minerals

Article

Dynamic Climate Influence on Magnesium Isotope Variation in
Saline Lacustrine Dolomite: A Case Study of the Qianjiang
Formation, Jianghan Basin

Tianyu Wang !, Kun Ling !, Ren Wei 12

check for
updates

Citation: Wang, T.; Ling, K.; Wei, R.;
Dong, L. Dynamic Climate Influence
on Magnesium Isotope Variation in
Saline Lacustrine Dolomite: A Case
Study of the Qianjiang Formation,
Jianghan Basin. Minerals 2024, 14, 459.
https://doi.org/10.3390/
min14050459

Academic Editors: Yong Sik Gihm,
Taejin Choi and Byung Choon Lee

Received: 16 March 2024
Revised: 19 April 2024
Accepted: 25 April 2024
Published: 26 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Lin Dong 1*

1 School of Earth and Space Sciences, Peking University, Beijing 100871, China; 2101110663@pku.edu.cn (T.W.);
sqlingkun@pku.edu.cn (K.L.); wr1996@pku.edu.cn (R.W.)

Institute of Energy, Peking University, Beijing 100871, China

Correspondence: lin.dong@pku.edu.cn

Abstract: The investigation of magnesium (Mg) isotopes in dolomite has mainly focused on marine
dolomite environments, leaving a significant gap in the understanding of their dynamics within lacus-
trine settings, especially in saline lake basins. In this study, a total of 16 sediment core samples from
Well BX-7 in the Qianjiang Depression were sequentially selected for scanning electron microscope
observation, whole-rock analysis for major and minor elements, and isotopic measurements including
8180carb, 813Carp, 62°Mggy,1, and §2°Mgg;. In addition, two intact cores were subjected to detailed
analysis on the centimeter scale. Sedimentation models were established to elucidate dolomite forma-
tion under contrasting climatic conditions, specifically humid climates with a significant riverine Mg
input versus relatively dry conditions with a lower Mg input. Furthermore, a quantitative model
was developed to assess the magnesium flux and isotopic mass balance within lacustrine systems,
simulating the magnesium isotope variations in lake water under different climatic scenarios. The
dolomite sample data at a smaller scale (sampling interval ~ 3~5 mm) demonstrate a consistent trend
with the established model, providing additional confirmation of its reliability. Dolomite precipitated
under humid climatic conditions exhibits a lower and relatively stable 626Mgd01, lower 5180, and
higher CIA, indicating higher river inputs and relatively stable Mg isotope values of lake water
controlled by river input. Nevertheless, dolomite formed under relatively dry climatic conditions
shows a relatively high §2°Mgg,, higher §'80, and lower CIA, suggesting reduced river inputs and
weathering intensity, as well as relatively high magnesium isotope values of the lake water controlled
by dolomite precipitation. This study contributes to the understanding of magnesium isotopes in
lacustrine dolomite systems.
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1. Introduction

Dolomite (i.e., calcium magnesium carbonate, CaMg(CO3),) stands as a pivotal sedi-
mentary rock in pre-Palaeozoic and Palaeozoic epochs [1]. Since Déodat de Dolomieu’s
1791 discovery of dolomite [2], the enigma surrounding dolomite has persistently baffled
geologists for over two centuries [3]. Dolostones, constituting a crucial subset of carbonate
rock reservoirs for oil and gas, play a crucial role in hydrocarbon exploration [4,5]. Nev-
ertheless, the formation mechanisms of dolomite remain unclear, leading to significant
uncertainties in characterizing and predicting dolomite reservoirs [4]. Over the past two
decades, advancements in multi-collector inductively coupled plasma mass spectrome-
try (MC-ICP-MS) have enabled exceptionally precise isotope analysis for various metals,
including Mg [6-8]. At present, the research on dolomite Mg isotopes primarily focuses
on the following two aspects: (1) Tracing the origin of Mg?* in dolomite. Mg isotopes
exhibit significant fractionation during low-temperature geochemical processes, leading to
pronounced differences in the Mg isotope composition among various surface reservoirs,
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such as igneous rocks, carbonate rocks, clay minerals, seawater, river water, porewater, and
hydrothermal fluids [9-14]. (2) Based on the variations in dolomite magnesium isotopes,
quantitative or semi-quantitative studies are conducted to determine potential sources of
dolomitizing fluids and to establish corresponding dolomitization models. Currently, DAR
and Raley fractionation models have been developed within marine dolomite to quanti-
tatively constrain dolomite origins [15,16]. These models, in conjunction with sequence
stratigraphy, have effectively elucidated the genesis of thick dolomite layers [17].

