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ABSTRACT: The lower Cambrian Qiongzhusi Formation in the Tl Tl

Sichuan Basin of the Yangtze Platform is one of the most [S N
proliferous petroleum sources. However, the basin-wide lower U\ Terestrial input st

Cambrian (Qiongzhusi) environmental variation in the Sichuan
Basin remains unclear, which could have impeded the unlocking of
promising areas of organic matter accumulation. This paper
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presents the first detailed inorganic geochemical investigation of Productivity [y
the lower Cambrian environmental reconstruction in the Sichuan Redox O A
Basin. The results of principal component analysis show that the Climate 8 ——————h
lower Qiongzhusi succession (LQS) is enriched in carbonate- Sedimentationrate o |

/Detrital input

associated elements and rare earth elements (REE), whereas the
middle—upper Qiongzhusi successions (MQS—UQS) are enriched
in elements affiliated with aluminosilicates (e.g.,, Al and Ti). The conservative metal associations suggest that the provenance of the
sediments was intermediate-felsic igneous rocks and the tectonic setting was a continental island arc. The combination of Sr/Ba and
S/TOC values indicates that it was formed under brackish to normal marine conditions. In contrast to the middle Qiongzhusi
succession, the lower and upper Qiongzhusi successions had elevated biological productivity (increased Cu/Al), low detrital inputs
(decreased Ti/Al), low sedimentation rate (decreased Th/U), and reducing conditions. These attributes probably resulted in higher
organic matter productivity and preservation. Temporally, the northern part of this basin had higher organic matter contents and was
deposited under more reducing conditions, with a lower sedimentation rate of terrigenous materials.

KEYWORDS: elemental composition, paleoenvironmental dynamics, organic matter preservation, Sichuan Basin, Qiongzhusi formation,
lower Cambrian

1. INTRODUCTION the depositional environment may have influenced the
evaluation of lower Cambrian hydrocarbon resources in the
Sichuan Basin. In addition, since the Qiongzhusi samples have
high thermal maturity (1.2 to 4.4% of vitrinite-equivalent
reflectance’”) and a high degree of thermal degradation of
organic matter,">™"° conventional organic geochemical meth-
ods may not be used to reconstruct the depositional
environment of this basin. Our objectives were to (i) use
inorganic geochemical proxies to reconstruct the lower
Cambrian environment and (ii) infer the potential areas for
high organic matter productivity and preservation within the
Sichuan Basin.

The reconstruction of the paleoenvironment is crucial because
it can affect organic matter productivity and preservation,
which further influence the distribution and reserve of
hydrocarbon resources.'~* Paleoenvironmental indicators,
such as the paleoclimate, water circulation and salinity, and
redox conditions, are preserved and recorded through
elemental abundances and mineral compositions.” " There-
fore, the elemental and mineral assemblages are widely
considered as effective and crucial approaches for reconstruct-
ing the paleodepositional environment.

The lower Cambrian (Qiongzhusi) source rock is one of the
proliferous source rocks in the Sichuan Basin of the Yangtze

Platform, which have contributed to significant hydrocarbon Received:  July 25, 2022
resources.” ' Organic matter productivity and preservation in Revised:  August 24, 2022
organic-rich rocks are generally influenced by the paleoenvir- Accepted:  September 2, 2022

onment. Previous studies have investigated the environmental Published: September 14, 2022

L . . . 10,11
variation in the central Sichuan Basin. However, the
absence of a basin-scale geochemical investigation contrasting
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Figure 1. Location of the studied cores in the Sichuan Basin, South China. Modified from Liu et al.'®

