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Abstract
Element capture logging can obtain the elemental content of rocks in formations.
To investigate the development and distribution patterns of shale gas reservoirs,
taking the first shale gas parameter well BY2 in the Cambrian Niutitang For-
mation of the Baojing block in the Middle Yangtze region as the research object,
through interpretation and processing of element capture logging data, the pre-
cise elemental composition and content of the shale reservoir were obtained, a
geochemical indicator profile for the Niutitang Formation was established, and
element geochemical indicators were utilized to conduct identification and inver-
sion of the paleo-sedimentary environment. The research results indicate that:
elements in the Niutitang Formation shale are dominated by Si, Al, and Fe, with
minor amounts of K, Ca, Mg, S, etc.; the shale has relatively high contents of Si,
Fe, S and other elements, indicating good fracability; the Niutitang Formation
shale belongs to active continental margin deposition, the original material of
the sedimentary source rocks should have come from the Kangdian paleo-land
in the northwest, basically being normal deposition in an active continental
tectonic belt with hydrothermal participation; during the deposition period of
the upper Niutitang Formation, the climate was dry, representing anoxic stag-
nant basin margin gentle slope deposition with high water salinity, sufficient
terrestrial supply, and low paleo-productivity; during the deposition period of
the lower Niutitang Formation, the climate was humid, representing deep-water
stagnant basin deposition with insufficient terrestrial supply, relatively high wa-
ter salinity, and high paleo-productivity, which was conducive to organic matter
formation, the water environment was dominated by oxygen-poor facies, which
was favorable for organic matter preservation, representing a favorable sedimen-
tary environment for shale gas formation and enrichment.
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Abstract
Background: Elemental capture logging can determine the elemental composi-
tion of rocks in formations. Purpose: This study focuses on the BY2 well, the
inaugural parameter well for shale gas in the Cambrian Niutitang Formation
of the Baojing Block in the Middle Yangtze region, aiming to investigate the
developmental and distributional characteristics of shale gas reservoirs. Meth-
ods: By interpreting and processing elemental capture logging data, precise
elemental compositions of the shale reservoirs were determined, leading to the
creation of a comprehensive geochemical index profile for the Niutitang Forma-
tion. Elemental geochemical indicators were then employed to identify and re-
construct the paleosedimentary environments. Results: The analysis revealed
that the predominant elements in the Niutitang Formation shale are Si, Al, and
Fe, with lesser amounts of K, Ca, Mg, and S. The shale features relatively high
concentrations of Si, Fe, and S, contributing to enhanced fracturing potential.
The sedimentation is categorized as active continental margin deposition, with
source materials originating from the Kangdian ancient landmass to the north-
west. The deposition was primarily normal but influenced by hydrothermal
fluids in the region’s active tectonic zone. Conclusions: The upper section of
the Niutitang Formation experienced a dry climate during deposition, charac-
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terized by gentle slope sedimentation at the periphery of a stagnant basin under
anoxic conditions, with high water salinity, ample terrestrial supply, and low
paleoproductivity. In contrast, the lower section experienced a humid climate
and represented a deep-water retention basin with limited terrestrial supply but
high water salinity and paleoproductivity, favorable for organic matter forma-
tion. The aquatic setting was primarily anaerobic, creating conditions conducive
to organic matter preservation and providing an optimal sedimentary environ-
ment for shale gas generation and enrichment.

Keywords: Shale reservoir; Elemental logging; Interpretation and processing;
Geochemistry; Depositional environment

Introduction
Shale gas represents a promising clean energy source with vast application po-
tential. Currently, China’s proven shale gas reserves account for only 4.79% of
total resources, indicating enormous development potential. After more than a
decade of technological 攻关 and exploration, China has achieved major break-
throughs in shale gas production, reaching 25 billion cubic meters in 2023, mak-
ing it the world’s second-largest shale gas producer. The main domestic shale
gas fields are located in the Sichuan Basin, while the Xiangxi (western Hunan)
region outside the Sichuan Basin has become a key exploration area in recent
years. This region features favorable geological conditions for shale develop-
ment and organic-rich formations, but also faces challenges including complex
surface and subsurface geological conditions, high thermal evolution, poor reser-
voir physical properties, and difficult exploration and development.

Unlike conventional hydrocarbon resource evaluation, assessing shale gas poten-
tial requires studying both mineral composition and depositional environment.
Mineral composition forms the basis for high-quality reservoir development,
while depositional environment controls the spatial distribution of reservoirs.
Therefore, using elemental geochemical characteristics to reconstruct paleosed-
imentary environments is essential for understanding reservoir quality, fraca-
bility, and spatial development features. Characteristic parameters of shale
reservoirs obtained through elemental logging interpretation and processing can
support geological research and paleosedimentary environment reconstruction.