Lacustrine dolomite, compared to marine dolomite, exhibits a lesser distribution in the
geological record, thus having fewer prior related studies. As mentioned above, previous
studies on magnesium isotopes in dolomite have primarily focused on marine dolomite,
with lacustrine environments, especially in saline lake basins, receiving relatively limited
scrutiny. Recently, there has been a gradual increase in geochemical research focusing on
the carbonate constituents in lacustrine carbonate [18-21]. For instance, carbon and oxygen
isotopes in carbonates have been employed to reconstruct ancient environments [22], while
Mg isotopes of halite serve as a sensitive indicator for drying and recharging events in
terrestrial saline lakes [23]. In addition, there has been corresponding progress on the origin
of dolomite in lagoons with higher salinity [24,25].

Substantial disparities exist in the depositional environments and formation mecha-
nisms of lacustrine and marine dolostones. Most of these lacustrine dolomites are inter-
preted as primary or quasi-syngenetic deposits, even though the physical and chemical
conditions (salinity, pH, alkalinity, Mg/Ca) for the formation of lacustrine dolomites
vary [26-39]. River waters exhibit notable variations in Mg isotopes, impacting the dolomi-
tization process differently in lacustrine and marine settings [40,41]. Saline lake basins, char-
acterized by much smaller volumes and correspondingly significantly reduced magnesium
reservoirs compared to oceans, further emphasize the impact of river inputs and dolomite
sedimentation on Mg isotopes of lake water. In contrast, marine environments, with their
larger size and more extensive magnesium reservoirs, possess greater resilience against
such impacts. Additionally, the rock compositions in lake basins are notably more intricate,
typically including three major components: clastic, carbonate, and evaporites [18,42,43].
Furthermore, diagenesis occurs more frequently in lake deposits, often at the centimeter
and millimeter scales. Therefore, it is imperative to conduct further investigation into the
geochemical systems of lacustrine dolomite across different scales.

The Qianjiang Formation of the Jianghan Basin mainly consists of mixed deposits,
including clastic, carbonate, and evaporite constituents, collectively defined as “mixed
sedimentary rocks”. In order to understand the formation mechanism and the controlling
factors of the lacustrine dolomite, in this study, we conducted major and trace element
and isotope analyses of the carbonate and clastic components, at both the meter and
centimeter scales.

2. Geological Settings

The Jianghan Basin, situated within Hubei Province, China, spans approximately
2530 square kilometers and represents a rift basin formed on the Palaeozoic and Mesozoic
basement during the Cretaceous to Neogene periods [44—46]. The Qianjiang Depression,
located in the central part of the Jianghan Basin, is a faulted depression delineated by
various geological structures. It is bounded to the northwest by the Yonglonghe Uplift,
the Hanshui Depression, the Lexiangguan horst, and the Jingmen Depression. To the
southeast, it is bordered by the Tonghaikou Uplift, while to the northeast, it is adjacent to
the Yuekou Low Uplift. It is delineated by the Yajiao-Xingou Low Uplift to the southwest
(Figure 1) [47,48].