2. GEOLOGICAL SETTING AND STUDIED CORES

The Sichuan Basin covers an area of more than 180,000 km?
and is located in the northwestern part of the Yangtze Platform
(Figure 1).? During the early Cambrian, the Yangtze Platform
was at the Northern Hemisphere latitude and was likely close
to Australia in eastern Gondwana, based on a comparison of
bioprovinces.'” Previous studies suggested that the Sichuan
Basin was a rather shallow water basin.'® Within the Sichuan
Basin, the lower Cambrian strata were deposited from the
Terreneuvian to early Series 2 (Fortunian — Stage 3),19’20
chronostratigraphically corresponding to the Niutitang For-
mation of the Yangtze Platform.”” The Qiongzhusi source rock
was deposited in the Mianyang—Changning intracratonic sag
of the Sichuan Basin.'”'® This sag is an asymmetrical, striking
intracratonic sag with a relatively gentle western slope and a
rather steep eastern slope.'® The middle part of this sag is
relatively narrow and becomes wider toward the southern and
northern parts (Figure 1). The JY1 core was drilled in the
southwestern part of this basin, and the TX1 core was drilled in
the northern part (Figure 1).

The JY1 core can be divided into three successions (Figure
S1). Abundant small shelly fossils, radiolarians, spongy
spicules, and cryptospores were identified in the lower
Qiongzhusi succession.”! Two trilobite biozones, namely, the
Tsunyidiscus acutus—yanjiazhaiensis and Eoredlichia—Wutin-
gaspis biozones, and three bradoriida biozones, namely,
Liangshanella—Tsunyiella, Emeiella—Kunmingella fusulus,
and Kunmingella dowille—Chuandianella ovata—mononotella
biozones, were recognized in the middle—upper Qjongzhusi.21
The lithology of the lower Qiongzhusi succession (LQS) is
dark phosphatic, fine-crystal dolomites intercalated with
siliceous phosphorite, mudstone, and siltstone. The middle
Qiongzhusi succession (MQS) can be divided into two
subsections in descending order, zone I and zone II. The
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lithology of the MQS zone II changes upward from black
mudstone to the interbedding of grayish mudstone and
siltstone. The MQS zone I is mainly composed of mudstone
intercalated with siltstone. In the upper Qiongzhusi succession
(UQS), the lithology comprises mudstone and siltstone.

The TX1 core is divided into zones I and II of MQS (Figure
S2). The lithology of the TX1 core is composed of mudstone
and siltstone. Zone I is slightly enriched in clay minerals
compared to zone II (Figure 4). The LQS and UQS are absent
in the TX1 core. The UQS in the northern Sichuan Basin has
not been reported to date. Xia et al.”> documented that the
LQS source rock has high TOC contents (0.70—42.70 wt %)
with an average value of 12.95 wt %, dominated by marine-type
kerogen. The bitumen reflectance varies from 1.56 to 2.83%,
suggesting that the rocks are mature to highly mature. The
lithology is mudstone and phosphatic, fine-crystal dolomite,
similar to the LQS of the JY1 core.

3. SAMPLES AND METHODS

A total of 108 samples were obtained from the JY1 and TX1
cores. In the JY1 core, 24 samples are from the lower
Qiongzhusi succession, 29 samples are from the middle
succession, and 15 samples are from the upper succession.
Forty samples are collected in the TX1 core. All analytical
experiments were conducted at the State Key Laboratory of
Shale Oil and Gas Enrichment and Effective Development
(Wuxi), and analytical results are provided in the Supple-
mentary Material.

3.1. Analytical Methods. 3.1.1. Total Organic Carbon
and Sulfur Analyses. Total organic carbon (TOC) and sulfur
(S) contents were measured using a LECO CS200 analyzer.
Around 50 mg of the powdered sample was treated with 2 M
HCI to remove the carbonate parts and subsequently dried in
an oven at below 100 °C for 12 h. After that, the dried sample
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was heated at 900 °C for S min to measure the TOC and S
contents. The analytical precision is better than 5%.

