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Abstract

Marine source rocks in the Tarim Basin are generally highly mature to overmature, and
conventional organic geochemical parameters may not fully reflect their original organic
matter accumulation under such conditions. In this study, a comprehensive dataset includ-
ing major elements, trace elements, and rare earth elements was used to systematically
evaluate paleoproductivity variations, spatial distribution patterns, and geochemical con-
trols of the Lower Cambrian (Є1) source rocks in the Tarim Basin. The results show that
paleoproductivity in the Lower Cambrian source rocks exhibits clear stratigraphic and
regional differentiation. Vertically, the lower intervals are characterized by relatively higher
paleoproductivity, whereas the overlying intervals show a gradual decrease in productivity-
related signals. Spatially, paleoproductivity in northwestern Tarim was generally higher
and more variable than that in eastern Tarim, reflecting differences in depositional environ-
ments and material supply among different parts of the basin. These variations were jointly
controlled by basin paleogeography, redox conditions, hydrothermal input, and terrigenous
supply. Further analysis indicates that inorganic elements can provide complementary in-
formation on nutrient supply, export productivity, and organic matter preservation. Among
these proxies, P and Ba and their excess indicators record enhanced nutrient availability and
increased organic matter export, respectively; however, their variations may be decoupled
from TOC because they are strongly influenced by redox conditions and post-depositional
processes. In contrast, Ni, Cu, and Zn show relatively weaker enrichment but may better
reflect the preserved organic matter component under reducing conditions. This study
emphasizes that the application of inorganic geochemical proxies to highly mature ma-
rine source rocks requires integrated consideration of lithological heterogeneity, redox
conditions, hydrothermal influence, terrigenous input, and diagenetic modification. This
work represents a quantitative, data-based review and statistical reanalysis of published
geochemical datasets.

Keywords: lower cambrian; Tarim Basin; marine source rocks; paleoproductivity; trace
elements; redox conditions; inorganic geochemical proxies

1. Introduction
Lower Cambrian marine source rocks are widely developed worldwide and record

an important stage in the redox evolution of early oceans [1,2]. Their unique paleobiolog-
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ical background and high organic matter enrichment make them important archives for
studying paleoceanographic evolution and the genetic mechanisms of source rocks [3,4].
Because primary productivity and redox conditions in ancient oceans cannot be measured
directly, they are commonly reconstructed indirectly using geochemical proxies [5,6].

A variety of geochemical proxies have been developed to reconstruct paleoproductiv-
ity, including organic geochemical methods such as biomarkers [7], total organic carbon
(TOC) [8], compound-specific carbon and sulfur isotope analyses [9], and fluid inclusion
analyses [10], as well as inorganic productivity-related proxies based on trace elements
such as P, Ba, Ni, Cu, and Zn. Among these proxies, TOC is widely regarded as the most
direct indicator of organic matter abundance because it reflects the amount of organic
carbon preserved in present-day sediments. However, TOC is not necessarily equivalent
to original primary productivity [11–13]. This limitation is particularly important for ma-
rine source rocks, which commonly experienced high thermal maturity. During thermal
evolution, hydrocarbon generation, expulsion, and thermal cracking may reduce the origi-
nal organic carbon content to varying degrees [14]. In addition, thermal maturation can
selectively destroy or modify diagnostic biomarker compounds [15], thereby complicating
their interpretation.

In recent years, inorganic geochemical proxies have been increasingly used as impor-
tant complementary tools for evaluating paleoproductivity and organic matter enrichment
in marine or highly mature source rocks, because they are generally less sensitive to thermal
maturity [5,6,16] and are less easily altered under high-maturity or biodegraded condi-
tions [17–20]. It should be noted that these elements can be used as productivity-related
proxies because they participate in, or record, marine biological production and organic
matter export. Phosphorus is an essential nutrient for biological growth, and its enrichment
may indicate enhanced nutrient supply and potentially higher primary productivity [21].
Barium mainly records export productivity through the formation of biogenic barite dur-
ing the sinking and decomposition of organic matter [22,23]. Ni, Cu, and Zn are trace
metals required for the metabolism of marine microorganisms and algae, and they can
also be incorporated into sediments during organic matter settling, complexation, and
preservation [24]. Therefore, TOC and inorganic proxies are both related to organic matter
enrichment and productivity processes, but they record different aspects of the system:
TOC reflects the final preserved organic carbon, whereas P, Ba, Ni, Cu, and Zn record
nutrient supply, export productivity, and element fixation processes. Two major potential
source-rock intervals have been identified in the Tarim Basin, northwestern China: the
Cambrian–Lower Ordovician (Є–O1) and the Middle–Upper Ordovician (O2–3) succes-
sions [25]. These source rocks are generally highly mature [26]. Among them, the Lower
Cambrian Yuertusi Formation represents one of the most high-quality marine source rocks
discovered in China, with TOC values reaching up to 29.8% [27]. These characteristics
provide an ideal setting for applying inorganic geochemical proxies to paleoproductivity
evaluation, because traditional organic geochemical signals in the basin are commonly
altered or overprinted [28].

A large number of studies have used inorganic geochemical approaches to recon-
struct the paleoceanographic conditions of the Lower Cambrian source rocks in the Tarim
Basin [29,30]. For example, many studies have applied proxies such as V/Cr, Ni/Co, U/Th,
and Mo–U covariation to suggest that the Yuertusi Formation was generally deposited
under anoxic conditions and was characterized by relatively high paleoproductivity [31,32].
In addition, some studies have emphasized that hydrothermal activity and terrigenous
input played important roles in elemental enrichment and further influenced organic mat-
ter accumulation [33,34]. However, previous studies have mostly focused on individual
sections or local areas, and systematic comparisons of the applicability of different prox-
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ies in highly mature marine source rocks remain limited. Moreover, inconsistencies in
normalization methods have led to variable interpretations.

Therefore, this study compiles geochemical data from multiple regions and strati-
graphic intervals of the Lower Cambrian in the Tarim Basin to (1) characterize the distri-
butions of productivity-related trace elements and their enrichment patterns; (2) evaluate
the applicability and limitations of commonly used inorganic paleoproductivity proxies
in highly mature marine source rocks; (3) reconstruct spatial and temporal variations in
paleoproductivity; and (4) investigate the roles of basin configuration, redox conditions,
hydrothermal activity, and terrigenous input in controlling paleoproductivity and organic
matter enrichment.