The basement of the Qianjiang Depression comprises Precambrian metamorphic rocks,
Silurian to Early Triassic marine sedimentary strata, and Middle Triassic to Jurassic fluvial
deposits [47]. The overlying lacustrine strata are the Paleogene Jinghezhen Formation
and the Neogene Guanghuasi and Pingyuan formations [49]. The Qianjiang Depression
exhibits the highest subsidence rate in the Jianghan Basin. During the deposition of the
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Qianjiang Formation, the basin underwent intense evaporation, fostering a high salinity
level and a closed environmental setting. The salts manifest alternating layers with mixed
sedimentary rocks and salt rocks, displaying clear vertical rhythm and consistent lateral
continuity. Vertically, the Qianjiang Formation can be further divided into four stratigraphic
units, i.e., Eq* to Eq! from the bottom to top. The Qianjiang 2-4 Members primarily
comprise alternating layers of halite-glauberite, carbonate, and shale in the depocenter of
the Qianjiang Depression [50]. Typically, carbonate sedimentation occurs in situ within
lacustrine or shallow marine environments, whereas siliciclastic sediment is primarily
transported into the system by rivers [51]. Recent studies indicate that the mixed sediments
in Qian 3* section (this study) can be divided into two types: siliciclastic-dominated mixed
sediment and carbonate-dominated mixed sediment. These variations are indicative of
consistent fluctuations in the overall balance between water inflow /outflow [22]. Therefore,
the degree of fluvial input and weathering processes affecting mixed sediments in the
Qianjiang region varies across different lithologies.
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Figure 1. Geological setting and stratigraphic column of the Qianjiang Depression, Jianghan Basin.
(a) The location of the Qianjiang Depression, Jianghan Basin (modified from Fang et al., 2014; Huang
et al., 2014 [47,48]); (b) sedimentary lithofacies of the Eocene Qianjiang Formation in the Qianjiang
Depression (modified from Huang et al., 2014; Wei et al., 2023 [22,47]); (c) the stratigraphic column of
the Qianjiang Depression (modified after Shen et al., 2019 [52]).
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3. Materials and Methods

In this study, a total of 16 sediment core samples from Well BX-7 in the Qianjiang
Depression were selected for elemental composition and stable isotope measurements (L1)
(Figure 2). Two of the 16 sediment cores (C1 and C2) were selected for refined geochemical
sampling and analysis with samples collected at intervals of 3~5 mm. All the powder
samples including L1, C1, and C2 were prepared using hand-held microdrills for measuring
major elements and trace elements and carbon, oxygen, and Mg isotopes. In addition, we
conducted major and trace element analysis on the supernatant obtained after the first
deionized water wash centrifugation of samples C1 and L1-13.
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Figure 2. Chemostratigraphic profiles of CIA, [Mg2+] /[Ca2*], [Mn], [Fe], [Mn]/[Sr], 83Carp, 8 80carp,
526Mgd01, and 626MgSi values of Well BX-7 from the Qianjiang Depression, Jianghan Basin. The
sampling locations of two cores for centimeter-scale geochemical analysis are marked with red
pentagrams.

3.1. Elemental Composition Analyses

Approximately 100 mg of powder from each sample was placed into a 10 mL centrifuge
tube and washed three times each with deionized water and 10% NaCl. After the first
deionized water wash, 0.5 mL of supernatant from samples C1 and L1-5 was mixed with
4.5 mL of 2% HNOj in preparation for major and trace element analysis of evaporites. The
testing method for evaporite in this study was solely to roughly confirm the magnesium
content in evaporite, without converting it into ppm (mass ratio).

Then, 10 mL 0.5 N acetic acid was added into each centrifuge tube and was placed
in an ultrasonic bath for 30 min at 50 °C for three times. The dissolution method ensures
complete dissolution of carbonate minerals without affecting oxides and sulfides. Following
centrifugation, 0.5 mL supernatant was collected and then added into 4.5 mL 2% HNO3
for elemental composition analysis of carbonate fraction. The remaining supernatant was
preserved for pre-treatment prior to magnesium isotope analysis of dolomite.

