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Abstract: The ocean is a significant global reservoir of uranium (U) and thorium (Th).
These elements can be incorporated into marine sediments through processes involving
organic matter (OM), redox conditions, terrigenous inputs, and mineral interactions. He-
lium generated through the radioactive decay of U and Th within geological formations
represents a critical potential resource. Marine black shales, which are rich in U and Th,
are widespread in the Ediacaran Doushantuo Formation of the Upper Yangtze Platform,
making them a key target for helium exploration. However, there is limited research on the
mechanisms behind U and Th accumulation in these shales. This study focuses on shales
from the Doushantuo Formation in Chongqing, China, aiming to explore the mechanisms
of U and Th accumulation and assess the potential for helium generation, and argillaceous
dolomites are included for comparative analysis. The results show that the average U
and Th content in the black shales (17.58 and 9.78 ppm, respectively) is higher than that
of argillaceous dolomites (3.52 and 2.75 ppm, respectively). Uranium mainly comes from
authigenic precipitation and hydrothermal inputs, while thorium is primarily sourced
from terrigenous and hydrothermal inputs. The semi-humid climate in the provenance
area facilitated parent rock weathering, with atmospheric precipitation and river systems
transporting U and Th to the ocean. However, excessive terrigenous input can dilute the
U and Th content in the sediments. In the shales, uranium is primarily adsorbed and/or
complexed by organic matter (OM), with the anoxic–euxinic sedimentary environment and
high OM content (TOC = 0.06–34.58 wt.%, r = 0.95) promoting U accumulation. Thorium
accumulation is largely controlled by adsorption onto clay minerals. The total amount of
helium generated from the Doushantuo shales is estimated to be 7.20 × 1010 m3.

Keywords: helium exploration; uranium accumulation; thorium accumulation; marine
black shales; Ediacaran; Doushantuo formation
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1. Introduction
The ocean is one of the largest reservoirs of uranium (U) and thorium (Th) on Earth,

with an estimated total amount in the billions of tons, far exceeding the known reserves of
these elements on land [1]. The concentrations of U and Th in seawater have remained rela-
tively stable, with U levels typically around 3 ppb (parts per billion) and Th concentrations
ranging between 0.03 and 0.06 ppb [2–4]. These elements in the ocean primarily originate
from terrigenous sources [5]. Atmospheric precipitation and river systems transport U and
Th from land to the ocean, where they are eventually deposited in marine sediments [6,7].

Helium is a unique gas that is colorless, odorless, chemically inert, and has a low
boiling point (4.22 K at standard temperature and pressure) [8]. It is a natural resource
with strategic value and is widely used in high-tech industries and scientific research,
such as aerospace, nuclear industries and cryogenics [9,10]. Pure helium gas reservoirs
have not been discovered worldwide, as helium is typically found in association with
natural gas [9]. As a result, the extraction of helium from natural gas reservoirs containing
helium remains the primary method for industrial helium production [9–11]. However,
owing to the increasing demand for helium (at an annual rate of 4–6%), the global reserves
and production of helium are becoming increasingly limited [12,13]. The United States
(40%), Qatar (19%), Algeria (16%), Russia (13%) and Canada (4%) collectively account for
over 90% of global estimated helium resources, totaling approximately 51.9 billion cubic
meters in 2017 [10,12–14]. Given current consumption rates, these reserves are projected
to be depleted in about 230 years [15]. In addition, limited helium resources have been
discovered in China, representing only 2% of global estimated helium resources (1.1 billion
cubic meters) in the world [10]. However, China’s annual consumption exceeds 25.7 million
cubic meters, with over 80% dependent on imports [16]. This makes helium resource
exploration in China essential, as the country is facing a shortage of helium.

Helium has two stable isotopes, 3He and 4He. 3He mainly comes from mantle de-
gassing (³He/4He ≈ 1–30 Ra, contrasting with crustal values of <0.02 Ra, Ra = atmospheric
³He/4He ratio of 1.4 × 10−6), whereas 4He mainly comes from the decay of radioactive
elements 238U, 235U, and 232Th [17]. The main sources of helium in sedimentary basins are
atmospheric helium, crustal helium (radioactive helium), and mantle-derived helium [8,18].
Atmospheric helium has little effect on helium concentration in gas reservoirs. The sources
of helium in global gas fields that can be used for industrial production are mantle-derived
helium and crustal helium [19]. Mantle-derived helium consists mainly of helium stored
in the mantle during the early stages of Earth’s formation [10]. Mantle-derived helium
is characterized by an enrichment of 3He (3He/4He ≥ 6 Ra) and can be transported into
shallow crustal fluids via magmatism and faults, along with other gases, such as CO2,
N2, and CH4 [10,20]. Crustal helium (4He) is usually found in natural systems in trace
amounts, and helium concentrations higher than those in the air (5.24 ppm) are commonly
discovered in groundwater and gas reservoirs [15].

The amount of helium produced in the crust directly depends on the age of the helium
source rocks and the average U and Th contents in the rocks and minerals [8]. Thus, ancient
U–Th-rich rocks are favored for helium formation. Marine black shales are rich in U and
Th, and are generally recognized as major sources of crustal helium [15,18]. The average U
contents in shale range from 4 to 60 ppm [21–23], and the average Th content in shale is
12 ppm [24,25]. For example, the Cambrian Niutitang Formation shale exhibit extreme U
enrichment (up to 122 ppm) due to euxinic conditions, and the average Th content in the
shales is approximately 10 ppm [26]. U and Th accumulation in shale is influenced mainly
by organic matter (OM), redox conditions, terrigenous input, and minerals [21,27–29]. OM
is capable of adsorbing and/or complexing U, but different types of OM have distinct
U contents [21]. For example, algae-derived amorphous OM adsorbs up to 550 ppm U,
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whereas terrestrial OM binds < 50 ppm U due to lower surface functional groups [21,28].
U–Th-bearing minerals, such as zircon, monazite and apatite, in shales contain significant U
and Th contents (e.g., monazite: Th up to 300,000 ppm) [30]. The geochemical properties of
U and Th differ during deposition, and Th is more stable than U. The stability and mobility
of U are strongly influenced by its oxidation state [28]. Naturally occurring U is primarily
composed of U (IV) and U (VI), wit h U (IV) being substantially less soluble than U (VI) [31].
U (VI) migrates more easily in oxidizing environments [32,33]. Other valence states of U
(U (0), U (III), and U (V)) are almost unstable [28,34–36]. Th is usually insoluble in water,
less active during low-temperature geological processes, and easily preserved in stable
Th-bearing minerals. Th is transported mainly by terrigenous input and can be enriched in
weathering residues [37]. Additionally, Th can migrate as organic complexes or colloids
under suitable conditions [38,39].