2. Geological Setting and Data Source
2.1. Geological Setting

The Tarim Basin is formed by the superposition of the Paleozoic craton basin and
the Mesozoic and Cenozoic foreland basin [35]. It is an important oil and gas basin in
northwest China, with an area of approximately 560,000 km2 (Figure 1). Its tectonic
evolution has gone through three main stages: the cratonization of the Precambrian, the
development of passive continental margins in the Paleozoic, and the formation of foreland
basins in the Mesocenozoic, resulting in the current tectonic pattern characterized by
multiple uplifts and depressions [36,37]. The Paleozoic Craton Basin was mainly composed
of Sinian-Permian Marine sediments. The thickness of the Sinian–Ordovician Marine
carbonate rock sequence in sedimentary centers such as the Mangar Depression exceeded
7 km [38]. During the Neoproterozoic era, the splitting of the Rodinia supercontinent and
the confluence of Gondwana triggered frequent hydrothermal activities [39], resulting in
extensive anoxic-sulfide environments and fluctuations in Marine chemistry [40]. This
environment, combined with the Cambrian explosion, promoted the massive accumulation
of organic matter [41], creating highly favorable conditions for the deposition of the crucial
marine source rocks in Tarim Basin [42,43].

 

Figure 1. Tectonic sketch map and sample location of the Tarim Basin. (Modified from [34]).

The main stratigraphic units of the Lower Cambrian (Є1) source rocks in the Tarim Basin
are listed in Table 1. These source rocks are mainly composed of dark gray to black siliceous
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shale, siliceous mudstone, calcareous shale, and carbonate rocks. Among them, the Yuertusi
Formation (Є1y) represents the core interval of this source-rock system [27]. Depositional
facies vary from a deep-water slope–basin setting in eastern Tarim to a carbonate platform
setting in northern Tarim, resulting in pronounced lithological heterogeneity [29,44]. Thick
deep-water siliceous rocks and mudstones were deposited in the deep-water slope–basin
setting of eastern Tarim, whereas the northern Tarim area is characterized by ramp and
carbonate platform environments, with medium- to thick-bedded dolostones, calcare-
ous mudstones, and mudstones being widely developed [45]. At present, these source
rocks have generally reached a high- to overmature stage, with vitrinite reflectance (Ro%)
exceeding 2.0 [46].

Table 1. The Lower Cambrian stratigraphic correlation in the Tarim Basin [26,31].

Chronostratigraphy Numerical
Age (Ma)

Lithostratigraphy

International China Tarim North-Northwest Tarim Eastern

Paleozoic Cambrian
Second Division Lower

Cambrian

514 Wusonggeer
Xidashan

521 Xiaoerbulake
Newfoundland Xishanbulake541 Yuertusi

2.2. Data Sources and Methods

A total of 529 sample records containing trace-element datasets of Lower Cambrian
source rocks were compiled from previous studies and classified according to geographic
location and stratigraphic unit (Table 2). The dataset was compiled from published studies
using comparable analytical techniques, mainly ICP-MS. Only samples with clear strati-
graphic attribution and reliable geochemical data were included, whereas obvious outliers
and data with large analytical uncertainties were excluded. Because not all published stud-
ies reported the same set of geochemical parameters, the number of samples available for
different proxies varies. All calculations and statistical analyses were therefore performed
using the maximum number of samples available for each proxy.

Table 2. Summary of the studied formations, sampling locations, and data sources.

Area Formation Lithology Number Reference

Tarim-NW Yuertusi black shale; carbonate rocks;
Siliceous shale; Silicate mudstone 171 [30,34,47–49]

Tarim-NW Xiaoerbulake gray-black mudstone; dolomite 141 [33,34,49–52]
Tarim-N Yuertusi black shale;Muddy limestone 60 [53,54]
Tarim-N Xiaoerbulake limestone 36 [53,54]

Tarim-E Xishanbulake Silicified mudstone and mud shale interbedded
with thin layers of silicified rock 35 [34,53,55,56]

Tarim-E Xidashan
Silicate mudstone;The mud shale is

interspersed with thin layers of siliceous rock
and mudstone; dolomite

86 [34,53,55,56]

The compiled dataset (provided in Table S1 in the Supplementary Materials) includes
organic-rich shale, siliceous shale, siliceous rock, carbonaceous shale, and dolostone. Such
lithological heterogeneity may affect the absolute concentrations of trace elements. There-
fore, productivity interpretations were based on the combined evaluation of bulk elemental
concentrations, normalized proxies, TOC, and lithological information.

Al and Ti are commonly used as detrital proxies because of their low seawater concen-
trations and dominant association with terrigenous clastic minerals [57]. In this study, Ti
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was selected as the main detrital correction element because it is generally conservative
during weathering, transport, diagenesis, and thermal maturation [17]. The authigenic or
excess fraction of element X was calculated as follows:

Xxs = Xtotal − Ti × (X/Ti)PAAS (1)

where Xxs represents the excess fraction of element X, Xtotal is the measured concentration
of element X, Ti is the measured Ti concentration of the sample and (X/Ti)PAAS is the
corresponding element-to-Ti ratio in PAAS.

REE parameters were mainly used to constrain depositional environmental character-
istics and potential redox conditions [58]. The PAAS-normalized concentration of element
X was calculated as follows:

(LREE/HREE)N ratio = [(La + Ce + Pr + Nd + Sm + Eu)/(Gd + Tb + Dy + Ho +
Er + Tm + Yb + Lu)]sample/[(La + Ce + Pr + Nd + Sm + Eu)/(Gd + Tb + Dy + Ho

+ Er + Tm + Yb + Lu)]PAAS,
(2)

Eu anomaly:

Eu/Eu * = [Eusample/EuPAAS]/[(Smsample/SmPAAS) × (Gdsample/GdPAAS)]0.5, (3)

Ce anomaly:

Ce/Ce * = [Cesample/CePAAS]/[(Lasample/LaPAAS) × (Prsample/PrPAAS)]0.5, (4)

enrichment factors (EFs) [59] were used to evaluate the degree of elemental enrichment
relative to detrital background. They were calculated using the following equation:

XEF = [(X/Al) sample/(X/Al)PAAS], (5)

where X (ppm) and Al (wt.%) represent their weight contents, respectively.

3. Paleoproductivity Variations in the Lower Cambrian Source Rocks
The bulk geochemical characteristics of the compiled Lower Cambrian source-rock

dataset are summarized in Table 3. The statistical results of enrichment factors and excess
fractions for productivity-related elements are summarized in Table 4. The results indi-
cate pronounced spatial heterogeneity among northwestern, northern, and eastern Tarim,
together with clear stratigraphic variations between different Lower Cambrian formations.