Residue was washed by 5 mL 1 N hydrochloric acid quickly. After centrifugation,
the residue was washed with Milli-Q water five times, and then dried down at 70 °C in
an oven. Then, the dried residue was dissolved in a mixture of 3 mL concentrated HF
and 1 mL concentrated HNOj3 in a 5 mL Teflon beaker. Afterward, the airtight baker
was heated for 24 h at 120 °C, then the solution was evaporated on a hotplate to expel
unreacted acid. Then, the residual was dissolved in 5 mL concentrated HNOj for 24 h at
120 °C. If the solution cleared up, then the solution was evaporated. Otherwise, repeat the
dissolution procedure as described above. After evaporation, 5 mL 2% HNO; was added
into the beaker and the solution was transferred into a test tube for analysis then 0.5 mL
supernatant was collected and added into 4.5 mL 2% HNOj for elemental composition
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analysis of siliciclastic component. Finally, the remaining supernatant was preserved for
pre-treatment before magnesium isotope testing of clastic components.

Major and minor element contents of samples from C1 were measured by Spectra
Blue Sop Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) at Peking
University. The detailed analytical procedure of ICP-OES analyses has been reported in a
previous publication [15], and the analytical precision of major and minor elements (e.g.,
Ca, Mg, Fe, Mn, Al, K, Na, etc.) is better than 5%. The major and minor element contents of
samples from L1 and C2 were measured by Jena PQ MS at Beijing Kehui Testing Technology
Co., Ltd., Beijing, China. The analytical precision of major and minor elements (e.g., Ca,
Mg, Fe, Mn, Al, K, Na, etc.) is also better than 5%.

3.2. Carbon and Oxygen Isotopes

About 0.2 mg of 200 mesh carbonate powder was taken and placed in a 10 mL
headspace bottle, helium was passed in (He, purity 99.999%) to drive out the air in the bottle,
and 1 mL anhydrous phosphoric acid (H3POy, purity 100%) was injected and reacted for 2 h
in the Gas Bench Il at 70 °C. The generated carbon dioxide was extracted by the automatic
sampler (GC PAL autosampler and sample tray) and underwent gas chromatography (GC:
gas chromatography, 70 °C) for separation and then was passed into the isotope ratio
mass spectrometer (Thermo Scientific Delta V Plus), which was used to obtain its oxygen
isotope and carbon isotope composition relative to the standard gas. Isotope ratios are
reported in the 6 notation with respect to Vienna Peedee Belemnite (V-PDB), and were
calibrated on internal standard calcium carbonate (Warcalcium carbonate): '3C = 0.13%o,
5180 = —8.18%o, which is calibrated on NBS19 (5'3C = 1.95%0, §'80 = —2.20%o). Analytical
precisions are 0.1%o for 8'3C and 0.2%. for 5'30, respectively.

3.3. Purification and Testing of Mg Isotopes

The purification and testing of Mg isotopes were carried out at the ultra-clean labora-
tory of Beijing Kehui Testing Technology Co. Ltd. The supernatant of the carbonate and
siliceous fractions from the previous step was retrieved with the objective of achieving
a magnesium content of 20 ug. After evaporation, weighted powders were dissolved
in 15 mL Savillex Teflon beakers with a mixture of ultra-pure concentrated HF-HNOs3
(3:2,v/0).

The capped beakers were placed on a 150 °C hot plate for 2 to 3 days. After the initial
digestion and evaporation to dryness, the samples were treated with 2 mL of HNO3 and
3 mL of HCL The solutions were evaporated to dryness the following day. Subsequently,
the samples were refluxed with 3 mL of concentrated HNOj to remove residual fluorides
and finally dissolved in 1 mL of 2 N HNOj for chromatographic column chemistry.

Mg purification was performed in Savillex microcolumns (6.4 mm ID x 9.6 mm OD,
30 mL reservoir) loaded with 2 mL of Bio-Rad AG50W-X12 (200~400 mesh) cation resin.
Details of the Mg separation procedure are shown in Table 1. We repeated the procedure
twice when K/Mg > 2:1. After the chemical purification, Mg elution was evaporated to dry-
ness. The residues were dissolved in 2% (m/m) HNOj for isotope ratio measurement. The
total procedural Mg blank, including sample digestion and chromatographic procedures,
was lower than 10 ng, which is negligible relative to the amount of Mg (20 ng) processed
through the column procedure.