The Upper Yangtze Platform contains abundant helium resources, and helium reser-
voirs have been found in the Weiyuan and Jinqiu gas field, where the average helium
concentrations are 0.2% and 0.07%, respectively [40,41]. However, the distribution of
helium resources is complex, and the helium production capacity is quite different in
this area [40,42]. The black shale of the Ediacaran Doushantuo Formation is widespread,
indicating potential helium source rocks [43]. However, there are limited studies on the
mechanism of U and Th accumulation in the Doushantuo Shales. In this work, shales and
argillaceous dolomites from the Doushantuo Formation in the Upper Yangtze Platform are
collected, and the argillaceous dolomites are used as comparative samples to investigate
the mechanism of U and Th accumulation in marine sediments. This study aims to provide
guidance for helium exploration and alleviate the shortage of helium resources.

2. Geological Setting
The Yangtze Platform runs from the western to eastern China, and the platform

includes mainly Sichuan, Chongqing, Guizhou, Hubei, Anhui, and Jiangsu Provinces,
with an area of approximately 500,000 km2 (Figure 1A). The Yangtze Platform is one of
the ancient platforms in China with abundant hydrocarbon resources [44]. The main
exploration area of the Doushantuo Formation studied in this paper is located in the
northeast and southeast of Chongqing, China (Figure 1B).

The Doushantuo Formation was deposited on top of the Nantuo Formation glacial
deposits, with thicknesses ranging from 0 to 420 m (Figure 2A) [45]. The Doushantuo
Formation is composed of four members, namely, Z1d1, Z1d2, Z1d3, and Z1d4, from the
bottom to the top (Figure 2A) [43], and the formation consists mainly of grey argillaceous
dolomite, micritic dolomite, and black shale (Figure 2A–C) [46]. The paleogeography
of the Doushantuo Formation was influenced mainly by paleouplifts and marginal sags
(Figure 1C–E) [43]. In the study area, the paleogeography exhibited by Z1d1 was domi-
nantly shore and shallow-water shelf environments, and the paleogeography exhibited
by Z1d2 was dominantly shallow-water shelf and deep-water shelf-basin environments
(Figure 1C,D) [43]. Z1d3 exhibits dominantly mixed shelf and shallow-water shelf environ-
ments, with enhanced oxic conditions in the sedimentary environment. Z1d4 is absent or
was not deposited in most parts of the Sichuan paleouplift, except for the marginal sags and
shelfs of western Hubei Province [43]. The Z1d1 cap dolomite was deposited mainly along
the margin of the Sichuan Basin [45]. The primary lithology of Z1d2 is black shale, and the
primary lithologies of Z1d3 are dolomite and argillaceous dolomite (Figure 2A–C). Z1d2

and Z1d3 formed during a transgressive–regressive cycle (Figures 1D,E and 2A) [43,46].
The primary lithology of Z1d4 is black shale (Figure 2A), which was formed during a
transgressive–regressive cycle, along with the overlying massive carbonates of the Dengy-
ing Formation (Figure 2A) [45]). In the marginal sags, such as the Chengkou and Hefeng
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sags, the average thicknesses of the source rocks are greater than 50 m (Figure 1F) [47], and
the average total organic carbon (TOC) contents are generally greater than 2.0 wt.% [43].
On the other hand, in the Xiushan area, the average thicknesses of organic-rich shale range
from 30 to 50 m (Figure 1F) [48], and the average TOC contents are usually greater than
1.0 wt.% [43].
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Figure 1. (A) Location of the study area in South China; (B) location map of Chongqing, showing
sample sites. Modified from the work of Luo, et al. [49]. (C) Paleogeography of the Z1d1 in the Upper
Yangtze Platform; (D) paleogeography of the Z1d2 in the Upper Yangtze Platform; (E) paleogeography
of the Z1d3 in the Upper Yangtze Platform; (F) spatial variation in shale thickness of the Doushantuo
Formation in the Upper Yangtze Platform. Figure (C–F) was modified from the work of Wang, Liu,
Jiang, Huang, Wang, Xu, Jiang, Shi, Ren and Wang [43].
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Figure 2. (A) Cryogenian–Cambrian stratigraphic column in the Upper Yangtze Platform (modified
from Xiao, Cao, Luo, Tan, Xiao, He and Li [45]), as well as the stratigraphic columns of the Doushantuo
Formation in the (B) well ZK17 and (C) well ZK0305. Note: “/” indicates “unknown”.

3. Sampling and Methods
3.1. Samples

A total of 27 Doushantuo Formation core samples were collected for this study; these
samples included 13 black shales and 5 argillaceous dolomites from well ZK17 in Chengkou,
Chongqing, and 8 black shales and 1 argillaceous dolomite from well ZK0305 in Xiushan,
Chongqing (Figures 1B and 2B,C). The sampling intervals of the shales were generally of less
than 7 m, while only a few argillaceous dolomites were collected for comparison purposes.