Since the 1970s, geochemical methods have been used to analyze tectonic set-
tings, geotectonic backgrounds, and metallogenic environments. Rock geochem-
ical analysis has been widely promoted and applied in mineral exploration, sci-
entifically guiding mineral prospecting and development. In recent years, with
the exploration and development of complex hydrocarbon reservoirs and un-
conventional reservoirs, their evaluation and analysis have become increasingly
important. Li Zhoubo et al. [?] demonstrated that formation elemental capture
logging plays a special role in establishing lithological profiles, understanding
elemental abundance and mineral composition variations, and reconstructing
geochemical profiles. Yuan Zugui [?] utilized elemental capture logging to detect
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formation element contents and analyze elemental content and assemblage rela-
tionships, providing a basis for depositional environment studies. Halliburton
developed the Gamma Elemental Mineralogical Analysis Logging Tool (GEM).
Yang Xingqin et al. [?] showed that formation elemental analysis logging can
solve problems in mineral composition measurement and lithology identification
for reservoirs. Through oxide closure model processing and interpretation, for-
mation mineral contents can be obtained, enabling identification of minerals in
complex reservoirs. Liao Dongliang [?] established elemental capture logging re-
sponse equations, using inversion methods to determine mineral types, calculate
mineral content, matrix density, and brittleness index, enabling evaluation of
mineral composition and content in shale formations to guide fracturing design
and operations. Zhang Xin et al. [?] used rigid mineral content obtained from
GEM logging interpretation to evaluate“brittle”mineral content in formations,
providing a basis for selecting test and fracturing intervals. Fan Yunfeng et
al. [?] established mineral content calculation models to obtain fine lithological
characteristics of shale oil reservoirs for comprehensive evaluation.

Since 1998, although elemental capture logging has made progress and achieved
many results in petroleum exploration, its applications have primarily focused
on lithology identification and stratigraphic correlation in conventional sand-
shale profiles. Application data and literature on unconventional shale reservoir
depositional environment identification and formation evaluation remain scarce,
particularly regarding systematic studies of paleoclimate, paleosalinity, and pa-
leosedimentary environments using elemental logging.

Elemental capture logging can obtain rock element contents in formations, of-
fering advantages of continuous data, high efficiency, and low cost compared to
core testing and analysis. Therefore, shale gas evaluation and analysis methods
centered on elemental capture logging can provide substantial useful informa-
tion for shale gas exploration and development. In recent years, elemental cap-
ture logging has experienced rapid development and wide application in North
American shale reservoir evaluation. GEM can directly measure major forma-
tion elements such as Mg, Al, Si, S, K, Ca, Ti, Mn, Fe, and Gd, which primarily
originate from upper crustal sources through terrigenous, chemical, and biologi-
cal deposition. These elements can indicate depositional conditions and possess
clear facies significance, aiding shale depositional environment research and fa-
vorable area selection for shale reservoirs.

Based on GEM logging results from the Baojing shale gas block and calibrated
with core analysis data, this study obtained shale mineral composition and
elemental assemblage characteristics. Using these as a foundation, we analyzed
and evaluated the tectonic background and depositional environment of the
study area’s shale gas to provide a scientific basis for fine exploration and
large-scale development of shale gas in this region.
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1 Geological Overview
The Baojing shale gas block is located tectonically on the western margin of the
Middle Yangtze paraplatform within the Xiang-Exi (western Hunan-western
Hubei) trough-like thrust-fold belt, spanning the Yidu-Hefeng composite an-
ticline and Sangzhi-Shimen composite syncline. The primary shale gas explo-
ration target in the area is the Majizhai-Yezhuping syncline, with drilling targets
mainly focusing on the Longmaxi and Niutitang formations. In recent years,
eight wells have been drilled in this block, four of which underwent elemental
capture logging. The primary purpose of elemental capture logging is to deter-
mine mineral content in formations to provide a basis for lithology identification,
reservoir evaluation, and depositional environment reconstruction. This study
uses the BY2 vertical exploration well in the Baojing block as an example.

The BY2 well is located 200 m north of Xinqiao Village, Angdong Township,
Baojing County, Xiangxi Prefecture, Hunan Province. Structurally, it lies on
the eastern flank of the Majizhai-Yezhuping syncline in the Hunan Baojing shale
gas area. As the first deep shale gas exploration well in the Baojing block, it
was designed to a depth of 3,217 m but was drilled to 3,275 m. The elemental
logging interval covered 2,522.32–3,275 m, with the geological target being the
Lower Cambrian Niutitang Formation.