Before the measurement, 1 ppm IGGMGT1 (internal standard sample in the laboratory)
was used to optimize the instrument parameters to ensure that the signal strength of Mg
was approximately 10 V ppm ™. Finally, the Mg isotopic ratios were normalized to the
international DSM3 Mg [53]. In order to assess the quality of the mass spectrometric
analyses, in-house standard GSB Mg [54] was analyzed every five samples. The §*°Mg
mean value of the GSB Mg standard solutions was —2.026 £ 0.056 (2SD, n = 24) in this
analytical session. The carbonate fraction and siliciclastic component of GSR-6, GSR-12,
and GSR-30 were —1.761 £ 0.008 and —1.896 + 0.018; —2.082 £ 0.002 and —0.915 + 0.030;
and —2.022 £ 0.050 and —1.042 £ 0.047, respectively.
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Table 1. Details of Mg separation procedure.

Elute Volume (mL) Comments
Milli Q H,O 15~20 Backwash to remove air bubbles and reduce resin compaction
4N HNO;3 + 0.5 N HF 4
Cleaning resin alternatively for three times
Milli-Q H,O 4
2 N HNO3 2x2 Resin conditioning
Sample in 2 N HNO3 1 Sample loading
2 N HNOs + 0.5 HF 5
Removing matrix
1 N HNO;
1 N HNO;3 1 Before cut collection
1N HNO;3 24 Mg Collection
1 N HNO; 1 Post cut collection
Milli Q H,O 5 Recovering resin

4.1. Petrological Characteristics

The microscopic observation of the thin sections and the analysis of the scanning elec-
tron microscopy reveal the primary minerals include carbonate minerals (calcite, dolomite,
etc.), detrital minerals (quartz, feldspar, clay minerals, etc.), and evaporites (glauberite,
etc.) (Figure 3). Based on the mineral compositions and their relative abundance, four
lithological types were identified, including argillaceous glauberite, argillaceous dolomite,
carbonate-bearing terrigenous clastic mixed rock and clastic—carbonate mixed rock.

Figure 3. (a) Photograph of argillaceous dolomite and glauberite from C1; (b) micrograph of argilla-
ceous dolomite and glauberite; (c) SEM image of dolomite crystals from C2; (d) glauberite crystals
were cemented by dolomite; (e) SEM image of radiating glauberite; (f) NaCl crystals covering the
surface of thin section of rock; (g) detrital quartz grains in argillaceous dolomite; (h) SEM image of
clay minerals; (i) SEM image of anhydrite crystals.
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The micritic dolomite appears predominantly gray to dark gray, with some instances
of gray-black, often exhibiting thin layering (Figure 3a). It is interspersed with millimeter-
scale bands, typically composed of detrital quartz (Figure 3g). The micritic dolomite and
clastic materials are intermixed to form the matrix, with larger mirabilite crystals scattered
throughout (Figure 3b). The microscopic observations reveal dolomite with a micritic
structure, displaying poorly defined crystal forms and frequently containing variable
amounts of terrestrial particles (Figure 3g).