3.1.2. Elemental Analysis. Elements were determined by
inductively coupled plasma mass spectrometry (VISTA MPX).
Approximately 150 mg of the powdered sample was dissolved
in a mixed HNO; (0.5 mL) and HF (1 mL) solution and
subsequently kept in an oven at 185 + S °C for 24 h. After
that, to the residue was added 0.5 mL of HNOj;, and the
mixture was kept at 185 + 5 °C for 24 h. The final insoluble
residue was digested with a S mL HNO; solution (30% v/v) at
130 °C for 3 h before being diluted to 50 mL by distilled water
for analysis. Data accuracy and variability were checked by
reference materials (GBW 07112, GBW 07114, and SGR1b),
replicated samples (+£5% analytical precision), and blanks.

3.1.3. X-ray Diffractometry. Mineralogy was measured
using the X-ray diffractometer (Bruker D8 Advance). Samples
were pulverized into less than 74 ym prior to analysis. Minerals
were recognized by the diffraction pattern with Cu-filtered
radiation and 26 step scans of 0.02° scanning from 2 to 90°
with a speed of 2°/s. The identification of minerals was made
using the Rietveld method.”® The detected mineral contents
were normalized to 100%, and a semi-quantitative relative
mineral abundance was provided.

3.2, Statistical Analysis. The principal component
analysis (PCA) method was used to identify the geochemical
affinities among the LQS, MQS, and UQS. In brief, all data
were first transformed into the same unit (ppm) before the
center logarithm ratio (CLR) normalization that is typically
used when compositional (closed) data is examined.”* The
calibrated dataset was analyzed using the PCA method with
the indiscriminate pretreatment for sample clusters. The PCA
method was conducted through the program Past 3.26b.”> The
detailed analytical procedures refer to Bian et al.*®

4. RESULTS

4.1. Mineralogy. The minerals in the LQS are composed
of quartz (median value: 33%, hereinafter), dolomite (15%),
siderite (12%), pyrite (10%), clay minerals (7%), and barite
(6%). In the MQS, the minerals in zone I are clay minerals
(38%), quartz (34%), feldspar (14%), carbonate matrix (9%),
and Fe minerals (3%). Similarly, quartz (40%) and clay
minerals (33%) are the main minerals in zone II, followed by
feldspar (13%), carbonate matrix (9%), and Fe minerals (3%).
In the UQS, the median clay mineral content increases to 51%,
followed by quartz (31%), feldspar (8%), carbonate matrix
(5%), and Fe minerals (5%). In contrast to the JY1 core, the
TX1 core is enriched in clay minerals and feldspar. The ternary
diagram shows that carbonates, quartz, and feldspar (>90%)
account for the major minerals in the LQS, whereas clay
minerals, quartz, and feldspar (>90%) are the main part in the
MQS-UQS (Figure 2).

4.2, Elemental Compositions. 4.2.1. Elemental Associ-
ations. The PCA method is used to differentiate elemental
compositions of the UQS, MQS, and LQS. In our model, the
first two PCs account for 80% of the variance (PC1: 67% and
PC2: 13%) (Figure 3). The analytical results from PC1 to PCS
are presented in Table S10 of the Supplementary Material. The
result shows that all elements can be characterized by three
associations: (i) association with organic matter such as U, V,
Zn, and Ni; (ii) association with carbonate (e.g, Ca) and rare
earth elements (REEs); and (iii) association with aluminosi-
licates (e.g,, AL, Ti, and Zr). We identify two groups based on
the three associations: Group 1 comprises the LQS samples

2521

Clay minerals (%)

® Upper Qiongzhusi succession @ Lower Qiongzhusi succession

Middle Qiongzhusi succession

@ Zonelof JY1 core A ZoneIof TXI core
@ Zone Il of JY1 core A Zone I of TX1 core

Figure 2. Ternary diagrams of clay minerals, quartz and feldspar, and
carbonate in the Qiongzhusi succession.
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Figure 3. Biplot of scores and loading from principal component
analysis (PCA) of elements and TOC of the TX1 and JY1 cores. The
first principal component (PC1) accounts for 67%, and the PC2 is
13%. The top-five PC results are present in the Supplemental
Material.

characterized by elements associated with organic matter,
carbonate, and REEs. Group 2 encompasses elements afliliated
with organic matter and aluminosilicates (the MQS—UQS
samples). In addition, this model shows that elements
associated with organic matter can distinguish samples
deposited in the southern and northern parts of the MQS
(Figure 3).