Table 3. Statistical summary of TOC major- and trace-element contents and REE concentrations in
the Lower Cambrian source-rock samples *.

Element
Tarim-NW Tarim-N Tarim-E

Yuertusi Xiaoerbulake Yuertusi Xiaoerbulake Xishanbulake Xidashan

TOC/% 0.03–22.6 (4.19) 0.01–5.24 (0.91) 0.27–9.84 (2.97) 0.22–0.58 (0.4) 0.08–10.21
(2.03) 0.06–2.12 (1)

Al/% 0.06–10.32 (2.97) 0.01–0.91 (0.06) 0.44–2.68 (1.62) 0.62–1.3 (1.03) 0.4–7.35 (2.64) 0.80–5.07 (2.28)

Fe/% 0.03–5.22 (1.47) 0.02–1.57 (0.12) 0.38–1.64 (1.14) 0.41–0.83 (0.68) 0.27–2.31 (1.24) 0.41–25.37
(1.99)

P/ppm 21.82–46,563.88
(3878.92) 20–180 (75.55) 80–4981.53

(722.34)
80–151.46
(120.97)

82.96–30,584.63
(1621.92)

87.28–4567.04
(317.58)

Ba/ppm 10.32–412,800
(8707.66)

1.36–760.17
(30.08)

566.44–13,757.09
(5095.64)

1806.35–6725.12
(3902.44)

179.7–10,000
(2050.02)

279–8165.49
(1520.55)
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Table 3. Cont.

Element
Tarim-NW Tarim-N Tarim-E

Yuertusi Xiaoerbulake Yuertusi Xiaoerbulake Xishanbulake Xidashan

Ni/ppm 0.51–473 (56.47) 0.48–22.37
(4.41)

3.3–231.01
(76.07) 4.09–18.6 (8.4) 2.94–410.53

(83.80) 4.12–221 (51.38)

Cu/ppm 0.24–1170 (108.76) 0.38–924.03
(9.35)

2.90–143.07
(36.08) 4.3–9.6 (6.14) 9.75–1796.17

(151.3) 6.23–245 (35.67)

Zn(ppm) 0.32–2506.87
(173.33)

0.47–97.26
(11.31) 11–305.05 (83.96) 14–28 (21.78) 9.0–2070

(201.95) 8–949 (78.51)

V (ppm) 4–12,207 (1255.55) 0.03–31.53
(5.17) 8–717 (220.62) 11–38 (20.09)

112.58–
21,971.57
(1658.28)

18.19–2919.66
(396.87)

Cr/ppm 8.58–2510 (326.95) 0.02–35.17
(5.69)

12.03–249.69
(68.37)

21.4–53.27
(32.96)

14.9–2330.41
(223.65)

15.0–160.16
(47.27)

Mo/ppm 0.04–283 (22.38) 0.01–10.9 (0.57) 0.79–162.03
(44.13) 0.39–5.93 (1.36) 4.94–300 (65.51) 0.83–141 (30.46)

U/ppm 0.46–235 (34.2) 0.38–4.56 (0.89) 0.75–76.65
(16.55) 0.86–3.23 (1.24) 5.58–201 (44.47) 2.41–39.34

(13.26)
Co/ppm 0.7–75 (5.88) 0.004–4 (0.72) 1.4–8.7 (5.3) 1.9–3 (2.5) 0.6–15.4 (5.97) 1.8–18.3 (7.07)
Sc/ppm 0.15–16.15 (5.03) – – – 0.41–12.5 (4.52) 1.63–9.34 (5.4)

REE/ppm 3.03–478.93
(117.54)

0.6–38.97
(6.94)

17.52–88.01
(53.34) – 13.14–537.78

(110.89)
22.68–185.44

(73.8)

* Values are reported as min–max (average); “–” indicates no available data.

Table 4. Statistical characteristics of XEF and Xxs components of paleoproductivity proxies in north-
western and eastern Tarim.

Area Fm. Proxy Average Md Q1 Q3 IQR Min Max Number of
Extreme Outliers

Ta
ri

m
-N

W

Yu
er

tu
si

PEF 41.86 12.19 6.28 36.53 30.24 0.07 510.08 12
NiEF 7.79 3.28 1.57 6.77 5.20 0.13 91.00 12
CuEF 13.11 3.95 0.76 10.40 9.64 0.09 163.83 13
ZnEF 14.37 4.85 1.19 14.72 13.53 0.05 143.67 10
BaEF 154.17 4.53 1.36 43.12 41.76 0.14 5642.54 18
Pxs 3988.77 1686.396 529.70 4189.61 3659.91 −457.23 46,363.69 8

Nixs 30.98 19.05 1.89 46.66 44.77 −37.14 242.66 2
Cuxs 74.01 20.55 −0.75 60.16 60.91 −33.77 1161.51 11
Znxs 144.61 53.11 3.44 153.73 150.28 −51.93 2469.08 6
Baxs 7234.43 121.86 −29.22 1299.57 1328.79 −427.50 412,423.38 29

X
ia

oe
rb

ul
ak

e

PEF 65.37 51.84 34.86 85.80 50.94 1.93 185.90 0
NiEF 38.73 25.48 15.62 43.67 28.05 3.76 169.81 3
CuEF 24.06 23.02 10.33 38.16 27.84 1.13 60.06 0
ZnEF 54.06 42.24 21.89 58.88 36.99 1.77 365.07 2
BaEF 22.30 18.84 7.49 31.72 24.23 0.48 118.73 1
Pxs 70.60 60.00 40.00 107.50 67.50 20.00 180.00 0

Nixs 3.16 1.70 1.00 2.78 1.77 0.33 21.27 15
Cuxs 9.68 2.20 0.77 2.66 1.89 −0.62 923.83 3
Znxs 9.71 7.61 4.32 11.62 7.30 −0.40 96.92 2
Baxs 28.07 12.50 4.23 28.49 24.27 −17.98 745.73 3

Ta
ri

m
-E

X
is

ha
nb

ul
ak

e

PEF 20.73 1.80 1.30 5.03 3.73 0.50 312.99 3
NiEF 7.84 6.00 3.68 10.82 7.14 0.51 19.23 0
CuEF 5.22 3.36 2.85 4.55 1.70 2.26 33.90 1
ZnEF 14.12 6.45 2.71 12.96 10.25 0.55 158.78 1
BaEF 17.22 12.99 5.07 19.63 14.56 2.11 58.78 0
Pxs 398.32 114.32 76.15 436.68 360.53 −77.62 3164.79 1