2.1 Principle of Elemental Capture Logging
Halliburton’s GEM elemental capture spectroscopy logging tool employs an
americium-beryllium neutron source to emit 4 MeV fast neutrons into the forma-
tion. These fast neutrons primarily undergo inelastic scattering with formation
nuclear elements, releasing gamma rays. After multiple scattering events, they
slow down to thermal neutrons, which are captured by formation elements and
emit capture gamma rays [?] (Fig. 1 [Figure 1: see original paper]). The energy
and quantity of gamma rays depend on specific nuclear elements, with each
element possessing a unique capture gamma ray characteristic spectrum. GEM
records these inelastic and capture gamma rays using a bismuth germanate
(Bi4Ge3O12, BGO) crystal detector, obtains measurement spectra for various
elements, and through spectral analysis and processing, determines the mass
percentages of formation elements and corresponding mineral volume percent-
ages [?].

2.2 Measurement of Formation Elements
Geochemical analysis indicates that more than 90 chemical elements exist natu-
rally in the Earth’s crust. Major elements include oxygen (O) at 46.6%, silicon
(Si) at 26.75%, aluminum (Al) at 8.13%, iron (Fe) at 5%, calcium (Ca) at 3.65%,
sodium (Na) at 2.83%, potassium (K) at 2.59%, and magnesium (Mg) at 2.09%.
These eight major elements account for 98.59% of the mass of crustal elements.

Additionally, certain elements serve as indicators of typical minerals (Table 1
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). For example, quartz is rich in silicon, dolomite and calcite contain calcium,
gypsum and pyrite contain sulfur, and clay components such as kaolinite are
rich in aluminum. Therefore, by measuring major element contents and estab-
lishing relationships between elemental mass percentages and mineral compo-
sition percentages through processing and interpretation methods, qualitative
and quantitative analysis of reservoir mineral composition can be performed [?].

2.3 Instrument Structure of the GEM Elemental Capture
Logging Tool
The GEM instrument consists of two parts: an upper electronic section and a
lower measurement probe (Fig. 2 [Figure 2: see original paper]). The tool emits
fast neutrons into the formation using a 15Ci americium-beryllium isotopic neu-
tron source housed in a source chamber. It employs BGO for acquisition of
inelastic and capture gamma rays, with a thermal neutron shield covering the
BGO crystal to prevent direct neutron interaction with the BGO [?]. BGO
converts gamma rays into fluorescence, enabling indirect gamma ray detection.
Due to GEM’s enlarged BGO crystal probe with sensitive photopeak identifi-
cation, it can directly measure elements with small capture cross-sections such
as magnesium and aluminum.

GEM represents a new generation of geochemical elemental logging tools with
wide applicability, capable of operating in various well conditions and high-
temperature, high-pressure environments (Table 2 ).

3 GEM Logging Interpretation
3.1 Logging Information

To accurately evaluate shale reservoir quality characteristics and obtain min-
eral composition content, GEM elemental capture logging was conducted in
the Ø215.9 mm third-opening section (2,510–3,270 m) of the BY2 well. The
wellbore contained water-based drilling fluid (mud density 1.19 g・cm−3, mud
resistivity 0.56 Ω・m at 18 °C). Through logging processing and interpretation,
GEM elemental spectral curves were obtained. Combined with regional strati-
graphic data and outcrop lithological characteristics, quantitative analysis of
formation mineral composition was performed, providing mineral and fluid vol-
ume percentage data.

GEM interpretation results were calibrated using core X-ray diffraction (XRD)
analysis data to improve the precision and accuracy of logging interpretation.
Based on regional geological data and core testing, the main minerals in the
BY2 well formation are quartz, feldspar, illite, chlorite, pyrite, kerogen, calcite,
and dolomite.
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3.2.1 Selection of Minerals and Fluids

The GEM logging interval in the BY2 well covers the Lower Cambrian Shipai
Formation (�1s) to the Doushantuo Formation (Z2d). The Niutitang Formation
features well-developed black mudstone/shale, is rich in organic matter, and
contains high quartz mineral content, making it a favorable hydrocarbon source
rock with certain shale gas exploration potential (Table 3 ).

To obtain accurate elemental logging interpretation results and elemental abun-
dance characteristics, the GEM logging interpretation model and mineral selec-
tion referenced BY2 well core XRD analysis data. Mineral volume percentages
obtained from core analysis were used to calibrate elemental logging interpreta-
tion, ensuring GEM logging results essentially matched core-analyzed mineral
volume percentages (Fig. 3 [Figure 3: see original paper]).