4.2.2. Uranium and Vanadium Associations with TOC.
Because U and V concentrations are relatively low in our
samples, it is important to remove the variation related to the
mineral matrix and clastic lithophilic fractions before using U
and V to identify redox conditions. Equation 1 used is as
follows:

AX = X = Algple X (Xpaas/Alpaas) (1)

where X, is the total X concentration of the sample, ppm;
Almple is the total Al content of the sample, %; Xpp,s is the X
concentration of the PAAS, ppm; Alpssg is the Al content of
the PAAS, %; and AX is the remaining X concentration after
removing detrital influences.

Figure 4A shows that AV and TOC are significantly
correlated in the LQS (R = 0.75; P < 0.05) and in the UQS (R
= 0.87; P < 0.05), and Figure 4B shows that AU and TOC are
significantly correlated (R = 0.74 for the LQS and R = 0.98 for
the UQS; P < 0.0S, respectively). In the MQS, TOC is

tot
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Figure 4. Crossplots of (A) the remaining V content after removing estimated detrital V component (AV) versus total organic matter (TOC) in
the LQS and UQS, (B) the remaining U content after removing estimated detrital U component (AU) versus TOC in the LQS and UQS. (C) AV

versus TOC in the MQS, and (D) AU versus TOC in the MQS.

correlated to AV (R = 0.75) and AU (R = 0.91) in only zone
II of the TX1 core (Figure 4C,D).

4.2.3. Rare Earth Elements and Yttrium. The median value
of REEs and Y in each succession of each core normalized by
the PAAS* is shown in Figure 5 and Figure S3. The median
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Figure S. Distribution of rare earth elements (REEs) normalized to
the Post Archean Australian Shale (PAAS) value (Taylor and
McLennan, 1985). The median value of each REEs in each succession
is used. The REE concentrations of each sample are shown in Figure
S1 of the Supplemental Material.

REEs and Y values in the LQS have pronounced negative Ce
and Eu anomalies, positive La and Y anomalies, and heavy REE
(HREE) enrichments. The REEs and Y in the MQS—UQS
show the same pattern with weak middle REE (MREE)
enrichments. The MQS in the TX1 core is slightly enriched in
REEs compared to the JY1 core. In this study, the Ce anomaly
is defined as Ce/Ce* = 3Cey/(2Lay + Ndy), the Pr anomaly
is Pr/Pr* = 2Pry/(Cey + Ndy), and the Eu anomaly is Eu/
Eu* = Euy/(Smy X Gdy)® (N means that the element was
normalized to the PAAS value) following Shields and Stille.”®
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5. DISCUSSION

5.1. Paleoredox Condition. 5.1.1. Redox Metal-TOC
Relationship. Under reducing conditions, U and V are
generally correlated to TOC.” ™" Figure 4A—D show that
AV and AU are significantly correlated to TOC in the LQS
and UQS of JY1 core, as well as MQS zone II of the TX1 core.
Those correlations indicate that the samples in the LQS and
UQS, as well as in MQS zone II of the TX1 core, were
deposited under reducing conditions. In the MQS, there are no
relationships between TOC and AV (AU) in samples from the
JY1 core and TX1 zone I Those insignificant correlations
suggest oxic to dysoxic conditions, from which limited
amounts of U and V were reduced and hosted by organic
matter (Figure 4C,D).