Nixs 43.54 32.26 9.96 61.46 51.50 −21.34 182.01 0
Cuxs 183.08 59.22 28.18 92.14 63.96 8.25 1786.39 2
Znxs 169.03 34.30 19.55 78.04 58.49 −28.21 2056.41 3
Baxs 1925.22 836.00 424.52 2555.62 2131.10 154.38 9849.42 2

X
id

as
ha

n

PEF 1.74 1.66 1.11 2.22 1.11 0.41 3.89 0
NiEF 4.69 3.67 2.27 5.88 3.61 1.06 34.38 1
CuEF 3.39 2.76 2.12 3.41 1.29 1.13 41.92 1
ZnEF 4.11 2.29 1.75 3.22 1.47 0.33 35.36 7
BaEF 9.96 8.77 5.46 14.15 8.69 3.45 19.67 0
Pxs 66.27 69.08 35.06 104.08 69.02 −353.78 397.81 1

Nixs 36.53 17.59 9.43 44.87 35.44 −15.06 213.31 1
Cuxs 27.12 19.10 7.64 27.71 20.07 −12.56 238.01 3
Znxs 74.47 15.60 7.86 64.68 56.82 −41.23 906.54 4
Baxs 1346.89 804.96 535.95 1979.23 1443.28 211.83 7705.79 1
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3.1. Stratigraphic Variations

TOC and productivity-related proxies of the Lower Cambrian source rocks in the Tarim
Basin show clear vertical variations in all three regions, with higher values in the lower
intervals than in the overlying intervals. Meanwhile, the elemental enrichment patterns
between the lower and upper intervals within the same region are generally consistent,
and the differences are mainly reflected by decreased enrichment intensity and reduced
data dispersion.

In Tarim-NW, the TOC content of the Yuertusi Formation ranges from 0.03% to 22.6%,
with an average of 4.19%, whereas the overlying Xiaoerbulake Formation shows lower TOC
values of 0.01–5.24%, with an average of 0.91%. In addition, multiple paleoproductivity
proxies, including Pxs, Nixs, Cuxs, Znxs, and Baxs, are generally higher in the Yuertusi
Formation than in the Xiaoerbulake Formation, and they also show greater dispersion
and more frequent extremely high values. The ternary diagrams for northwestern Tarim
(Figure 2a–c) show that the Yuertusi Formation data points are highly scattered and strongly
approach the Pxs and Baxs end-members, indicating a high-P and high-Ba enrichment
pattern. The relative proportions of Znxs, Cuxs, and Nixs also fluctuate strongly. In contrast,
the Xiaoerbulake Formation shows a clearly more convergent data distribution. In the
P–Ni–Cu and P–Ba–Zn ternary diagrams, the Xiaoerbulake Formation generally shifts away
from the extremely high Pxs and Baxs fields, indicating weakened enrichment intensity
and a relative shift in the enrichment trend toward the trace metals Cu and Zn.

It should be noted that the enrichment factors (EFs) of the Xiaoerbulake Formation in
northwestern Tarim are generally higher than those of the Yuertusi Formation. However,
this pattern is mainly caused by the abnormally low Al contents of the Xiaoerbulake
Formation, which amplify element/Al ratios. In contrast, excess fractions (xs) can more
effectively reduce the influence of detrital input and are therefore more reliable for cross-
stratigraphic comparisons.

Northern Tarim also shows a clear upward decreasing trend. The TOC content of
the Yuertusi Formation ranges from 0.27% to 9.84%, with an average of 2.97%, which is
markedly higher than that of the overlying Xiaoerbulake Formation, ranging from 0.22%
to 0.58% with an average of 0.40%. The two formations also show a certain continuity in
enrichment patterns (Figure 2d–f). The Yuertusi Formation samples are strongly shifted
toward the Baxs end-member and display a broad lateral distribution along the base of the
ternary diagrams, with an additional shift toward the Pxs end-member. In contrast, the
Xiaoerbulake Formation samples are mainly concentrated toward the Baxs end-member,
with very low Pxs contents.

In the Cuxs–Pxs–Nixs ternary diagram, the Yuertusi Formation shows a wider and
more scattered distribution than the Xiaoerbulake Formation. In the Znxs–Nixs–Cuxs
ternary diagram, the Xiaoerbulake Formation samples are tightly clustered near the Znxs
end-member, indicating a highly uniform enrichment pattern. By contrast, the Yuertusi
Formation samples extend from the Znxs end-member along the base of the diagram
toward the Nixs end-member, forming a broad belt-like distribution.

In Tarim-E, the Xishanbulake Formation has TOC values of 0.08–10.21% with an
average of 2.03%, higher than those of the Xidashan Formation, which range from 0.06% to
2.12% with an average of 1.01%. The Xishanbulake Formation shows higher values than
the overlying Xidashan Formation for all excess-fraction proxies, accompanied by more
frequent extreme anomalies. In eastern Tarim, the EF and xs proxies of the Xishanbulake
and Xidashan formations are generally consistent, indicating that the problem does not
lie in the failure of the EF method itself, but rather in its sensitivity to the background
concentration of the reference element. When Al contents are abnormally low, EF values
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can be systematically amplified; therefore, their paleoproductivity significance should be
interpreted with caution.

 

Figure 2. Ternary diagrams of the excess components (Xxs) of paleoproductivity proxies in Lower
Cambrian source rocks of the Tarim Basin. (a–c): Northwestern Tarim (Є1y and Є1xr); (d–f): northern
Tarim (Є1y and Є1xr); (g–i): eastern Tarim (Є1xs and Є1xd).

The enrichment patterns of the two formations in eastern Tarim are more consistent
than those in northwestern Tarim (Figure 2g–i). Both formations are characterized by
Ba-dominated enrichment. However, unlike the northwestern Tarim samples, the eastern
Tarim samples generally show a mixed and scattered distribution in the ternary diagrams.
Median and average values also indicate that the difference in enrichment intensity between
the two formations is relatively small.
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3.2. Regional Variations

To reveal regional differences in paleoproductivity among the Lower Cambrian source
rocks in the Tarim Basin, the Yuertusi Formation in northwestern Tarim and the Xishanbu-
lake Formation in eastern Tarim were selected as representative lower intervals, whereas
the Xiaoerbulake Formation in northwestern Tarim and the Xidashan Formation in eastern
Tarim were selected as representative upper intervals for comparison.