3.2. Organic Petrography

These fresh samples were ground to 200 mesh size. The powdered samples were
processed with diluted HCl, and the residues were washed with distilled water more
than 30 times and then dried. The TOC content was measured via a Leco CS-230 (Leco
Corporation, St. Joseph, MI, USA). The core samples were cut into small blocks of
2 cm × 2 cm × 1 cm, which were subsequently cured with epoxy resin and dried. The
smooth surfaces of the blocks were subsequently obtained by grounding and polishing
via an EcoMet 250 machine (Buehler Ltd., Lake Bluff, IL, USA) with an AutoMet 250
(Buehler Ltd., Lake Bluff, IL, USA). Microscopic observations and in-source solid bitu-
men reflectance measurements were conducted on a Leica DM4500 (Leica Microsystems
GmbH, Wetzlar, Germany) microscope equipped with a CRAIC photometer and a 50×
oil immersion objective. Strontium titanate (Ro = 5.36%), cubic zirconia (Ro = 3.08%), and
gadolinium–gallium–garnet (Ro = 1.725%) were used as standard materials to calibrate the
reflectance measurements. The experiments were performed at the National Key Labora-
tory of Petroleum Resources and Engineering, China University of Petroleum (Beijing).
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3.3. Mineral Analysis

The mineralogical composition of the powdered samples was determined via X-ray
diffraction (XRD), which was performed on a Bruker D2 Phaser (Billerica, MA, USA). The
quantitative analysis of mineral components was performed via the Chinese standard
procedure SY/T5163-2010 [50]. The rock samples were cut into small pieces and polished
with sandpaper and argon ions. Then, they were coated with carbon for scanning electron
microscope microscopy (SEM) analysis. The mineral distribution and composition were
examined via a Zeiss Sigma 500 field emission SEM instrument (Oberkochen, Germany),
equipped with an X-ray energy-dispersive spectrometry (EDS) instrument. XRD analyses
were performed at the National Key Laboratory of Petroleum Resources and Engineering,
China University of Petroleum (Beijing), and SEM analyses were performed at the National
Research Center for Geoanalysis of the China Geological Survey.

3.4. Elemental Analysis

The concentrations of major and trace elements were analyzed at the Institute of
Geochemistry, Chinese Academy of Sciences. A 50 mg powdered sample was blended with
1 mL of 38% HF and 2 mL of 68% HNO3 in a polytetrafluoroethylene (PTFE) bomb. The
container was then sealed and heated at 190 ◦C for 12 h. After cooling, 2 mL of HNO3,
0.5 µg of Rh (as an internal standard), and 5 mL of deionized water were added, and the
mixture was heated at 135 ◦C for 5 h. The sample was diluted with deionized water to a
concentration of 1/3000th of the original concentration and tested via inductively coupled
plasma–mass spectrometry (ICP–MS). Andesite, plagioclase gneiss, and slate were used
as standards. The ICP–MS analysis achieved an accuracy better than ±5–10%. Sample
preparation for major elements was similar to that for trace elements, with an internal
standard of 1 mL of 10 ppm Cd (except for SiO2). The treated solution was diluted 1000
times and tested via inductively coupled plasma–optical emission spectroscopy (ICP–OES).
For SiO2, 0.25 g of NaOH and 0.05 g of the powdered sample were added to a silver crucible
and heated at 700 ◦C for 30 min. After cooling, deionized water was added, and the mixture
was heated. After the products were dissolved, 5 mL of HCl was added, followed by the
addition of deionized water to a solution volume of 250 mL. ICP–OES was also used to test
the diluted solution. The loss on ignition (LOI) values was determined by calculating the
mass difference before and after heating 1 g of the powdered sample at 900 ◦C for 1 h. The
error of ICP–OES error for the elements was less than ±5%.

3.5. Data Presentation

The enrichment factor (EF) is calculated by the following equation: XEF = (X/Al)sample

/(X/Al)PAAS [51], in which, X is the target element and PAAS is Post-Archean Australian
Shale [52].

The chemical index of alteration (CIA), chemical index of weathering (CIW) and
plagioclase index of alteration (PIA) can serve as proxies for the reconstruction of the
paleoclimate and weathering degree of the parent rock and are calculated as follows:
CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100, CIW = [Al2O3/(Al2O3 + CaO* +
Na2O)] × 100, and PIA = [(Al2O3 − K2O)/((Al2O3 − K2O) + CaO* + Na2O] × 100 [53–55].
CaO* is the percentage of CaO in silicate minerals. The McLennan, et al. [56] correction
method (CaO’ = CaO − 10/3 × P2O5), which assumes that silicate material has reasonable
Ca/Na ratios, was used. CaO* equals the smaller of the values between those of CaO’
and Na2O. Generally, the CIA values range from 50 to 100, with different CIA values
representing different climatic and weathering conditions: cold and arid climates and low
chemical weathering (CIA = 50–60), warm and humid climates and intermediate chemical
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weathering (CIA = 60–80), and hot and humid climates and extreme chemical weathering
(CIA = 80–100) [53].

Trace elements (e.g., U) in marine shales are usually composed of terrigenous inputs
(transported or particulate) and the authigenic fraction. It is often assumed that authigenic
U can be approximately calculated by the difference between the bulk concentration and
detrital fraction (Uauthigenic = Ubulk − Ubulk × Albulk/AlPAAS) [52,57].

Eu anomalies can be utilized to determine the presence of hydrothermal influences in
marine deposits [58]. Eu anomalies are calculated as follows: δEu = EuPAAS/(SmPAAS ×
GdPAAS)ˆ0.5, in which, XPAAS represents the PAAS-normalized concentration of element
X [52].

In order to quantitatively evaluate the helium generation of the Doushantuo For-
mation black shale on the Upper Yangtze Platform, a calculation formula for the amount
of helium generation is established based on the formula proposed by Ballentine and
Burnard [17]: VHe = (1.207 × 10 − 13 × [U] + 2.868 × 10 − 16 × [Th]) × ρr × SS × hS × yr,
where VHe represents the volume of helium produced by the shale (m3), [U] denotes
the concentration of U in the shale (ppm), [Th] is the content of Th in the shale (ppm), yr
denotes the age of the shale (years), ρS is the density of the shale (assumed to be 2.65 t/m3),
Sr is the distribution area of the shale (m2), and hS means the thickness of the shale (m).