5.1.2. Mo—U Covariation. The Mo—U covariation is widely
used to identify redox conditions.”> Under suboxic conditions
of normal water settings, the enrichment of U generally
exceeds that of Mo because U accumulation starts at the
Fe(11)—Fe(IIl) redox boundary before Mo accumulation. As
redox conditions become more reducing than suboxia, the Mo
accumulation will exceed U. The Mo—U covariation is used to
examine the redox condition of the JY1 core. Figure 6 shows
that in the MQS, the samples were mainly deposited under
oxic to suboxic conditions and Fe/Mn oxyhydroxides likely
shuttled Mo and U. In contrast to the MQS, the samples in the
UQS and LQS were deposited under more reducing
conditions (suboxia—anoxia).

5.1.3. Redox Response of the REEs. The Ce anomaly can be
used as a redox-sensitive tracer.>® Under oxic conditions, the
insoluble Ce(+III) is oxidized to soluble Ce(+IV), which could
result in Ce depletion. The Ce anomaly is generally influenced
by the La anomaly.”® Figure 7A shows that the MQS—UQS
samples are mainly located in Field IIa, whereas the LQS
samples are mostly in Field IIIb, suggesting that the weakly
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Figure 6. Enrichment factors of U (Ugg) versus Mo (Mogg) in the
JY1 core. Modified from Algeo and Tribovillard.*>

negative Ce anomaly is influenced by positive La anomaly in
the MQS—UQS, but the Ce anomaly seems to be realistic in
the LQS.

Except for the influence of La anomaly, the negative Ce
anomaly in the LQS can result from the following mechanisms:
(i) organic matter,”**° (ii) diagenesis,”® (iii) redox con-
ditions,”” (iv) detrital influx,>® and (v) seawater.’ Figure 7B
shows that the Ce/Ce* ratio is not correlated to TOC,
suggesting that the changes in organic matter have a limited
influence on Ce anomaly. There are also insignificant
correlations in Ce/Ce*—REE (Figure 7C) and Ce/Ce*—
Dyyn/Smy (Figure 7D). We thus exclude the diagenetic effect.
Figure 7E shows that the Ce/Ce* ratio is weakly correlated to
Al (R = 0.62), indicating that the detrital influx may be
associated with negative Ce anomalies.

In addition, previous studies suggested that negative Ce and
Eu anomalies and slight HREE enrichments in carbonate rocks
reflect redistributions of REEs during dolomitization or the
REE signature of the seawater from which they precipi-
tated.””~*" This specific pattern (negative Ce and Eu
anomalies and HREEs enrichment) is also observed in the
LQS samples (Figure S). As stated above, the diagenetic
process has a limited effect on Ce anomalies. We thus consider
that the specific pattern is significantly attributed to the REE

signature in seawater. Sholkovitz et al.” investigated the REE
pattern in the water column of the Sargasso Sea. Their results
showed that the seawater has negative Ce and Eu anomalies
with an overall HREEs-enriched composition from Gd to Lu.
Therefore, we consider that the specific pattern (negative Ce
and Eu anomalies and HREEs enrichment) in the LQS is most
likely attributed to the REE signature of the seawater at the
depositional time. By analogy with the Sargasso Sea, the redox
condition is considered to be suboxic in the LQS.

5.2. Water Salinity and Restriction. Wei and Algeo*
suggested that Sr/Ba and S/TOC ratios can be used to
investigate the paleowater salinity. The Sr/Ba ratio cannot be
used but only after removing the carbonate-hosted Sr content
that can be examined through the CaO—Sr/Ba relationship.
With this pretreatment, a Sr/Ba ratio < 0.2 indicates
freshwater, 1 > Sr/Ba > 0.2 suggests brackish water, and
>0.5 shows marine water. When the TOC is above 0.5 wt %,
the S/TOC ratio can be used to investigate the water salinity.
In general, the S/TOC ratio is above 0.1 in brackish-marine
water and is below 0.1 in freshwater. Figure S4A,B shows that
the Sr/Ba ratio is not influenced by carbonate in the MQS—
UQS. Therefore, the Sr/Ba ratio is used to examine the water
salinity during the MQS and UQS. Figure 8A demonstrates
that the MQS samples were deposited in brackish water and
the UQS samples were deposited in fresh to slightly brackish
water. In addition, Figure 8B indicates that the Qiongzhusi
samples were deposited in a brackish-marine water settin§.
Given that the S/TOC ratio has relatively higher accuracy,”
we suggest that the MQS—UQS samples were deposited in a
brackish-marine water setting.