Core XRD analysis shows Niutitang Formation mineral content is dominated
by quartz and clay minerals, with locally developed carbonate minerals. Quartz
content ranges from 7.9% to 81.3%, potassium feldspar 0–9.6%, plagioclase 0–
14.1%, calcite 0–70.8%, dolomite 14.8%, pyrite 3.8%–14.8%, and clay miner-
als 4.6%–44.1%. Overall, quartz content increases while carbonate minerals
decrease from top to bottom (Fig. 4 [Figure 4: see original paper]).

Clay mineral analysis indicates that clay minerals are primarily illite and illite-
smectite mixed layers, with illite content of 64%–97%, illite-smectite mixed
layers 2%–39%, and chlorite 0–14% (Fig. 4 [Figure 4: see original paper]).

Based on the above information, selected mineral components include kerogen,
quartz, feldspar, calcite, dolomite, pyrite, and illite (or illite-smectite mixed
layers). Other minerals such as montmorillonite were excluded due to trace
amounts and relative instability. Silicon primarily occurs in quartz and illite,
aluminum in illite, calcium in plagioclase, calcite, and dolomite, magnesium in
dolomite, and iron in chlorite and pyrite. As this is a shale gas well, fluid types
selected were gas and water.

3.2.2 GEM Logging Interpretation

1) Upper Niutitang Formation (3,071–3,114 m): Lithology consists of
argillaceous limestone interbedded with calcareous mudstone. GEM interpreta-
tion results show low clay mineral content, reduced quartz and feldspar content,
and increased carbonate mineral content, consistent with core analysis. Rock
chemical composition is characterized by low Si (18.97%) and high Ca (15.85%),
with Fe (2.69%), Mg (2.11%), Al (2.01%), and S (1.63%) elements, plus trace
Ti and Mn. High Ca and Mg contents reflect developed calcareous shale, while
high S content indicates an anoxic environment.

2) Lower Niutitang Formation (3,114–3,171.5 m): Lithology consists
of mudstone and carbonaceous mudstone. GEM interpretation results show
high kerogen content, consistent with core analysis, representing the primary
shale gas target interval. Rock chemical composition is characterized by high
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Si (34.41%) and low Ca (2.72%), with Al (4.15%), Fe (3.21%), Mg (0.27%),
and S (1.78%) elements, plus trace Ti and Mn. High Al indicates developed
argillaceous shale and significantly increased terrestrial clastic material sources
with abundant organic matter.

Rock chemical composition changes substantially from top to bottom in the
Niutitang Formation, with increasing Si, Al, Fe, and S contents and decreasing
Ca and Mg contents, indicating a transition from calcareous shale to argilla-
ceous shale with deepening depositional water. Quartz, pyrite, and other brittle
minerals increase in the shale, improving reservoir fracability (Table 4 , Fig. 5
[Figure 5: see original paper]).

Black shale, being pure and brittle, rich in organic matter, sulfides, and grap-
tolite fossils, typically forms in anoxic stagnant water environments, preserving
paleoecological and original paleoclimatic information from geological history.
Different elements respond differently to depositional environments and redox
conditions, making elemental contents and ratios in sediments useful parameters
for reconstructing paleoclimate, paleosalinity, and paleo-oxygenation environ-
ments. Elemental ratios and diagrams can effectively reflect source area char-
acteristics and tectonic backgrounds, providing evidence for paleogeographic
environment reconstruction [?].

4.1 Source Area Tectonic Background
Tectonic background is the primary factor controlling sediment weathering,
transport, and deposition in basins, significantly influencing sedimentary rock
grain size, mineral composition, and elemental composition. Si, Al, and Ti
are generally stable in seawater and can indicate terrigenous clastic input,
while Fe and Mn are sensitive to water quality changes and serve as indicators
of hydrothermal participation. The 𝜔(Al/Si) ratio is commonly used to
determine quartz enrichment and source type in sedimentary rocks, while the
𝜔(Al)/𝜔(Al+Fe+Mn) ratio can identify hydrothermal sources [?].