4. Results
4.1. Organic Petrographic Characteristics

The primary maceral constituents of the shales are in-source solid bitumen, which
appears grayish white when viewed under reflected light (Figure 3) [59,60]. Abundant
in-source solid bitumen with heterogeneous distribution can be observed in the shales
from the ZK17 well (Figure 3A,B). However, OM is more dispersed in the ZK0305 well
sample (Figure 3F–I). Pyrite filled with OM can be observed in the shales (Figure 3C–E).
The reflectance values of the in-source solid bitumen in ZK17 and ZK0305 obtained in the
random direction are between 2.62% and 2.96% and between 3.01% and 4.52%, respectively.
According to the formula developed by Luo, Zhang, Zhong, Wu, Goodarzi, Sanei, Skovsted,
Suchý, Li, Ye, Cao, Liu, Min, Pan, Yao and Wu [59], the maturity values of the ZK17 are
between 2.53% and 2.83%, and those of ZK0305 are between 2.86% and 4.29%, indicating
that the OM in the Doushantuo Formation is in the overmature stage.

4.2. Geochemistry
4.2.1. TOC

The shales displayed a wide variation in TOC values, ranging from 0.06 to 34.58 wt.%
(Table S1), with an average of 6.47 wt.%. The shales from well ZK17 have a higher average
TOC content of 6.85 wt.% than those from well ZK0305 (Table S1). The ZK17-4-1 sample has
the highest TOC content of 34.6 wt.% and is a sample of an abundant in-source solid bitu-
men, as shown in Figure 3A,B. The TOC contents of samples ZK0305-162 and ZK0305-176
are notably lower than those of the other shales, at 0.06 wt.% and 0.08 wt.%, respectively
(Table S1). The argillaceous dolomites have an average TOC content of 0.98 wt.%, with a
range of 0.05 to 2.87 wt.% (Table S1). The variable range of TOC in the shales and dolomites
indicates the heterogeneity of the OM distribution in the Doushantuo Formation.
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Figure 3. Photomicrographs of in-source solid bitumen and pyrite in reflected white light and
oil immersion. (A,B) from ZK17-4-1, TOC is 34.58 wt.%; (C,D) from ZK17-4-3; TOC is 9.48 wt.%;
(E) from ZK17-4-4; (F) from ZK0305-144; (G) from 0305-145; (H,I) from ZK0305-146, TOC is 6.18 wt.%;
(C–E) have the phenomenon that pyrite filling OM.

4.2.2. Major Elements

The average concentrations of major elements in the shales are 56.7 wt.% for SiO2,
11.6 wt.% for Al2O3, 5.5 wt.% for Fe2O3, 2.5 wt.% for MgO, 4.0 wt.% for CaO, 1.2 wt.%
for Na2O, 3.4 wt.% for K2O, 0.2 wt.% for MnO, 0.7 wt.% for TiO2, and 1.3 wt.% for P2O5

(Table S1). The samples have higher average concentrations of MgO, CaO, Na2O, MnO,
and P2O5 and lower concentrations of SiO2, Al2O3, Fe2O3, K2O, and TiO2 than those of the
post-Archean Australian shale (PAAS; Figure 4A) [52]. The argillaceous dolomites contain
32.2 wt.% SiO2, 3.1 wt.% Al2O3, 1.8 wt.% Fe2O3, 7.7 wt.% MgO, 15.5 wt.% CaO, 0.3 wt.%
Na2O, 1.0 wt.% K2O, 10.3 wt.% MnO, 0.2 wt.% TiO2, and 0.3 wt.% P2O5. These dolomites
have higher average concentrations of MgO, CaO, and MnO and lower concentrations of
the other elements than post-Archean Australian shale (PAAS) (Figure 4B) [52].

4.2.3. Trace Elements

The shales contain an average of 17.58 ppm U and 9.78 ppm Th, and the argillaceous
dolomites have averages of 3.52 ppm U and 2.75 ppm Th, which are much lower than
those in the shales (Table S1). All trace elements obtained were normalized to PAAS
(Figure 5) [52]. On average, the shales and argillaceous dolomites are enriched in U and
depleted in Th compared with PAAS (Figure 5A,B).
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For the redox-sensitive trace elements, the average Mo, V, Pb, Zn, Cu, and Ni contents
in the shales are greater than those in PAAS (Figure 5A). Th correlates poorly with redox-
sensitive trace elements, and U has moderate positive correlations with V, Cr, Zn, Cu, Ni,
and Pb in shales (Table S2; r = 0.67, 0.81, 0.71, 0.72, 0.55, and 0.54, respectively). The average
Mo, Pb, and Zn contents in the argillaceous dolomite are relatively high compared with
those in PAAS, and the average contents of V, Ni, and Cu are lower than those in PAAS.
The U and Th contents in the argillaceous dolomite do not show any correlation with other
mostly redox-sensitive elements (Table S3).