The Cogg X Mngp value can be indicative of water
circulation and hydrographic restriction in modern and ancient
marine systems.” The upwelling of ocean water is characterized
by low Co and Mn contents due to their depletion, whereas
the restricted water mass is enriched in Co and Mn because of
the terrestrial input. When the Cogr X Mngg value is below 0.5,
it is suggestive of an upwelling system, and when it is above 2,
it indicates a restricted water setting.” The Cogr X Mngg values
are between 0.5 and 2, which shows that the water circulation
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changed to the normal water circulation in the MQS—UQS
(Figure 8C).

5.3. Paleoclimate and Detrital Influx. The paleoclimate
can influence the intensity of detrital flux by affecting the
terrestrial erosion rate.*> Proxies, such as Cyy,. and Sr/Cu, can
be used to indicate the paleoclimate.® The C,y,. is defined as

Coaine (Wt %/wt %) = (Fe + Mn + Cr + Ni + V + Co)/(Ca +
Mg + Sr. + Ba + K + Na).8 Because Fe, Mn, Cr, Nij, V, and Co
are enriched in humid conditions and Ca, Mg, Sr, Ba, and K
tend to precipitate under arid conditions, the increase in C,
indicates that the climate became more humid, and its decrease
suggests more arid conditions. In addition, since humid
conditions have high Cu content and arid conditions are
enriched in Sr, the Sr/Cu ratio is also used to recognize
humid—arid conditions.** Given that the C,,. is not an
effective proxy in carbonates and Sr is affected by carbonates in
the LQS, the two proxies are only used to identify the MQS
and UQS climates. Figure 9A shows that in the MQS, the
northern part has higher C,,,, content and lower Sr/Cu ratios
than the southern part. This indicates that the northern
Sichuan Basin had more humid conditions. In the UQS, the
samples with relatively high C,,,. contents (0.5-0.6) and low
Sr/Cu ratio (1—3) have high TOC contents (average: 1.24%, n
= 7), whereas the samples with low C,;, content (0.3—0.5)
and high Sr/Cu ratio (3—4) have low TOC contents (average:
0.4 wt %, n = 6). Those relationships suggest that the climate
could have affected organic matter contents in the Sichuan
Basin.
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The intensity of detrital influx could be characterized by the
Ti/Al ratio because Ti is commonly hosted by clay minerals
and heavy minerals.** The increase in the Ti/Al ratio indicates
an elevated proportion of large grains (ie., zircon) and
increased terrestrial detrital influx.® Figure 9B shows that the
Ti/Al ratios are between 0.04 and 0.06 in the LQS, suggesting
a low intensity of detrital influx. In the MQS, the low part
(zone 1) had a lower detrital input than the upper part (zone
I; Figure 9D). In contrast to the southern part of the Sichuan
Basin, the MQS in the northern basin had a relatively higher
detrital influx input (Figure 9D). In the UQS, the samples with
high TOC content have low Ti/Al ratios (<0.06), suggesting
that the low intensity of detrital input was coincident with high
organic matter burial (Figure 9D).

