section,
Keping area.

Sample No. V Cr Cu Sr Th U Ba Sr/Ba Sr/Cu Th/U V/Cr

PM04-0-1 4.64 3.01 3.67 280 0.47 1.38 26.4 10.61 76.29 0.34 1.54
PM04-1-1 3.39 2.35 1.84 254 0.41 0.61 23.8 10.67 138.04 0.67 1.44
PM04-2-1 2.25 1.81 1.46 243 0.39 0.73 18.4 13.21 166.44 0.53 1.24
PM04-3-1 4.2 3.22 2.17 191 0.83 0.85 19.5 9.79 88.02 0.98 1.30
PM04-4-1 2.98 2.52 0.8 207 0.58 0.5 28 7.39 258.75 1.16 1.18
PM04-5-1 2.17 2.08 1.21 125 0.45 0.49 23.7 5.27 103.31 0.92 1.04
PM04-6-1 2.65 2.68 1.65 217 0.7 0.73 26.8 8.10 131.52 0.96 0.99
PM04-7-1 5.62 2.43 3.23 207 0.52 0.56 26 7.96 64.09 0.93 2.31
PM04-8-1 3.88 3.15 1.16 104 0.67 0.72 24.6 4.23 89.66 0.93 1.23
PM04-9-1 1.7 1.57 0.74 288 0.34 0.74 15.7 18.34 389.19 0.46 1.08

PM04-10-1 2.19 2.01 0.58 212 0.52 0.43 17.6 12.05 365.52 1.21 1.09
PM04-11-1 2.09 2.06 0.46 216 0.23 1.09 16.3 13.25 469.57 0.21 1.01
PM04-12-1 4.81 3.4 3.22 185 0.71 1.3 39.6 4.67 57.45 0.55 1.41
PM04-13-1 4.88 3.55 1.21 142 0.78 0.88 41.5 3.42 117.36 0.89 1.37
PM13-3-1 1.8 2.09 0.6 217 0.3 0.34 27.1 8.01 560 0.88 0.86
PM13-4-1 3.72 3.74 3.62 336 0.64 0.68 53.6 6.27 88.67 0.94 0.99
PM13-5-1 3.18 3.14 3.6 321 0.48 0.69 57.8 5.55 63.89 0.70 1.01
PM13-6-1 5.39 3.26 1.17 230 0.79 1.12 15.4 14.94 242.74 0.71 1.65
PM13-7-1 6 3.52 2.29 284 0.91 1.26 37.7 7.53 165.07 0.72 1.70
PM13-8-1 2.44 1.67 1.42 378 0.39 1.17 15.5 24.39 264.79 0.33 1.46
PM13-9-1 8.54 5.93 2.04 376 1.38 2.27 38.4 9.79 348.53 0.61 1.44

PM13-10-1 3.9 3.51 4.91 711 0.81 0.7 32.4 21.94 92.26 1.16 1.11
PM13-11-1 4.12 3.54 3.88 453 0.85 1.43 45.9 9.87 94.85 0.59 1.16
PM13-12-1 4.53 3.91 1.78 368 0.93 0.9 19.5 18.87 215.73 1.03 1.16
PM13-13-1 8.07 7.8 2.74 384 1.31 0.99 24 16.00 140.15 1.32 1.03
PM13-14-1 7.62 5.89 2.1 368 1.6 1.49 43.6 8.44 175.24 1.07 1.29
PM13-16-1 2.8 2.63 1.59 481 0.48 0.85 29 16.59 302.52 0.56 1.06

5. Discussion

Under certain conditions, the distribution of trace elements, changes in their content,
the association between them, and the carbon and oxygen isotope composition can provide
valuable insights into the evolution process of a sedimentary environment [16–20]. Therefore,
the trace-element distribution patterns, concentration variations, and C-O isotope fractionation
can reflect the evolution of the sedimentary environment under certain conditions.