As shown in Table 4 and Figure 3, productivity-related proxies in the Lower Cambrian
source rocks of the Tarim Basin exhibit clear regional differences, but these differences
cannot be simply described as “higher in the west and lower in the east.” In the lower
intervals, the average TOC content of the Yuertusi Formation in northwestern Tarim is
4.19%, markedly higher than that of the Xishanbulake Formation in eastern Tarim (2.03%).
The average and median values of Pxs are also higher in the Yuertusi Formation than
in the Xishanbulake Formation. In contrast, Ba-related proxies show a different pattern.
Although the Yuertusi Formation has a higher average Baxs value, its median value is
only 121.86 ppm, which is lower than that of the Xishanbulake Formation (836.00 ppm).
Meanwhile, both the average and median values of Nixs and Cuxs are higher in the
Xishanbulake Formation than in the Yuertusi Formation. Figure 3 shows that the Yuertusi
Formation is mainly characterized by Pxs enrichment and a few extremely high Baxs
values, whereas the Xishanbulake Formation is characterized by relatively high Baxs values,
together with moderate enrichment of Cuxs and Nixs. Overall, the regional differences in
the lower intervals are mainly expressed as higher TOC and Pxs in northwestern Tarim,
but higher Baxs and some trace-metal proxies in eastern Tarim.

Figure 3. Ternary diagrams showing regional variations in the excess components (Xxs) of paleopro-
ductivity proxies in Lower Cambrian source rocks of the Tarim Basin. (a–c) Lower Cambrian units
(Є1y and Є1xs); (d–f) upper Lower Cambrian units (Є1xr and Є1xd).
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In the upper intervals, the Xiaoerbulake Formation in northwestern Tarim and the
Xidashan Formation in eastern Tarim have similar average TOC contents, at 0.91% and
1.01%, respectively, and their Pxs values are also relatively close. However, Nixs, Cuxs, Znxs,
and Baxs are all higher in the Xidashan Formation than in the Xiaoerbulake Formation. In
particular, the median Baxs value increases from 12.50 ppm in the Xiaoerbulake Formation
to 804.96 ppm in the Xidashan Formation. Figure 3 shows that the Xiaoerbulake Formation
generally has weak enrichment, with some samples showing Znxs and Cuxs enrichment,
whereas the Xidashan Formation is characterized by combined enrichment of Baxs, Cuxs,
and Znxs. Overall, in the upper intervals, eastern Tarim shows higher enrichment in Ba
and some trace-metal proxies.

From the lower to the overlying intervals, the magnitude of stratigraphic change
differs markedly between northwestern and eastern Tarim. In northwestern Tarim, the
transition from the Yuertusi Formation to the Xiaoerbulake Formation is accompanied by a
sharp decrease in most productivity-related proxies. The average TOC content decreases by
approximately 78.3%, while the median values of Pxs, Nixs, Cuxs, Znxs, and Baxs decrease
by approximately 96.4%, 91.1%, 89.3%, 85.7%, and 89.7%, respectively. This overall and rel-
atively synchronous decrease suggests that northwestern Tarim experienced a pronounced
environmental transition during Lower Cambrian deposition, from a high-productivity
and strongly enriched system to a low-productivity and weakly enriched background.

In contrast, the transition from the Xishanbulake Formation to the Xidashan Formation
in eastern Tarim shows much smaller changes. The average TOC content decreases by
approximately 50.7%, while the median values of Pxs, Nixs, Cuxs, and Znxs decrease
by approximately 39.6%, 45.5%, 67.7%, and 54.5%, respectively. The median Baxs value
decreases by only about 3.7%. This indicates that although paleoproductivity-related
signals also decrease upward in eastern Tarim, the overall change is less abrupt, suggesting
a more gradual environmental evolution. This difference is also supported by the ternary
diagrams. The lower and upper intervals in northwestern Tarim are more clearly separated,
with a distinct shift in clustering centers, whereas those in eastern Tarim show greater
overlap and transitional distributions, making the stratigraphic boundary less distinct in
terms of elemental enrichment patterns.

3.3. Relationships Between TOC and Productivity-Related Elements

TOC is the most direct indicator for evaluating organic matter abundance in source
rocks. However, thermal maturation and hydrocarbon generation and expulsion may mod-
ify present-day TOC and some organic matter signals, thereby affecting the relationship
between TOC and inorganic productivity-related proxies. In contrast, inorganic elements
such as P, Ba, Cu, Ni, and Zn can provide complementary information on nutrient supply,
organic matter export, trace-metal fixation, and preservation conditions. Therefore, analyz-
ing the correlations between TOC and productivity-related elements helps to evaluate the
coupling between different inorganic proxies and organic matter enrichment, and further
identify the geochemical processes recorded by different proxies.

Correlation analysis shows that the relationship between TOC and productivity-related
elements exhibits clear stratigraphic and regional differences (Figure 4). Figure 4c shows
that TOC is significantly positively correlated with most productivity-related elements in
the Yuertusi Formation of northern Tarim. In particular, the correlation coefficients between
TOC and Ni, Cu, and Zn reach 0.92, 0.93, and 0.85, respectively. TOC also shows strong
positive correlations with P, Pxs, Nixs, Cuxs, and Znxs, indicating good synchronicity
between organic matter enrichment and trace-metal variations.
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Figure 4. Correlation matrices of TOC and productivity-related geochemical proxies in different
Lower Cambrian formations of the Tarim Basin. (Color scale indicates correlation coefficients
(−1 to 1), with red representing positive correlations and blue representing negative correlations.
* indicates significance at the 0.05 level).

Figure 4a shows that TOC has moderate positive correlations with Ni, Cu, and Zn in
the Yuertusi Formation of northwestern Tarim, with correlation coefficients of 0.61, 0.51, and
0.55, respectively. TOC also shows certain positive correlations with some excess-fraction
proxies, although the overall correlations are weaker than those in northern Tarim. Figure 4e
shows that TOC in the Xishanbulake Formation of eastern Tarim is positively correlated to
some extent with Ni, Zn, and several EF and xs proxies, whereas its correlations with other

https://doi.org/10.3390/geosciences16070258

https://doi.org/10.3390/geosciences16070258


Geosciences 2026, 16, 258 12 of 21

proxies are relatively weak. This indicates that organic matter enrichment and different
productivity proxies show variable degrees of coupling.