5.4. Primary Productivity and Sedimentation Rate.
Copper (Cu) is an important nutrient for the biota as it can be
incorporated into organic complexes and form essential
metalloenzymes.*® The commonly observed correlation
between Cu abundance and the intensity of plankton
productivity in modern and ancient environments made it
possible to assess the paleoproductivity.”’~*’ Therefore, it can
be used to indicate primary productivity through being
normalized to Al for the removal of the influence of terrestrial
materials.*””*® The Cu/Al ratios mainly exceed 10 X 107* in
the LQS and are between 2 X 107* and 10 X 107* in the
MQS-UQS, suggesting a higher primary productivity in the
LQS (Figure 11B,D). In the MQS, the Cu/Al ratios in the
north (5—9 X 107*) are relatively higher than in the south (2—
6 x 107%), indicating that the northern basin had a higher
productivity. In the UQS, the samples with high TOC content
had higher primary productivity (6—8 X 107*), whereas the
samples with low TOC content had lower productivity (4—6 X
107*) (Figure 9). This seems to indicate that the variation in
primary productivity could have influenced organic matter
content.

Thorium (Th) is relatively non-leachable in sediments
during the weathering and transport processes,”"*” whereas U
content is easily influenced during the depositional process.”
Therefore, the elevated Th/U ratio is used to indicate an
elevated sedimentation rate. In the MQS, the distinct Th
increase is coincident with the absence of U enrichment in the
JY1 core (Figure 9C), which suggests that the high
sedimentation rate was attributed to high rainfall and detrital
input.*” In contrast to the JY1 core, the Th/U ratio in the TX1
core is lower, indicating a lower sedimentation rate (Figure

9C). The LQS samples have high U (5—40) and low Th
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(mainly <4), which could be attributed to allochthonous U
supplements and low sedimentation rates.

5.5. Provenance and Tectonic Setting. Rock prove-
nance can affect the elemental composition in sedimentary
rocks”**® and the ecosystem by adjusting the nutrient input.*®
For example, felsic igneous rocks can result in a nutrient-poor
condition, whereas mafic rocks can lead to a nutrient-rich
condition.’” The conservative elements and their major oxides
(the ALO;/TiO, ratio) can be used to decipher rock
provenance.”” In general, Al,O;/TiO, < 8 indicates mafic
igneous rocks, >8 and <21 suggests intermediate igneous rocks,
and >21 indicates felsic igneous rocks. The TiO,/Zr ratio can
also indicate mafic (>194), intermediate (54—194), and felsic
igneous rocks (<54).>° The Al,05/TiO, ratio ranges between
1S5 and 21 in the MQS—UQS, which suggests that the rock
provenance was intermediate igneous rocks, whereas the
AL, O5/TiO, ratio varies between 15 and 20 in the LQS,
indicating that the rock source was intermediate—felsic igneous
rocks (Figure 10A). The TiO,/Zr ratio in the Qiongzhusi is
below 54, representing that the rock provenance was felsic
igneous rocks (Figure 10A). Figure 10B shows that the rock
provenance was between basalt and felsic igneous rocks and
closer to felsic igneous rocks.”® In addition, the stable
elemental assemblages indicate no significant sedimentary
recycling. Therefore, we conclude that the rock provenance
was intermediate-felsic igneous rocks in the Qiongzhusi.

Identifying tectonic settings is significant as it can influence
the elemental transgport and ultimate distribution in sedi-
mentary archives.””® For example, organic matter-associated
metals within a rifted basin tend to accumulate in the gentle-
slope side because they have relatively favorable depositional
conditions®' that can support the formation of reducin
conditions and facilitate redox metal sequestrations.’”"’
Previous studies suggested that the stable elemental associa-
tions can be used to infer tectonic settings, owing to their
relative stabilities during the transport process.”" °° The
ternary diagrams of Co—Th—Zr/10 and Sc—Th—Zr/10 can
identify four tectonic settings: oceanic island arc, continental
island arc, active continental margin, and passive continental
margin.”” Figure 11 shows that the depositional setting in the
Qiongzhusi Formation was a continental island arc.