Sediments from active continental margins show significantly higher Fe, Mg,
and Al/Si contents than those from passive continental margins. The Fe+Mg—
Ti and Fe+Mg—Al/Si diagrams can be used to discriminate the tectonic back-
ground of sediment source areas [?]. Niutitang Formation samples plot within
the active continental margin region on both Fe+Mg—Ti and Fe+Mg—Al/Si
diagrams (Fig. 6 [Figure 6: see original paper]), indicating that the prove-
nance tectonic background is primarily related to active continental margins.
According to regional data, during the Early Cambrian Longwangmiao period
to Middle Ordovician, the Kangdian uplift at the northwestern end of the study
area experienced small-scale uplift, presenting a paleogeographic pattern of high
northwest and low southeast. The Kangdian ancient land in the northwest con-
tained a provenance area composed of intermediate volcanic rocks, suggesting
that the source material likely originated from the Kangdian ancient land to the
northwest.
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4.2.1 Silica-Alumina Coefficient 𝜔(Si/Al) and Alumina-
Titania Coefficient 𝜔(Al/Ti)
The Niutitang Formation lithology is primarily mudstone, shale, marl, and lime-
stone with mixed sedimentation characteristics. The 𝜔(Si/Al) and 𝜔(Al/Ti) co-
efficients can be used to determine source rock types. Previous studies suggest
that Si/Al in the continental crust is approximately 3.6. When 𝜔(Si/Al) ≤ 3.6
in sedimentary rocks, it indicates primarily terrigenous provenance, whereas val-
ues exceeding 3.6 suggest biological or hydrothermal supplementation. When
𝜔(Al/Ti) ranges from 8 to 21, it indicates provenance from intermediate (mafic)
rocks, while 𝜔(Al/Ti) > 21 indicates provenance from basic (felsic) rocks [?].
The Niutitang Formation shows 𝜔(Si/Al) = 8.29–9.44 (average 8.87), indicating
biological or hydrothermal sediment participation, and 𝜔(Al/Ti) = 5.43–17.29
(average 11.36) with relatively stable distribution, indicating that the parent
rock primarily originated from intermediate sedimentary rocks with influence
from deep magnesium-rich granite provenance (Fig. 7 [Figure 7: see original
paper]).

4.2.2 𝜔(Al)/𝜔(Al+Fe+Mn) Ratio
Continental margin sediments account for over half of total marine sedi-
ments, with 𝜔(Al)/𝜔(Al+Fe+Mn) ratios greater than those of oceanic basin
and mid-ocean ridge sediments [?]. The upper Niutitang Formation shows
𝜔(Al)/𝜔(Al+Fe+Mn) = 0.43, falling within the range of deep-water oceanic
basin sediments, while the lower section shows 𝜔(Al)/𝜔(Al+Fe+Mn) = 0.56,
within the continental margin sediment range. This indicator suggests that
Niutitang Formation sediments primarily exhibit characteristics of continental
margin and deep-water oceanic basin depositional environments (Table 5 , Fig.
8 [Figure 8: see original paper]). Th and U data in Fig. 8 are derived from
natural gamma spectroscopy logging.

4.2.3 Depositional Conditions
Hydrothermally influenced sediments are typically enriched in Si, Fe, and Mn
but depleted in Al, Ti, K, and Na. Rona [?] utilized the 𝜔(Fe/Ti) ratio to
distinguish between hydrothermal and normal marine sediments, with 𝜔(Fe/Ti)
> 20 generally indicating hydrothermal origin. The upper Niutitang Formation
shows average 𝜔(Fe/Ti) = 7.27, while the lower section shows average 𝜔(Fe/Ti)
= 13.38, significantly higher than the upper section. Specifically, the interval
3,133–3,153 m shows 𝜔(Fe/Ti) > 20, suggesting normal deposition in the upper
section and hydrothermally influenced deposition in the lower section. Proximity
to the Baojing-Cili fault zone likely facilitated deep crustal fluid mixing through
deep fractures, with hydrothermal activity bringing nutrient-rich fluids to sur-
face waters, promoting biological development and prosperity. The 𝜔(Th/U)
ratio is an effective indicator of hydrothermal activity [?], with hydrothermal
activity typically showing 𝜔(Th/U) < 1. The lower Niutitang Formation pre-
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dominantly shows 𝜔(Th/U) < 0.5, further confirming hydrothermal sediment
influence in the lower section.

4.2.4 Index of Compositional Variability
Cox et al. noted that potassium metasomatism during diagenesis and recycled
sedimentation of clastic rocks can alter composition, necessitating discrimina-
tion of recycled deposition. The Index of Compositional Variability (ICV) can
determine whether fine-grained clastic rocks are recycled sediments, defined by
Equation (1):

𝐼𝐶𝑉 = 𝜔(𝐹𝑒 + 𝐾 + 𝑁𝑎 + 𝐶𝑎 + 𝑀𝑔 + 𝑀𝑛 + 𝑇 𝑖)
𝜔(𝐴𝑙)

When ICV > 1, the sample contains few clay minerals, indicating first-cycle
deposition in an active tectonic belt. When ICV < 1, the sample contains
abundant clay minerals, suggesting possible recycled deposition. ICV values
from this study show the upper Niutitang Formation with ICV = 11.32 (average)
and the lower section with ICV = 2 (average), with the upper section showing
significantly higher values. Higher ICV values represent first-cycle deposition
in active tectonic belts without sediment recycling, effectively indicating source
rock composition.