In contrast, the relationship between TOC and productivity-related elements is more
complex in the upper intervals. Figure 4b shows that, in the Xiaoerbulake Formation of
northwestern Tarim, TOC has only weak to moderate positive correlations with P, Pxs,
Cu, and Cuxs, but shows negative correlations with Ni, Nixs, and some EF proxies. This
indicates a lack of stable covariation between TOC and most inorganic proxies. Figure 4d
shows that, in the Xiaoerbulake Formation of northern Tarim, TOC has strong positive
correlations with Zn and Znxs, and also shows certain positive correlations with Cu, Ni, Ba,
and Baxs, whereas its correlation with Pxs is weak. This suggests that different productivity
proxies respond differently to organic matter enrichment. Figure 4f shows that, in the
Xidashan Formation of eastern Tarim, TOC has moderate positive correlations with Ni,
Cu, Zn, Ba, and Baxs, but a negative correlation with Pxs, indicating that the information
recorded by some proxies is not fully consistent with organic matter enrichment.

Certain regularities are also observed among different elemental proxies. Ni, Cu, and
Zn show strong positive correlations in most intervals, especially in the Yuertusi and Xis-
hanbulake formations, suggesting relatively consistent geochemical behavior and variation
trends among these trace metals. P and Pxs, as well as Ba and Baxs, commonly show strong
correlations, indicating that the excess-fraction calculations generally preserve the original
elemental variation patterns. However, the correlations of Pxs and Baxs with TOC vary
considerably among different intervals, and weak or even negative correlations occur in
some intervals. This indicates that the information recorded by P and Ba may be influenced
by depositional environment, preservation conditions, or later geochemical processes.

In summary, different inorganic productivity-related proxies show variable enrichment
intensities, variation trends, and degrees of coupling with TOC in the Lower Cambrian
source rocks of the Tarim Basin. Pxs and Baxs show the most pronounced enrichment
in some intervals, but their variations are not always synchronous with TOC or other
trace-metal excess fractions. In contrast, Nixs, Cuxs, and Znxs show relatively weaker en-
richment, but some of these proxies exhibit better consistency with TOC in certain intervals.
The correlation results also indicate that TOC shows relatively stable relationships with Ni,
Cu, and Zn, whereas P- and Ba-related proxies display more pronounced stratigraphic and
regional variations. In addition, certain differences between EF and Xxs occur in low-Al
intervals, suggesting that different calculation methods respond differently to detrital back-
ground and reference-element concentrations. Therefore, the paleoproductivity significance
of these proxies cannot be interpreted using a single proxy or a single calculation method
alone, but should be further evaluated in the following discussion by integrating TOC,
lithology, redox conditions, material sources, and diagenetic effects.

4. Controls on Paleoproductivity Differentiation in Lower Cambrian
Source Rocks

The development of source rocks is commonly controlled by multiple factors. Tradi-
tionally, anoxic conditions have been regarded as a key factor for organic matter enrich-
ment [13,60]. However, recent studies have shown that high productivity may also play
a critical role in source-rock formation, particularly under upwelling or even oxygenated
conditions, by enhancing organic matter flux to the sediment [54,61]. In addition, previous
studies have suggested that hydrothermal activity [42] and terrigenous input [34,62] can
significantly influence paleoproductivity by regulating nutrient supply and sedimenta-
tion rate. Therefore, the differentiation of paleoproductivity in Lower Cambrian source
rocks should be evaluated comprehensively from three perspectives: basin setting, redox
conditions, and material input mechanisms.
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4.1. Basin-Scale Controls

During the Early Cambrian, the Tarim Basin was characterized by a broad paleo-
geographic framework consisting of a western platform, an eastern basin, and a central
paleo-uplift (Figure 5) [63,64]. This basin configuration fundamentally controlled pale-
owater depth, marine connectivity, sedimentary facies distribution, and material input
pathways in different regions, and therefore represents a key factor for explaining regional
differences in productivity-related signals in the Lower Cambrian source rocks [29,32,65].

Figure 5. Early Cambrian paleogeographic and depositional framework of the Tarim Basin [48].

The western and northern parts of the basin were mainly characterized by platform-
margin ramp settings, which favored water-mass exchange and nutrient input, thereby
promoting stronger productivity-related signals. In contrast, eastern Tarim was located
in an underfilled deep-water basin with relatively restricted depositional conditions and
continuous fine-grained sediment input [34]. Such a setting was favorable for the develop-
ment of anoxic preservation conditions; however, enhanced fine-grained sedimentation
and detrital input may also have diluted organic matter and some authigenic elements,
resulting in an overall lower paleoproductivity signal than that of the Yuertusi Formation
in northwestern Tarim.

Vertically, the marked decrease in TOC and productivity-related proxies from the
Yuertusi Formation to the Xiaoerbulake Formation in northwestern Tarim may be related
to the stronger influence of transgression–regression processes in the platform-margin
ramp setting. Sea-level fluctuations could have modified water-column structure and
nutrient supply, thereby affecting productivity and organic matter enrichment. By con-
trast, the deep-water basin setting in eastern Tarim allowed relatively stable depositional
conditions and sustained anoxic preservation, resulting in smaller upward decreases in
productivity-related proxies. Thus, basin paleogeomorphology not only controlled the
east–west differences in productivity-related signals, but also influenced the magnitude of
vertical variation in different regions.

4.2. Redox Conditions

Water-column redox conditions are important factors controlling organic matter preser-
vation and the fixation of productivity-related elements [66]. Redox-sensitive elements
such as Mo, U, V, Ni, Co, and Th are sensitive to changes in depositional redox conditions
(Table 5). These elements commonly remain relatively mobile under oxic water-column
conditions, whereas they tend to become enriched under anoxic to euxinic conditions.
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Therefore, proxies such as V/Cr, Ni/Co, V/(V + Ni), U/Th, and MoEF-UEF covariation
patterns are widely used to evaluate the redox state and restriction degree of depositional
water masses [67–69].

Table 5. Paleoredox evaluation index.

Index V/Cr Ni/Co V/(V + Ni) U/Th

Anoxia >4.25 >7.0 >0.6 >1.25
Oxygen-Depleted 2.0~4.25 5.0~7.0 0.45–0.6 0.75~1.25
Oxygen-Enriched <2.0 <5.0 <0.45 <0.75

reference [70] [67] [71] [67]

Statistical results indicate that the Lower Cambrian source rocks in the Tarim Basin
were generally deposited under dysoxic to anoxic conditions, but the degree, persistence,
and restriction of reducing conditions vary significantly among different regions and
stratigraphic intervals (Table 6).