4.2.4. Minerals in the Shale

The shales mainly comprise quartz, clay minerals, dolomite, and iron–dolomite,
and the argillaceous dolomites mainly comprise dolomite and ankerite, along with
some manganite, siderite, pyrite, hematite, calcite, feldspar, and clay minerals (Table S1,
Figures 6 and 7). Quartz is the most common mineral in shale, with an average content of
29.9 wt.% (Table S1). The quartz content of argillaceous dolomites (mean of 11.5 wt.%) is
lower than that of shales (mean of 29.9 wt.%; Table S1). Quartz appears grayish-white under
the SEM, and it is predominantly irregular with angular, semi-angular, or subrounded
shapes, with crystal sizes ranging from micrometers to nanometers (Figure 7B–D,F). Clay
minerals are another common mineral in shale, with an average content of 32.9 wt.%. How-
ever, the argillaceous dolomites contain lower clay mineral contents than shales, averaging
10.1 wt.%. Under SEM, micron-sized elongated illite can be observed (Figure 7A). The
average percentages of dolomite and ankerite in the shales are 10.9 wt.% and 1.6 wt.%,
respectively. In the argillaceous dolomite, the average percentages of dolomite and ankerite
are 27.4 wt.% and 26.1 wt.%, respectively, which are much greater than those in the shales
(Table S1 and Figure 6). Fe2+ can replace Mg2+ in the dolomite lattice to form ankerite.
As an isomorphic phase of dolomite, ankerite has similar optical properties and crystal
structures [61]. Both dolomite and ankerite appear grayish white in color under SEM
(Figure 7G,H). The average pyrite content in the shales is 6.4 wt.%, and the average pyrite
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content in argillaceous dolomites is 5.1 wt.% (Table S1 and Figure 6). The pyrite in the sam-
ple is mainly euhedral pyrite and framboidal pyrite (Figures 3 and 7C,D). Rhodochrosite
is present in four argillaceous dolomites, with an average content of 19.1 wt.% (Table S1
and Figure 6). The barite content is low, at less than 1 wt.%. Sphalerite is not detectable in
the XRD analysis but is observable via SEM (Figure 7F). Because of the presence of heavy
elements, the secondary and backscattered electron images of sphalerite and barite are
very bright (Figure 7E,F). Small quantities of these minerals are observable only via SEM
(Figure 7A,C) within the shales. A higher apatite content is observable in sample ZK4-16,
with a content of 13.5 wt.% (Table S1 and Figure 6). SEM–EDS reveals that the dominant
form of apatite in the shale is chlorapatite, which has an irregular shape (Figure 7C). Zircons
are dispersed mainly in granular form with small particle sizes (less than 5 µm) and appear
grayish-white (Figure 7A).
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5. Discussion
5.1. Sedimentation Conditions and Environments

(1) Terrigenous input
In previous studies, Al, Ti, Zr and Th were commonly used to indicate terrigenous

input [62]. Al and Ti are found primarily in heavy minerals and aluminosilicates, such
as rutile and ilmenite [27], and remain relatively constant during diagenesis [51]. The
Al2O3 content of the shales ranges from 2.56 to 17.7 wt.%, with an average of 11.55 wt.%,
and the Ti content ranges from 636.6 to 6019.6 ppm, with an average of 4010.5 ppm
(Table S1). The argillaceous dolomite has lower Al2O3 and Ti contents of 1.83–6.67 wt.% and
576.9–2256.0 ppm, averaging 3.11 wt.% and 1081.8 ppm, respectively (Table S1). The Al2O3

and Ti contents show comparable trends throughout the stratigraphic column (Figure 8A,B).
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(2) Redox conditions
Redox-sensitive elements, such as Mo, U, V, and Ni, and their ratios, such as Ni/Co

and U/Th, can serve as paleoredox proxies [63]. As shown in Table S1, Ni/Co and U/Th
in the shales are in the ranges of 1.95–35.85 (mean of 7.42) and 0.22–14.47 (mean of 2.32),
respectively, and they are 2.77–8.60 (mean of 6.18) and 0.82–2.91 (mean of 1.63) in argilla-
ceous dolomites, respectively, indicating oxic–dysoxic–anoxic depositional environments
for the shales and argillaceous dolomites (Table S1 and Figure 9A) [64,65]. The enrichment
of Mo and U in marine sediments is mainly controlled by the average concentrations of
Mo and U in the water column, the redox state of the water column, and the hydrological
characteristics of the basin [51]. U is activated in the Fe (III)-Fe (II) reduction zone and
can be transferred to sediments under reducing conditions [66], whereas Mo is enriched
in sediments only when seawater contains H2S [67]. Therefore, the Mo–U covariation
pattern is a practical alternative for extrapolating the redox conditions of shales [29,68].
The MoEF values of the shales range from 0.96 to 288.51, with an average of 76.45, and the
UEF contents range from 1.16 to 69.7, with an average of 11.44 (Table S1 and Figure 9B),
indicating that anoxic–euxinic conditions characterize the redox conditions of the shales.

(3) Paleoproductivity
Cu is usually present in oxidized water as organometallic complexes, with limited Cu

(II) ions [27,69]. During decomposition of the organic matter at the bottom of the seawater
column, Cu is released into the pore water and adsorbed by the pyrite under anoxic condi-
tions [70,71]; so, it can be used as an effective proxy to evaluate paleoproductivity. Ba is also
widely used in paleoproductivity assessments [72,73]. Al2O3 is commonly used to remove
the effects of terrigenous input [74]. In this study, Cu/Al2O3 and Ba/Al2O3 were employed
as proxies for paleoproductivity. As shown in Table S1, the Cu/Al2O3 ratios of the shales
range from 2.37 to 45.98 ppm/wt.%, with an average of 13.71 ppm/wt.%, and the Ba/Al2O3

ratios range from 94.99 to 7421.65 ppm/wt.%, with an average of 669.81 ppm/wt.%. The
argillaceous dolomite has a lower Cu/Al2O3 and Ba/Al2O3 ratios of 2.68–26.05 ppm/ wt.%
and 172.37–563.79 ppm/wt.%, averaging 14.97 ppm/wt.% and 301.83 ppm/wt.%, respec-
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tively (Table S1 and Figure 8), indicating that the paleoproductivity of the shales is greater
than that of the argillaceous dolomites [51].
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Figure 9. Covariation in (A) U/Th versus Ni/Co and (B) MoEF versus UEF for the shales and
argillaceous dolomites in the Upper Yangtze Platform (modified from Algeo and Tribovillard [29]).

(4) Paleoclimate and paleoweathering
The Doushantuo Formation has moderate CIA values, ranging from 44.90 to 68.91,

with a mean of 60.57 (Table S1), suggesting a semi-humid climate and intermediate chemical
weathering. The calculated CIW and PIA values for the Doushantuo Formation range
from 51.94 to 89.18 (mean of 75.54) and 43.01–84.24 (mean of 68.44), respectively, indicating
a semi-humid climate and intermediate chemical weathering during its deposition. The
Rb/Sr ratio is often used to reconstruct the paleoclimatic evolution [64]. The Rb/Sr values
of the Doushantuo Formation range from 0.02 to 2.60, with an average of 0.70, indicating a
semi-humid climate [75].