4.3.1 Chemical Weathering Intensity
The upper crust is primarily composed of quartz, feldspar, and other minerals.
During chemical weathering, feldspar minerals weather gradually, with alkali
metals such as K, Na, and Ca being leached while clay minerals form. Aluminum
content in weathering products increases with weathering intensity. Based on
this, Nesbitt and Young [?] proposed the Chemical Index of Alteration (CIA)
to characterize weathering degree in source areas, expressed by Equation (2):

𝐶𝐼𝐴 = [ 𝜔(𝐴𝑙)
𝜔(𝐴𝑙 + 𝐶𝑎∗ + 𝑁𝑎 + 𝐾)] × 100

where Ca* represents Ca content in silicate rocks after removing excess Ca.

Chemical weathering intensity varies under different climatic conditions. CIA
can reflect chemical weathering conditions in source areas and serves as a good
indicator of rock weathering degree, being directly proportional to weathering
intensity. When CIA < 65, it indicates low chemical weathering under cold and
dry climatic conditions. The upper Niutitang Formation shows CIA = 10.38
(average) and the lower section CIA = 47.7 (average), with CIA increasing from
top to bottom, indicating that the source area experienced initial weathering
with increasing intensity.
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4.3.2 Paleoclimate Discrimination
Paleoclimate influences elemental abundance and distribution in sediments. El-
ements such as Si, Al, Ti, and Mn are stable and typically enriched in seawater
of warm-humid regions, while Ca, Mg, Na, and K are related to biogenic car-
bonates formed under dry climates, with abundances significantly increased in
nearshore shallow sea areas.

1) C Value: During deposition, elemental abundances can reflect climatic char-
acteristics. In humid climates, elements such as Fe, Mn, Cr, V, Co, and Ni tend
to enrich, while in arid climates, evaporation increases water salinity, causing
enrichment of Ca, Mg, Sr, Ba, K, and Na. Zhao Zengyi et al. [?] proposed using
the paleoclimate index C value to determine climate characteristics, expressed
by Equation (3):

𝐶 = 𝜔(𝐹𝑒 + 𝑀𝑛 + 𝐶𝑟 + 𝑉 + 𝐶𝑜 + 𝑁𝑖)
𝜔(𝐶𝑎 + 𝑀𝑔 + 𝑆𝑟 + 𝐵𝑎 + 𝐾 + 𝑁𝑎)

When C < 0.4, it indicates semi-arid to arid climate; C > 0.4 indicates semi-
humid to humid climate. The upper Niutitang Formation shows C = 0.14
(average) and the lower section C = 0.67 (average), with C values increasing
from top to bottom. This indicates that the upper section was deposited under
cold, dry paleoclimate conditions, while the lower section experienced warm,
humid paleoclimate conditions.

2) 𝜔(Al/Mg) Ratio: The 𝜔(Al/Mg) ratio in sediments reflects paleoclimate
during deposition, with high values typically corresponding to warm-humid cli-
mates and low values to dry-hot climates. The upper Niutitang Formation shows
𝜔(Al/Mg) = 0.95 (average), reflecting dry-hot climate characteristics, while the
lower section shows 𝜔(Al/Mg) = 15.37 (average), reflecting humid climate char-
acteristics.

4.3.3 Paleosalinity
1) m Value and n Value: Elements such as K, Na, Ca, P, Fe, Mn, Mg, Al,
and Cl in rocks can be used for paleosalinity discrimination. Typically, K, Na,
Ca, and Mg contents increase with water salinity, while Fe2+ decreases with
increasing salinity.

Magnesium in rocks primarily represents products of strong evaporation in saline
environments, while aluminum precipitates as Al2O3 only when certain salinity
exists in water. Therefore, the m value 𝜔(Mg/Al) serves as a sensitive indicator
for paleosalinity discrimination [?]:

𝑚 = 102 × 𝜔(𝑀𝑔)
𝜔(𝐴𝑙)
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Iron is a common rock-forming element with distinct variable valence character-
istics. Fe exists as dissolved Fe2+ in reducing and acidic environments and pre-
cipitates as Fe3+ in oxidizing and alkaline environments. The 𝜔(Ca)/𝜔(Ca+Fe)
ratio in rocks is sensitive to paleosalinity changes, with high values indicating
high-salinity environments and low values reflecting freshwater environments.
Therefore, the n value (Ca/Fe2+) serves as a sensitive indicator for paleosalin-
ity:

𝑛 = 𝜔(𝐶𝑎)
𝜔(𝐶𝑎 + 𝐹𝑒2+)

The upper Niutitang Formation shows m = 104.98 and n = 0.85, reflecting
high-salinity water media, while the lower section shows m = 6.51 and n = 0.46,
reflecting moderate-salinity water media.