Table 6. Distribution of trace element, REE contents and parameters of the source rock samples.*

Proxy
Tarim-NW Tarim-N Tarim-E

Yuertusi Xiaoerbulake Yuertusi Xiaoerbulake Xishanbulake Xidashan

VEF 0.57–218.82
(31.88) 0–42 (11.61) 1.07–37.1

(9.12)
0.81–1.82

(1.13)
3.06–88.4

(20.58)
1.15–50.49

(9.26)

CrEF
0.87–793.22

(42.23)
0.79–20.27

(8.97)
1.7–21.64

(4.96)
1.75–4.56

(2.76)
1.08–7.69

(3.06)
1.12–5.85

(1.78)

MoEF
0.72–1580
(133.23) 0–462 (103.98) 15.08–1387

(292.14)
3.41–39.85

(11.46)
38.63–1955.98

(348.51)
27.39–701.8

(147.05)

UEF 1.95–1986.62
(85.44)

0–793.85
(381.39)

15.38–503.74
(107.6)

7.64–23.85
(11.17)

15.33–422.74
(73.15)

2.82–73.2
(20.78)

V/(V + Ni) 0.38–1 (0.9) 0.01–0.95
(0.51) 0.5–0.95 (0.75) 0.55–0.79 (0.7) 0.48–1 (0.88) 0.52–0.98

(0.83)

U/Th 0.85–141.4
(18.2)

0.42–172.15
(14.18)

0.66–16.95
(4.31)

0.45–1.46
(0.63) 0.9–2.63 (1.78) 0.7–3.38 (1.38)

V/Cr 0.06–17.4
(3.67)

0.03–49.99
(3.38)

0.21–8.11
(2.84)

0.37–13.58
(3.14)

0.91–28.88
(10.59)

1.13–21.66
(8.11)

Ni/Co 1.27–193.06
(19.36)

0.40–282.73
(13.55)

2.06–35.74
(11.13)

2.39–16.46
(5.94)

6.65–39.96
(16.98)

2.89–55.53
(8.11)

Eu/Eu * 0.61–61.6
(1.35)

0.65–1.37
(0.91)

0.69–5.13
(2.23) – 0.51–1.87

(0.97)
0.66–1.71

(1.04)

Ce/Ce * 0.17–1.03
(0.64)

0.67–1.01
(0.89)

0.79–2.34
(1.09) – 0.35–0.95

(0.69)
0.65–0.94

(0.81)

(LREE/HREE)N 0.1–3.23 (0.67) 0.49–1.09 (0.8) 0.29–0.89
(0.65) – 0.53–25.82 (9) 0.45–15.82

(2.96)
* min–max (average).

The Yuertusi Formation in northwestern and northern Tarim generally shows strong
reducing conditions, indicating an overall anoxic water-column setting and favorable
preservation conditions. In comparison, the Xishanbulake Formation in eastern Tarim
exhibits even stronger reducing conditions. Its average V/Cr, Ni/Co, and U/Th val-
ues are 10.59, 16.98, and 1.78, respectively, all indicating obvious anoxia. The average
MoEF and UEF values reach 348.51 and 73.15, respectively, suggesting that anoxic water
masses were relatively persistent during deposition of this interval. These intervals gen-
erally correspond to relatively high paleoproductivity signals, indicating that favorable
anoxic preservation conditions were an important prerequisite for the preservation of high
paleoproductivity records.
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In contrast, the upper intervals generally show weakened reducing conditions or
lower redox stability. This pattern is most evident in northern Tarim, where redox proxies
are significantly lower than those of the Yuertusi Formation, indicating weakened bottom-
water reducing conditions, reduced enrichment of redox-sensitive elements, and less
favorable organic matter preservation. Although some samples from the Xiaoerbulake
Formation in northwestern Tarim still show relatively strong reducing signals, with average
V/Cr and Ni/Co values of 3.38 and 13.55, respectively, the average V/(V + Ni) value is
only 0.51, and MoEF and UEF show wide variations. These features indicate fluctuating
redox conditions, with overall stability and persistence weaker than those of the Yuertusi
Formation, making it difficult to preserve paleoproductivity records comparable to those
of the lower interval. In eastern Tarim, the Xidashan Formation still maintains an anoxic
depositional background, with average V/Cr, Ni/Co, V/(V + Ni), and U/Th values of
8.11, 8.11, 0.83, and 1.38, respectively. These values indicate that bottom waters remained
relatively reducing, although less strongly than during deposition of the Xishanbulake
Formation. No abrupt redox shift occurred between the two eastern intervals, which
helps explain the relatively small upward decrease in productivity-related proxies in
eastern Tarim.

In addition to redox conditions, the restriction and residence time of water masses
can also affect nutrient recycling efficiency, thereby exerting a feedback effect on paleopro-
ductivity. The covariation between MoEF and UEF is commonly used to evaluate marine
openness and the stability of anoxic water masses (Figure 6) [59].

Figure 6. MoEF–UEF covariation and inferred depositional redox conditions of Lower Cambrian
source rocks in the Tarim Basin.

The MoEF–UEF covariation pattern further reveals differences in marine openness
and the stability of anoxic water masses among different stratigraphic intervals. Overall,
most samples plot between 0.1 × (Mo/U)SW and 1.0 × (Mo/U)SW, indicating that the
Lower Cambrian source rocks in the study area were generally deposited under anoxic
conditions with varying degrees of basin restriction. The Yuertusi Formation in north-
western Tarim shows the widest distribution, extending from low MoEF–UEF values to
areas close to or exceeding 1.0 × (Mo/U)SW. This pattern reflects strong fluctuations in
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water–mass connectivity, Mo supply, and redox conditions, corresponding to variations
in productivity–related signals. Samples from the Yuertusi Formation in northern Tarim
and the Xishanbulake Formation in eastern Tarim mainly plot between 0.3 × (Mo/U)SW
and 1.0 × (Mo/U)SW, with some samples close to the seawater Mo/U line. This suggests
that these intervals were deposited in relatively open or weakly restricted anoxic to euxinic
environments, where anoxic water masses were relatively stable and favorable for the
preservation of productivity-related signals.