5.2. Source of Uranium and Thorium

La/Sc and Th/Co ratios can be employed in provenance analysis as silicic rocks are
enriched in La and Th and depleted in Sc and Co compared with basic rocks [50,76]. As
shown in Figure 10a, the shales are derived from silicic rocks. On the basis of Hayashi,
et al. [77] and Figure 10b, the samples suggest derivation from a felsic source. Wang,
et al. [78] reported that Neoproterozoic sedimentary rocks are sourced mainly from Neo-
proterozoic magmatic rocks, which are widely distributed in the northern part of the
Yangtze Platform [78,79]. Hu [80] suggested that sediments in Z1d1, Z1d2 and Z1d3 were
derived from Neoproterozoic magmatic rocks in the northern part of the Yangtze Platform,
and that sediments in Z1d4 were derived from the Kongling Group in the northern part
of the Yangtze Platform. The Kongling Group is mainly composed of Paleoproterozoic
granitic gneiss and metasedimentary rocks [81]. The CIA, CIW, PIA and Rb/Sr values
indicate a semi-humid climate and intermediate chemical weathering in the provenance
area (Table S1). Therefore, the parent rocks distributed in the northern part of the Yangtze
platform (i.e., Neoproterozoic magmatic rocks and/or the Kongling Group) could have
provided U and Th after weathering during the deposition of the Doushantuo Formation.
Atmospheric precipitation can transport the weathering products of parent rocks to surficial
river systems, after which the river delivers soluble U (VI) and insoluble Th-containing
minerals to the ocean [5,82]. U is deposited under increasing reducing conditions and forms
authigenic U in the water column and/or pore water, which accounts for 40 to 70% of the
total flux of riverine U input [6,7]. Th in shales is derived mainly from terrigenous input;



J. Mar. Sci. Eng. 2025, 13, 413 14 of 26

however, the extremely low deposition rate of the Doushantuo Formation (≤5.6 m/Myr)
was not conducive to Th accumulation because of its geochemical inertness [45].

The Uauthigenic values in the shales range from 0.52 to 52.67 ppm, with an average
of 8.44 ppm, and the Uauthigenic values in the argillaceous dolomites range from 1.40 to
4.27 ppm, with an average of 2.80 ppm (Table S1). Authigenic U values range from 8%
to 86% of the total U in shales, with an average of 39%, and range from 64% to 90% of
the total U in argillaceous dolomites, with an average of 84% (Table S1). Zheng, et al. [83]
reported that accumulation rates of authigenic U range from 20 to 70 µg/cm2 kyr in marine
sediments and that a substantial amount (one-third to two-thirds) of the authigenic U is
eventually preserved in marine sediments. Therefore, authigenic U is an important source
of U in the Doushantuo Formation. Owing to its geochemical inertness and insolubility,
authigenic Th is usually absent in marine sediments.

Hydrothermal fluids can supply trace elements (e.g., U and Th) to lakes or the
ocean [84,85]. Eu anomalies can be utilized to determine the presence of hydrothermal
influences in marine deposits [58]. The δEu values of the shales range from 0.98 to 3.38,
with an average of 1.20 (>1), and the δEu values of the argillaceous dolomites range from
1.12 to 1.22, with an average of 1.16 (>1, Table S1), indicating that hydrothermal input was
common during the deposition of the Doushantuo Formation, which is consistent with the
findings of Liu, et al. [86] and Xiao, Cao, Luo, Tan, Xiao, He and Li [45].
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5.3. Factors Controlling Uranium Accumulation
5.3.1. Uranium and Redox Conditions

Under oxic–suboxic circumstances, uranyl carbonate complexes (UO2(CO3)3
4−),

which are chemically inert, are the major form of soluble U (VI) present in the oxidized
sedimentary environment [7,66]. U is reduced to U (IV) under reducing conditions and is
commonly in the form of insoluble authigenic U (UO2) [35]. Particularly, under euxinic
condition, U is more easily separated from the water [51]. U is positively correlated with
Ni/Co and U/Th in the shales (r = 0.85 and 0.91, respectively; Figure 11A,B), demonstrating
that U accumulation is controlled by redox conditions and that the reducing environment
is beneficial for U accumulation.
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5.3.2. Uranium and Organic Matter

There are three primary forms of U in the crust: (1) independent minerals, such
as uraninite and pitchblende [28]; (2) isomorphous minerals, in which U is replaced by
other elements (e.g., Ca2+ and Zr4+), forming U-bearing minerals, such as apatite [88];
and (3) dispersed adsorption state, which is a prevalent form in which U is mainly ad-
sorbed/complexed on the surfaces of minerals and OM in rocks [89]. Independent U-
bearing minerals were not found in the shales, and few isomorphous U-bearing minerals
(zircon and apatite) were found (Table S1 and Figure 7). Notably, a strong positive cor-
relation exists between the U and TOC contents in the Doushantuo Formation (r = 0.95,
Figure 12A), and shale sample ZK17-4-1 has the highest TOC and U contents (Table S1).
Many studies have also reported positive correlations between U and OM, such as r = 0.86
indicating the positive correlation in the U deposit located north of the Aquitaine Basin [90]
and r = 0.92 indicating the positive correlation in the natural soil in the Dischma Valley [91].
OM contains aliphatic, aromatic, carboxyl, hydroxyl, phenolic, and thiosulfate functional
groups that determine the solubility and bonding capabilities of OM [28]. Under reducing
conditions, OM can be better preserved, and the hydroxyl or carboxyl groups in OM can ad-
sorb (or complex) U in the water column and/or pore water to form uranyl–organometallic
complexes [29,91]. Gad, et al. [92] reported that biosorption experiments of U were carried
out using five kinds of local algae in Egypt, and the results revealed that the algae had a
strong adsorption capacity for U. There was a poor correlation between the U and TOC
contents in argillaceous dolomites (r = 0.13, Figure 12B), indicating that U may exist mainly
in the inorganic phase. Authigenic U (UO2) is the predominant form of U in argillaceous
dolomite and typically coats the surfaces of clastic grains [82]. Ba/Al2O3 and Cu/Al2O3