2) 𝜔(Ca/Mg) Ratio: Due to magnesium salts being more difficult to precipi-
tate than calcium salts, Ca is more enriched than Mg during chemical sedimen-
tary differentiation. During mechanical sedimentary differentiation, as grain
size decreases, water depth increases, salinity rises, and alkalinity strengthens,
the 𝜔(Ca/Mg) ratio shows an increasing trend. Therefore, the 𝜔(Ca/Mg) ratio
positively correlates with salinity and alkalinity and can be used to determine
paleosalinity and pH conditions. The Niutitang Formation shows 𝜔(Ca/Mg) =
8.79 (average), reflecting saline and alkaline water media.

4.4 Paleo-oxygenation Facies
Shale elements are primarily composed of Si, Al, Fe, and other elements, with
elemental assemblages capable of reconstructing depositional environments and
redox conditions. High contents of acidic elements 𝜔(Si, Al, Ti) in shale reflect
weakly reducing depositional environments with good mechanical brittleness,
while high contents of alkaline elements 𝜔(Fe, Ca, Mg, Mn) reflect strongly
reducing depositional environments. Therefore, the acid-base ratio (K) can
reflect reduction intensity, calculated using Equation (6), where lower K values
indicate stronger reduction [?]:

𝐾 = 𝜔(𝑆𝑖 + 𝐴𝑙 + 𝑇 𝑖)
𝜔(𝐹𝑒 + 𝐶𝑎 + 𝑀𝑔 + 𝑀𝑛)

K value calculations indicate that the Niutitang Formation was deposited in a
deep-water anoxic environment overall, favorable for organic matter preserva-
tion. K values increase from top to bottom, indicating increased quartz content
in the lower section and improved shale fracability.

Sulfur is a common element in black shale closely related to depositional envi-
ronment, typically occurring as pyrite and serving as an excellent indicator of
shale formation environment. The Niutitang Formation shale shows S content
of 0.017, indicating a reducing environment.
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Under reducing conditions, clay and organic matter easily adsorb large amounts
of uranium ions during deposition, causing anomalously high uranium content
in high-quality shale. Generally, 𝜔(Th/U) < 2 indicates anoxic environments
and marine shale formation. The upper Niutitang Formation shows 𝜔(Th/U)
= 1–4, while the lower section shows 𝜔(Th/U) < 2, further confirming a marine
reducing environment for Niutitang Formation deposition.

4.5 Paleowater Depth
Certain elements show regular dispersion and concentration patterns with water
depth changes during deposition. For example, Mn and Al contents increase
with water depth, while Fe, Ca, and Mg contents decrease with increasing water
depth, providing good indicators of paleowater depth.

Geochemical studies of sedimentary rocks reveal that 𝜔(Mn/Fe) × 100 values
increase with water depth, while Ca/Fe values decrease with water depth. There-
fore, 𝜔(Mn/Fe) × 100 and Ca/Fe values can be used to characterize water depth
changes. The upper Niutitang Formation shows 𝜔(Mn/Fe) × 100 = 0.65 and
𝜔(Ca/Fe) = 6.51, while the lower section shows 𝜔(Mn/Fe) × 100 = 0.79 and
𝜔(Ca/Fe) = 0.92, indicating shallower water during upper section deposition
and deeper water during lower section deposition. Paleowater depth shows a
gradual increasing trend from top to bottom, consistent with regional data in-
dicating large-scale marine transgression during this period.

4.6 Paleoproductivity
In high-productivity water bodies, Al is easily adsorbed onto organic matter
surfaces and precipitates through complexation. Therefore, high Al content in
shale indicates abundant organic matter and high primary productivity. Vari-
ations in 𝜔(Al/Ti) in sediments represent changes in particle settling flux and
primary productivity, and the 𝜔(Al/Ti) ratio can be used to reconstruct primary
productivity in different geological periods [?].

The upper Niutitang Formation shows lower 𝜔(Al/Ti), indicating limited or-
ganic matter sources and low paleoproductivity during deposition. The lower
section shows higher 𝜔(Al/Ti), comparable to modern river sediment 𝜔(Al/Ti)
ratios, indicating abundant organic matter sources and high paleoproductivity
during deposition, creating favorable conditions for high-quality source rock for-
mation (Table 6 ).

4.7 Discussion of Sedimentary Environment
The Middle Yangtze region formed during the terminal Proterozoic Jinning
Movement, with a basement of shallow metamorphosed thick turbidites. During
the Sinian to Middle Triassic, the region remained relatively stable, dominated
by vertical uplift and subsidence, depositing stable shallow marine-littoral fa-
cies clastic and carbonate rocks with several major marine transgressions and
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regional mineralization events.