5.1. Theoretical Consideration for Diagenetic Overprints

Using the original C-O isotope compositions of carbonate to decipher depositional
environments requires a thorough understanding of the effects of diagenesis. The δ18O
values of sedimentary carbonate are very sensitive to diagenetic alteration. On the one
hand, if the δ18O values are less than −10‰, it is likely that the primary isotopic signals
of carbonate rocks have been highly altered and may no longer provide the original
information of the sedimentary conditions [21]. On the other hand, if the δ18O values
range from −10‰ to −5‰, alternation may occur to variable degrees while depositional
δ18O composition can be preserved [21–23]. Moreover, the relationship between δ18O
and δ13C values can also determine whether it is affected by diagenetic alteration or
not: a high correlation between both isotope values represents later alternation between
depositional and diagenetic signals, whereas data discreteness suggests primary fraction
during precipitation of carbonate minerals [21,24,25]. The δ18O values of the studied
samples, except for PM04-22-1, PM04-23-1, and PM04-24-1, are mostly greater than −10‰.
There is no apparent linear relationship between δ18O and δ13C values (R2 = 0.296, Figure 2).
It can be inferred that the samples are less affected by diagenetic alteration and can reflect
the original information of carbonate precipitation. Therefore, it is reliable to analyze the
sedimentary environment of the studied carbonate rocks by O and C isotopes.
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5.2. Paleosalinity Implications of Carbonate Rocks

Based on the relationships between the salinity and δ13C and δ18O of carbonates [26,27],
Keith and Weber proposed an empirical equation to calibrate the paleosalinity reconstruc-
tion [28], as expressed by:

Z = 2.048 × (δ13C + 50) + 0.498 × (δ18O + 50),

where Z represents the relative paleosalinity. For consistency, all isotopic compositions are
expressed on the PDB scale. When Z < 120, the depositional environment is freshwater,
whereas in the opposite case, the depositional environment is seawater. The equation has
been widely and successfully used in the paleosalinity reconstruction of the strata in the
Tarim Basin [29]. The Z values of the carbonate samples in this study range from 120.33 to
131.67, all greater than 120 (Table 2), which suggests that the carbonate rocks of the Upper
Qiulitage Formation in the study area were formed in the carbonate platform of the marine
environment.

The lithologic characteristics of the carbonate rocks in the Upper Qiulitage Formation
suggest open or limited carbonate platform deposition. In the nearshore environment, a
negative excursion of δ13C values (from about 3‰ in the lower part to about 0‰ in the
middle part) may indicate injection of a large amount of freshwater or rainwater, reduction
in evaporation rates, and decrease in biological productivity [30]. The decreasing trend
of δ13C and Z values is shown in a few samples (the middle part of the middle part) in
which Z values approach 120 (Figure 2). The oxygen isotope values become more positive
from the middle part of the middle part to the top of the upper part. This could record an
evaporation increase in the part.

In addition, Sr/Ba and Th/U values are also important indicators of paleosalinity [31–33].
The chemical behaviors of Sr and Ba are different in the supergene processes of fresh and
seawater. In freshwater, both elements exist in the form of aqueous carbonate; when fresh
water is mixed with seawater, the reaction of Ba2+ and seawater-derived SO4

2− will form
insoluble barite. Indeed, the tendency of Sr to be more enriched than Ba in seawater results
in an increase in Sr/Ba ratios in carbonate materials as salinity increases [16,34]. Generally,
the Sr/Ba value of freshwater sediment is less than one, while that of seawater sediment is
greater than one [16]. Generally, an Sr/Cu value between 1 and 10 indicates a wet climate,
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while >10.0 indicates a dry climate [35]. Generally, V/Cr values less than 2 suggest an
aerobic environment, ranging from 2 to 4.25 suggest an anaerobic environment, while
greater than 4.5 imply an anoxic environment [36]. The Sr/Ba values of 27 samples ranged
from 3.42 to 24.39, with an average value of 11, indicating that the water salinity in the
study area was high enough during the formation of the Upper Qiulitage Formation. It has
been proposed by Tao et al. that when the Th/U value is less than seven [37], the carbonate
is deposited in the marine environment. The maximum Th/U value of the carbonate rocks
in this study is 1.32, indicating marine deposition, which is consistent with the result of the
Sr/Ba indicator.

5.3. Paleoclimate Analysis of Carbonate Rocks

Urey found that the change in temperature will lead to variations of δ18O/δ16O in
carbonate rocks and proposed that it can be used as a geothermometer to determine the
paleo-ocean temperature [38–40]. The formula for calculating paleotemperature by using
oxygen isotopes was first proposed by Epstein in 1953 and further calibrated by Craig [41],
as expressed by:

T = 16.9 − 4.2 × (δ18Oc − δ18Ow) + 0.13 × (δ18Oc − δ18Ow)2

where δ18Oc and δ18Ow is the δ18OPDB value of CO2 and the δ18OSMOW value of H2O
generated by the reaction of CaCO3 and H3PO4 at 25 ◦C.