are positively correlated with the U content (Figure 12C,D), suggesting that higher paleo-
productivity is favorable for U accumulation in sediments. Liu, Mastalerz, Schieber and
Teng [21] reported that U in the New Albany Shale is mainly associated with amorphous
OM (average U content of ~ 550 ppm). The source of OM was dominantly lower aquatic
organisms, such as algae, during the deposition of the Doushantuo Formation. However,
the macerals were dominantly in-source solid bitumen in the Doushantuo Formation be-
cause of the overmature thermal maturity (Figure 3). Some U can be expelled from source
rocks at percentages ranging from 43 to 48% during the process of hydrocarbon generation,
as indicated by laboratory simulation experiments [93]. Thus, the oil retained in the shale
also contains significant U, and the retained oil is transferred to in-source solid bitumen via
thermal cracking [59], resulting in U enrichment in the in-source solid bitumen. This can
also be confirmed by the fact that abundant in-source solid bitumen and a high U content
are simultaneously present in shales ZK17-4-1, ZK17-4-3, and ZK17-4-4 (Figure 3A–I). The
symbiosis of U and solid bitumen has also been found in carbonate-hosted U deposits in
Guizhou, China, and U is thought to be derived mainly from the expelled oil [94].
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5.4. Factors Controlling Thorium Accumulation

There is no apparent correlation between the Th and TOC contents in these samples
(Figure 13A), suggesting that Th exists mainly in the inorganic phase rather than in OM. Th
usually exists in the tetravalent form as ThO2 and ThSiO4 or in some accessory minerals
(e.g., monazite and zircon) and can also be adsorbed by some minerals (e.g., hematite
and clay minerals) [95,96]. Some Th-containing minerals, such as apatite and zircon,
which are sourced from the terrigenous and hydrothermal inputs, can be found in shales
(Figure 7A,C). The ability of clay minerals to adsorb Th (IV) has been studied under
laboratory conditions [97–99]. For example, as the pH of a solution increases from 1 to
4.5, the affinity of Th to kaolinite becomes significantly greater, resulting in the formation
of inorganic–cationic complexes [100]. However, Th is usually adsorbed by clay minerals
in the form of small Th-containing minerals in marine sediments [101]. The clay mineral
contents in the shales range from 9.9 wt.% to 49.9 wt.%, with an average value of 32.9 wt.%,
and the clay mineral contents of the argillaceous dolomites range from 4.6 wt.% to 12.4 wt.%,
with an average value of 10.1 wt.% (Table S1). The Th content tends to increase with
increasing clay mineral content in the studied samples (Figure 13B), implying that Th is
mainly distributed in the clay mineral matrix.

There are positive correlations between Th and Rb, Cs, Al2O3, SiO2, and KO2 in the
collected samples (Figure 13C–G). Zhao, et al. [102] reported that Rb and Cs in Jurassic
No. 6 coals from the Iqe Coalfield in the Qaidam Basin, China, were adsorbed mainly by
K-rich clay minerals and that the sediment was also enriched in Th. Ward, et al. [103]
reported a robust Rb–K correlation in Permian coals. Rb is bound more strongly to the
inorganic phase in sediments, and clay minerals have a stronger capacity for adsorbing Rb
than that of OM [104]. In sediments, OM and clay minerals can adsorb Cs [102]. However,
Cs is more commonly found in K-rich minerals, such as illite and montmorillonite, as it can
isomerize potassium [105]. Therefore, Th, Rb, and Cs in the Doushantuo Formation may be
adsorbed by K-rich clay minerals (Table S4).
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The positive correlations between Th and Al2O3 and Ti contents indicate that Th
is derived mainly from terrigenous input (Figure 13E,H). An adequate supply of Th is
necessary for Th accumulation in marine sediments. As mentioned earlier, Th is separated
from the parent rocks (e.g., Neoproterozoic magmatic rocks and/or the Kongling Group)
after weathering and transported by surficial river systems along with the terrigenous input.
The average Al2O3 and Ti contents in well ZK17 are 8.67 wt.% and 3190 ppm, respectively,
which are lower than those in well ZK0305 (11.68 wt.% Al and 3700 ppm Ti), indicating
that Xiushan has more considerable terrigenous input than Chengkou. The water depth in
Xiushan was shallower than in Chengkou during the sedimentation of the Doushantuo
Formation because of transgression and regression of the sea [43]. Thus, Xiushan was more
influenced by terrigenous input, resulting in a higher Th content in Xiushan (Table S1).
However, there is a notable connection between the Th and Al2O3 and Ti contents in
samples from Chengkou (Figure 14A,B), and weak-to-moderate correlations were observed
between the Th and Al2O3 and Ti contents in samples from Xiushan (Figure 14C,D). These
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distinct correlations suggest that excessive terrigenous input may dilute Th concentrations
in the formation.
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5.5. Uranium and Thorium Accumulation