During the Early Cambrian, large-scale marine transgression caused seawater
to deepen from northwest to southeast, depositing a set of black mudstone
formations in the Middle Yangtze region—the Niutitang Formation shale. The
depositional environment gradually shallowed laterally, evolving from early deep-
water shelf to shallow shelf and tidal flat, though the Hunan Baojing block
remained essentially deep-water shelf facies.

During the early Niutitang period, the Baojing block represented an anoxic
stagnant basin deposition, primarily consisting of gray-black thin-bedded radi-
olarian siliceous rock interbedded with black carbonaceous sericite slate (Fig.
9 [Figure 9: see original paper]a–c). The formation contains abundant pyrite
nodules and disseminated pyrite grains, relatively high organic carbon, and well-
developed horizontal lamination. Occasional agnostid and trilobite fossils occur,
with radiolarians concentrated in laminae reaching 20%–40% content. These
characteristics indicate a quiet, stagnant, reducing deep-water environment far
from terrigenous supply, with high paleoproductivity but limited thickness, sug-
gesting a starved basin nature.

During the late Niutitang period, the Baojing block represented a stagnant
basin margin slope clastic-carbonate mixed shelf facies. Lithology includes gray-
black nodular argillaceous limestone, bioclastic limestone, intraclastic limestone
interbedded with gray-black mudstone, siltstone, and fine-grained calcareous
quartz sandstone (Fig. 9 [Figure 9: see original paper]d). This facies had
limited organic matter sources and low paleoproductivity but flourishing ben-
thic organisms with abundant trace fossils. Due to unobstructed seawater and
sufficient material supply, pyrite essentially disappeared, with carbonates dom-
inated by micritic and intraclastic limestone. Local pressure solution stylolite
structures occur, and clastic rocks appear as interbeds within carbonates, devel-
oping lenticular, flaser, wedge-shaped, and trough cross-bedding, representing
carbonate ramp turbidite sand deposition.

Conclusions
1) The GEM elemental capture logging tool solves the problem of conven-

tional logging data being unable to identify reservoir mineral composition.
It can directly measure ten elements in formations including Mg, Al, Si, S,
K, Ca, Ti, Mn, Fe, and Gd, which primarily originate from the upper crust
through terrigenous, chemical, and biological deposition. These elements
can indicate depositional conditions, possess clear facies significance, and
aid shale depositional environment research and favorable area selection
for shale reservoirs.

2) BY2 well GEM logging interpretation results are essentially consistent
with core testing, reflecting the rationality of mineral model selection.
According to GEM logging interpretation, shale mineral composition is
clearly controlled by depositional facies. The upper Niutitang Formation
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shale mineral composition shows“low silica, high calcium”characteristics,
while the lower section shows “high silica, low calcium”characteristics.
With increasing depositional water depth, shale lithofacies types transition
from calcareous shale and mixed shale to siliceous shale. Shale elements
are dominated by Si, Al, and Fe, with minor K, Ca, Mg, and S. From top
to bottom, Si, Al, Fe, and S contents increase, correspondingly increasing
reservoir brittleness index and improving rock fracability.

3) GEM elemental logging provides new methods and ideas for lithofacies
paleogeographic research and paleosedimentary environment reconstruc-
tion. Using the continuity of GEM elemental logging, a complete Niu-
titang Formation geochemical index profile was established. Based on
shale 𝜔(Al)/𝜔(Al+Fe) and 𝜔(Fe/Ti) indicators, Niutitang Formation shale
source material originated from the Kangdian ancient landmass to the
northwest, representing deposition in an active continental margin with
hydrothermal participation that can effectively indicate source rock com-
position. Based on C, m, n, K, 𝜔(Ca/Mg), and 𝜔(Al/Ti) indicators, the
upper Niutitang Formation was deposited under dry paleoclimate condi-
tions in an anoxic stagnant basin margin slope environment with high wa-
ter salinity, sufficient terrestrial supply, and low paleoproductivity. The
lower section was deposited under warm-humid paleoclimate conditions in
a saline water environment with abundant organic matter sources, high
paleoproductivity favorable for organic matter generation, and an anoxic
stagnant basin deep-water depositional environment favorable for organic
matter preservation, providing the material basis for shale gas enrichment.

4) Currently, GEM elemental capture logging does not provide interpreta-
tion and processing of trace elements (such as Cu, V, Ni, Mo, etc.). Ap-
plications of elemental capture logging in shale reservoir evaluation have
primarily focused on shale element measurement and mineral volume cal-
culation, with insufficient involvement in shale reservoir brittleness and
fracability analysis. Shale gas reservoir fracability parameters are mostly
estimated using electrical imaging and dipole acoustic logging. With the
development and innovation of elemental capture logging methods, it is
hoped that these aspects will receive attention and in-depth research in
future work.
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