5.6. Controls on Organic Matter Accumulation.
Primary organic matter productivity and preservation are
influenced by atmospheric, tectonic, oceanic, and biological
factors.”*™"" In the Qiongzhusi Formation of Sichuan Basin,
the rock provenance was intermediate to felsic igneous rocks
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that may contribute to a nutrient-poor condition.”” The
tectonic setting was likely to be a continental island arc, which
suggests a relatively variable depositional condition that may
have impeded the development of the ecosystem. Because the
Mianyang—Changning sag had a relatively gentle western slope
and a relatively steep eastern slope, it is inferred that excellent
organic matter accumulation areas could have occurred closer
to the western slope. In addition, during the Qiongzhusi
Formation, the samples were deposited into the brackish-
marine water, indicating the paleosalinity is not a crucial factor
for interpreting differential organic matter contents in the
MQS-UQS (Figure 12).

In contrast to the southern (the JY1 core) part of the
Sichuan Basin, the northern part (the TX1 core) has a higher
TOC content, which coincides with higher organic matter
productivity, more humid climate, lower sedimentation rate,
and lower detrital input. Those proxies indicate a more suitable
condition for biological development. In addition, the reducing
depositional conditions could have partially contributed to
organic matter preservation (Figure 12).

Compared to the MQS, the LQS and UQS had higher
organic matter productivity and more humid conditions, and
the samples in the two successions were deposited into more
reducing conditions with lower sedimentation rates and
detrital inputs. These depositional conditions could have
contributed to better organic matter productivity and
preservation. Compared to the MQS and UQS, the LQS had
a restricted water setting and was not influenced by ocean
water upwelling identified in the southern Yangtze Platform.""
This situation may have partially resulted in a relatively stable

environment for the ecosystem and further interpreted
relatively high organic matter preservation in the LQS (Figure
12).

6. CONCLUSIONS

This paper investigated the spatial and temporal variations of
elements and TOC as related to the lower Cambrian
depositional environment of the Sichuan Basin. We conclude
that:

(1) The Qiongzhusi source rock demonstrates three distinct
elemental groups: (i) REEs and carbonate-associated
elements (e.g, Ca) for characterizing the lower
Qiongzhusi (LQS) samples, (ii) aluminosilicate ele-
ments (e.g,, Al and Ti) for identifying the middle and
upper Qiongzhusi samples (MQS and UQS), and (iii)
organic matter-associated metals (e.g, V and U) for
differentiating the southern and the northern samples in

the MQS.

The elemental composition suggests that the tectonic
setting was a continental island arc and the rock
provenance was intermediate-felsic igneous rocks. The
Sr/Ba and S/TOC proxies indicate that the Qiongzhusi
samples were deposited into a brackish-marine water
setting.

In contrast to the MQS, the AV/AU—-TOC relationship
and the Mogp—Ugg covariation suggest more reducing
conditions, the Ti/Al and Th/U ratios indicate relatively
lower detrital inputs and sedimentation rates, and the
Cu/Al ratio implies higher primary productivity in the
LQS and UQS. Therefore, we suggest that the LQS and
UQS had better depositional conditions for organic
matter productivity and preservation.

)

3)

(4) Compared to the southern Sichuan Basin, the northern
part (the TX1 core) had a more humid condition
interpreted by higher C,,,. contents and lower Sr/Cu
ratios, more reducing conditions (the AV(AU)-TOC
correlations), a higher nutrient supply (high Cu/Al
ratios), and a lower sedimentation rate (low Th/U

ratios).
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Vertical variation within the two cores; (Figures S1 and
S2) Geochemical profiles of the JY1 core and TX1 core;
(Figure S3) Distribution of rare earth elements (REE)
and yttrium (Y) normalized to the Post Archean
Australian Shale (PAAS) value in the Qiongzhusi
Formation; (Figure S4) plots of CaO versus Sr/Ba and
its regional expansion; (Tables S1—S10) analytical
datasets of JY1 and TX1 cores (PDF)
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