The U–Th accumulation model can be established based on the above analysis and
previous research on OM preservation in the Doushantuo Formation on the Upper Yangtze
Platform [21,45,86,106–108] (Figure 15A–D). The surficial U and Th geochemical cycle
involves several processes: weathering separates insoluble U (IV) and Th (IV) from parent
rocks, oxidation converts insoluble U (IV) to soluble U (VI), atmospheric precipitation
and river systems deliver soluble U (VI) and insoluble Th (IV) to the ocean, various
geochemical marine processes remove U (VI) from seawater and deposit it into sediments,
and Th (IV) is directly deposited in sediments (Figure 15) [5,82]. Authigenic precipitation,
terrigenous input and hydrothermal input supplied the original U and Th inputs to the
Doushantuo Formation (Figure 15). During the deposition of black shale in the Upper
Yangtze Platform, such as in Z1d2 and Z1d4, the water depth increased due to the influence
of transgression, and the reducing conditions in the depositional environment strengthened
(Figure 15A,C). Many studies have reported predominantly suboxic–anoxic conditions
during the deposition of the Doushantuo Formation, which is consistent with the findings
of this study [45,86,106,107]. Anoxic or euxinic depositional environments can reduce
dissolved U (U (VI)) to form less soluble UO2 (U (IV)), i.e., authigenic U [7,66]. The
relatively high paleoproductivity during the deposition of the Doushantuo Shales favored
the preservation of OM (Table S1 and Figure 8) [45]. U dissolved in the bottom water can
pass through the water–sediment surface and form uranyl–organometallic complexes in
the sediments, which is beneficial for U accumulation [21,28]. In addition, a portion of U
is enriched in the in-source solid bitumen that formed from the thermal cracking of the
retained oil, resulting in elevated levels of U in the black shales (Figure 15D) [59]. The Th
was deposited with terrigenous input and adsorbed by clay minerals in the form of small
Th-containing minerals in the shales [101]. During the deposition of argillaceous dolomites,
such as in Z1d3, the sea level fell due to tectonic movements (Figure 15B) [108]. Increased
oxygen levels in the water column may have led to reactivation and redissolution of U
(Figure 15D). A decrease in paleoproductivity is also not favorable for the adsorption of U
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by OM (Table S1 and Figure 8). For Th, the low terrigenous input and low clay mineral
content in the argillaceous dolomite results in a low Th content (Table S1, Figures 6 and 8).
The Z1d2 and Z1d4 were deposited in the main depositional periods of the black shales in
the study area [43], with higher U–Th contents than the Z1d3 dolomites. The Z1d2 black
shale is more widely distributed and thicker than the Z1d4 black shale is, indicating that
Z1d2 is a potential helium source in the Upper Yangtze Platform.
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Figure 15. A model of the sedimentary evolution and U-Th accumulation model of the Doushantuo
Formation in the Upper Yangtze Platform; (A) sedimentary evolution of Z1d4; (B) sedimentary
evolution of Z1d3; (C) sedimentary evolution of Z1d2 (modified from Xiao, Cao, Luo, Tan, Xiao, He
and Li [45]); and (D) U and Th micro accumulation patterns; the boxes in Figure (A–C) represent
Figure (D).
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5.6. Helium Production Potential from Black Shale

Shale rich in U and Th has a greater capacity of helium generation than that of granite
and carbonate rock [24]. Helium has been found in the shale gas of the Wufeng-Longmaxi
Formation in the Sichuan Basin, China, with concentrations ranging from 0.015 to 0.13%
(mean of 0.039%) [109]. It is universally thought that the helium in shale gas tends to be
primarily formed through the decay of the U and Th contained in the shale [10]. The average
of U and Th contents in the Wufeng-Longmaxi shales is 10.4 ppm and 15.1 ppm [110–113],
and the average of U and Th contents in the Doushantuo shales is 17.58 ppm and 9.78 ppm,
respectively. The age of the Doushantuo Formation ranges from 635 to 560 Ma, which is
older than the Wufeng–Longmaxi Formation (444 Ma). Thus, the Doushantuo shales have
a great helium-generating capacity. Meng, et al. [114] found a relatively high content of
helium (1.2%) in the shale gas of the Doushantuo Formation, which meets the criteria in
industrial extraction. The 3He/4He ratios in the shale gas ranging from 0.009 to 0.010 Ra
(Ra = 1.4 × 10−6) indicate that the helium in the shale gas is predominantly of crustal origin,
which is mainly formed by the decay of U and Th in the shale.

The average age of the Doushantuo Formation is estimated to be 5.98 × 108 years
(560–635 Ma). The shale distribution area of the Doushantuo shales in the Upper Yangtze
Platform is 4.02 × 1011 m2, and the average thickness of shale is 46.5m [47,115]. Applying
the cited helium generation formula, the total amount of helium (4He) generated over the
course of the geological history in the Doushantuo shales is calculated to be 7.12 × 1010 m3.
Accordingly, the Doushantuo shales exhibit a considerable potential for helium production.
Meanwhile, the potential for helium resource exploration can also be seen as significant in
the Doushantuo shale gas.

6. Conclusions
(1) The average U and Th concentrations in black shales (17.58 ppm and 9.78 ppm, re-

spectively) are significantly higher than those in argillaceous dolomites (3.52 ppm and
2.75 ppm, respectively). The average values of CIA (60.57), CIW (75.54), PIA (68.44)
and Rb/Sr (0.70) suggest a semi-humid climate and intermediate chemical weathering
in the provenance area. Atmospheric precipitation and river systems can deliver
soluble U (VI) and insoluble Th (IV) into the ocean, but excessive terrigenous input
may dilute the U and Th contents in the formation. The high proportion of authigenic
U in the total U content—39% in shales and 84% in argillaceous dolomites—indicates
that authigenic U is a significant source of U in the Doushantuo Formation. In addi-
tion, the average δEu values in shales (1.20) and argillaceous dolomites (1.16) indicate
that hydrothermal input was prevalent during the deposition of the Doushantuo
Formation, contributing both U and Th to the system.

(2) The positive correlation between U and TOC (r = 0.95) indicates that U in black shale
is mainly adsorbed and/or complexed by OM (such as in-source solid bitumen). A
relatively high abundance of OM benefits U accumulation (TOC = 0.06–34.58 wt.%).
Redox conditions control the reduction in U (VI) and U adsorption and complexation
by organic matter, as indicated by the positive relationships between U content and
U/Th and Ni/Co ratios (r = 0.91 and 0.85, respectively). The Th accumulation mecha-
nism differs from that of U, and it is mainly controlled by clay minerals, evidenced by
a positive correlation between Th content and clay minerals (r = 0.67).

(3) The Doushantuo shales exhibit a higher potential for helium production than argilla-
ceous dolomites due to their higher U and Th concentrations. Therefore, the Doushan-
tuo shale gas is a promising target for helium resource exploration. The total amount
of helium generated in the Doushantuo Shales is estimated to be 7.12 × 1010 m3.
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