In contrast, the Xiaoerbulake Formation in northern Tarim generally shows low abso-
lute MoEF and UEF values, indicating that the reducing degree and duration of bottom–
water anoxia were weaker than those during deposition of the Yuertusi Formation. This in-
terval more likely represents intermittent anoxic to dysoxic conditions, implying a decrease
in the stability of anoxic water masses and a weaker preservation effect on productivity–
related signals. Many samples from the Xiaoerbulake Formation in northwestern Tarim
and the Xidashan Formation in eastern Tarim mainly plot between 0.1 × (Mo/U)SW and
0.3 × (Mo/U)SW. However, their distributions within this interval are still different. The
former shows generally higher MoEF and UEF values, whereas the latter is relatively lower.
Considering the paleogeographic differences between these two areas, the relatively low
Mo enrichment in the Xidashan Formation should not be simply interpreted as evidence
for oxic conditions or poor preservation. Instead, it more likely reflects limited Mo supply
in a restricted deep-water basin.

This redox variability helps explain the inconsistency among TOC, Pxs, Baxs, and
trace–metal proxies. Ba mainly records organic matter export through biogenic barite or
excess Ba, but its preservation is not completely controlled by the final amount of buried
organic carbon. Under persistently anoxic and restricted conditions, barite may undergo
dissolution, remobilization, or reprecipitation, leading to weak or even negative correlations
between Ba records and preserved TOC. The Xishanbulake and Xidashan formations in
eastern Tarim both maintained relatively stable anoxic backgrounds; therefore, the Ba
preservation environment changed only slightly between the two intervals. This may
explain why Baxs responds more weakly to stratigraphic changes than TOC, Pxs, Cuxs,
and Znxs. The behavior of P is also strongly affected by redox cycling and diagenetic
redistribution. P is an essential nutrient for biological growth and is commonly enriched
under high–productivity conditions. However, under anoxic conditions, Fe–bound P
can be released, promoting internal nutrient recycling while also causing migration and
redistribution of P within sediments. Therefore, Pxs may record enhanced nutrient supply
and productivity, but it may also be influenced by phosphate mineral formation, adsorption,
and diagenetic modification. This explains why Pxs is strongly enriched in high–TOC
intervals such as the Yuertusi Formation, but does not necessarily vary synchronously with
TOC or Baxs in some persistently anoxic or restricted intervals.

Ni, Cu, and Zn are essential trace elements for biological growth and can also be
incorporated into sediments during organic matter settling, complexation, and preservation.
Their relatively good correlations with TOC may reflect the combined effects of organic
matter enrichment, reducing preservation conditions, and trace–metal fixation, rather than
a direct increase in primary productivity alone. This may also explain why Ni, Cu, and Zn
show relatively consistent covariation with TOC in eastern Tarim.

Overall, the strongly anoxic background of the lower Yuertusi and Xishanbulake
formations favored the preservation of high TOC and enriched productivity–related ele-
ments. Although productivity–related signals generally weakened in the upper intervals,
the persistent anoxic background in eastern Tarim resulted in relatively small changes in
Baxs. Redox conditions mainly influence the preservation strength of productivity–related
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signals by controlling organic matter preservation efficiency, P recycling, Ba preservation,
and the fixation of trace metals such as Cu, Ni, and Zn.

4.3. Comparison with Lower Cambrian Source Rocks in the South China Yangtze Block

Both the Tarim Basin and the South China Yangtze Block are important regions for
the development of Lower Cambrian marine source rocks in China [72], and studies of
the Lower Cambrian successions in the Yangtze Block provide an important reference
for understanding the Tarim Basin [73]. Previous studies on the Shuijingtuo Formation,
Niutitang Formation, and their equivalent intervals in the Yangtze Block have shown
that organic matter enrichment in the Lower Cambrian is commonly associated with
intraplatform basin or slope–basin settings, anoxic to euxinic preservation conditions,
relatively high productivity, hydrothermal/upwelling activity, and variations in terrigenous
input [74]. This understanding is broadly consistent with the results of this study, which
show stronger productivity-related signals in the lower intervals and weaker signals in the
upper intervals of the Lower Cambrian source rocks in the Tarim Basin. In addition, studies
of the Shuijingtuo Formation emphasizing the significant influence of terrigenous input on
organic matter accumulation also support our interpretation of eastern Tarim: terrigenous
input may not only supply nutrients, but also reduce TOC contents and the enrichment of
some authigenic elements through detrital dilution and changes in sedimentation rate [75].

5. Limitations and Prospects
Although this study systematically evaluated paleoproductivity variations and their

controlling factors in the Lower Cambrian source rocks of the Tarim Basin based on pub-
lished datasets, several limitations remain. First, this study mainly relies on compiled
data from previous publications. Differences in sample types, analytical parameters, and
analytical methods among different studies result in variable sample numbers available for
different geochemical proxies. Second, the studied samples include shale, siliceous rock,
mudstone, carbonate rock, and dolostone. Such lithological heterogeneity, carbonate dilu-
tion, silica enrichment, and terrigenous detrital input may influence elemental concentra-
tions and normalization results. Therefore, interpretations of inorganic productivity-related
proxies should be integrated with lithological background and depositional setting.

The host phases of productivity-related trace elements were not investigated in this
study. Future work integrating mineralogical and sulfur geochemical analyses is required.

6. Conclusions
The Lower Cambrian source rocks in the Tarim Basin have generally experienced

high to overmature thermal evolution, and thermal maturation and possible hydrocarbon
generation and expulsion may affect present–day TOC and some organic matter signals.
Therefore, thermal evolution should be considered as a potential factor in paleoproductivity
reconstruction, together with lithology, redox conditions, hydrothermal activity, terrigenous
input, and diagenetic modification.

The Lower Cambrian source rocks in the Tarim Basin show clear differentiation in
paleoproductivity. Vertically, they exhibit an overall “stronger lower interval and weaker
upper interval” trend, while spatially, paleoproductivity is generally higher and more
variable in western Tarim than in eastern Tarim.

The differentiation of paleoproductivity was jointly controlled by basin configura-
tion, redox conditions, and material input. The basin setting determined nutrient supply
pathways, redox conditions controlled organic matter preservation efficiency.

Productivity-related elements can reflect paleoproductivity, but different proxies have
different geochemical meanings. P and Pxs mainly indicate nutrient supply, whereas
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Ba and Baxs reflect organic matter export flux. These proxies are also influenced by
productivity, redox conditions, and organic matter/sulfide fixation. Ni, Cu, and Zn show
better consistency with TOC variations and can therefore serve as supplementary indicators
of organic matter enrichment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences16070258/s1, Table S1: Complete geochemical dataset
compiled from previously published studies and analyzed in this review.
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