The existence of the “age effect” requires further correction of the δ18O values in
carbonate rocks [28]. The average value of δ18O in carbonate rocks in the Upper Qiulitage
Formation is −8‰ after excluding three severely altered samples, compared with the value
of −1.2‰ in Quaternary marine carbonate rocks. Thus, an average value of δ18O = −6.8‰
is to calibrate paleotemperature calculation formula as follows:

T = 16.9 − 4.2 × (δ18OCaCO3 + 0.22) + 0.13 × (δ18OCaCO3 + 0.22)2

The calculation results show that the paleotemperature during sedimentation of the
Upper Qiulitage Formation varies from 17.24 to 24.79 ◦C (Table 1), representing a warm-to-
hot climate [42].

Among the trace elements in carbonate rocks, Cu concentration favors a wet environ-
ment, while Sr enrichment is an indicator of dry conditions, and Sr/Cu value is often used
to reflect paleoclimates for carbonate precipitation [43]. The Sr/Cu values of the studied
carbonate rocks are relatively high, ranging from 57.5 to 560, indicating that the carbonate
rocks in the Upper Qiulitage Formation in the study area were formed in an arid climate.
Moreover, the V/Cr value can also be used to determine the formation environment of
carbonate rocks [44]. The V/Cr values of the samples collected in this study are mainly
between 0.989 and 1.70, with an average value of 1.26, indicating that they were formed
under oxidative conditions. In summary, the Upper Qiulitage Formation is deposited in a
warm, aerobic, and arid environment.

5.4. Sea Level Variations during Carbonate Deposition

Carbon and oxygen isotopes of carbonate rocks are essential indicators of sea level
fluctuations. When the sea level rises, the burial rate of organic carbon increases, causing
the seawater δ13C values to increase significantly [21,45].

The lithology characteristics and carbon and oxygen isotope results showed that the
sea level frequently fluctuated during the deposition of the Upper Qiulitage Formation and
experienced multiple transgressive–regressive cycles [12,46,47]. Grayish-black interbedded
pelitic limestone intercalated with grayish-white layered chalky limestone in the lower
part indicated the high sea level fluctuated in the period. The lower part of the Upper
Qiulitage Formation was deposited during a regressive episode. Grayish-white medium-
thick layered chalky limestone in the middle part displayed the low sea level stage. Grayish-
black granular limestone in the upper part showed the sea level gradually rising. At the



Appl. Sci. 2024, 14, 7885 8 of 11

early stage of the episode, the sea level fluctuated intermittently, and decreased slowly at
the middle and late stages. As illustrated in Figure 3, the isotopic and chemical elemental
ratios exhibit frequent fluctuations between 0 and 300 m of the logged section. Between 300
and 500 m of the logged section, only slight variations are observed in the oxygen isotopes,
while the carbon isotopic composition and elemental ratios show a predominantly stable
trend. The middle part experienced rapid transgressive–regressive episodes. In this part,
the carbon isotopic composition reached its minimum value, while the ratios of Sr/Ba,
Sr/Cu, and V/Cr also decreased to their lowest points. The sea level reached its lowest
in the middle stage of the middle part and then slowly rose. The upper part generally
inherited the transgression trend of the middle part, showing the characteristics of a rise in
sea level. The carbon isotopic curve in this part showed an upward trend, while the Sr/Ba
ratio in this segment was notably higher than that of the middle segment (Figure 3).
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6. Conclusions

Based on the comprehensive analyses of trace elements, carbon, and oxygen isotopes
of carbonate rocks in the Lower Ordovician Upper Qiulitag Formation, the following
conclusions are drawn:

(1) The carbonate lithology of the Upper Qiulitage Formation predominantly originated
within the marine sedimentary milieu characterized by aerobic, thermally conducive,
and relatively elevated salinity settings, potentially affording abundant organic matter
conducive for the generation of hydrocarbon resources.

(2) Numerous transgressive and regressive episodes occurred during the depositional
epoch of the Upper Qiulitage Formation.
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(3) The lowermost and second segments of the initial interval of the Upper Qiulitage
Formation, renowned for intense sea level fluctuations, may confer favorable spatial
conditions for hydrocarbon production.
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