4.2. Geochemical Characteristics
4.2.1. Elemental Geochemistry

The chemical compositions of the water-soluble components of the evaporite samples
in C1 and L1-5 are shown in Table S1. The evaporites have high concentrations of Na and
Ca, with a low Mg content, mainly composed of glauberite. The major and trace elemental
compositions of the carbonate and silicate components of L1, C1, C2 are shown in Table S2.
The main elements and isotopic characteristics of L1 can be found in Table 2. The [Fe 4]
and [Mn,p,] of the samples L1, C1, and C2 range from 0.35% to 3.4%, with an average
of 2.11% (n = 51), and 727.74 ppm ~1405.00 ppm, with an average of 1099.87 ppm (n =
51). The [Alsi], [Mgsil, [Mgsil/[Alsi] (molar), and CIA of the samples L1, C1, C2 range
from 4.43% to 9.85% (average 8.56%, n = 51); 0.45% to 5.32% (average 1.66%, n = 51);
0.08 to 0.80 (average 0.22, n = 51); and 57.22% to 72.10% (average 62.74%, n = 51). The
relatively low CIA values observed in only two samples within C2, specifically, 48.05%
and 36.09%, could be attributed to the low silicate component, with a small amount of
calcium magnesite being incorporated. While the major and trace elemental compositions
of the carbonate and silicate components of L1, C2, and C1 were performed in a different
laboratory, the consistency of [Fecap,], [Mnearp ], [Alsi], and [Mgg;] attest to the accuracy of
the analytical method.

Table 2. Major and trace element and isotope data of L1 (complete data are provided in Supplementary
Table S2).

2+
SamPle DePth Carb CIA [[l\élagZ+ ]]/ Mncan Fecarp Mn/Sr 813 Ccarb 518 Ocarb 526N[gdol 20 8% Mgsi 20
No. m % % (ppm) (%)
L1-17 3030.80 1597  58.80 0.42 1318.00 3.15 1.28 -5.17 —6.53 —-1.21 0.003 0.72 0.720
L1-16 3031.50 14.27 63.33 0.74 1042.12 2.24 3.72 —3.66 —-3.98 -0.72 0.044 1.50 1.504
L1-15 3031.60 3495 66.09 0.42 1172.00 2.40 1.57 —3.53 —3.87 —0.94 0.017 - -
L1-14 303190 591 64.00 0.84 1091.97 1.59 0.76 —4.21 —3.87 -1.13 0.006 1.14 1.138
L1-13 3032.80  9.83 64.41 0.88 1237.28 1.82 3.22 - - —-0.92 0.018 1.46 1.460
L1-12 3033.90 3.00 63.95 1.05 888.20 1.28 1.56 —4.81 —291 —0.86 0.053 —0.03 —0.026
L1-11 3034.80 6.46 66.84 0.97 1348.56 2.00 3.62 - - —0.83 0.033 1.05 1.055
L1-10 303540 2.77  61.65 0.80 957.10 2.03 1.45 —4.06 -3.28 —1.31 0.011 —0.33 —0.326
L1-9 3037.30 7.93 65.53 0.97 1335.40 2.10 4.04 -3.81 —-3.47 —1.50 0.053 0.47 0.466
L1-8 303940 845  63.08 1.00 1260.20 2.18 3.03 —3.58 -3.32 —1.47 0.045 —0.10 —0.104
L1-7 304020  5.69 64.97 1.30 1122.79 1.85 227 - - —1.76 0.057 —0.71 —0.712
L1-6 3042.00 46.51 64.30 1.02 815.19 1.93 3.14 —5.32 —2.21 - - - -
L1-5 304230 17.77  63.78 0.98 727.74 1.32 2.94 —5.21 —4.15 —1.34 0.019 0.56 0.559
L1-4 3044.70 1552  69.01 0.71 1013.19 0.53 1.00 —-3.57 —5.24 —2.32 0.055 0.37 0.373
L1-3 304520 751 70.60 0.86 1405.07 0.47 1.09 —3.66 —3.98 —2.40 0.052 0.34 0.337
L1-2 3046.10 1545 68.82 0.09 747.24 0.35 1.73 - - —2.34 0.020 0.50 0.505
L11 3046.70 1394 7210 0.91 1390.01 2.07 4.64 —3.69 -3.92 —1.82 0.042 0.31 0.306
GSR-6 -1.76 0.008 —-0.915 0.030
GSR-12 —2.08 0.002 —1.042 0.047
GSR-30 —1.90 0.018 —2.022 0.050

4.2.2. Stable Isotopes

The 5'3C . and 5'80 .y, values of L1, C1, and C2 are plotted in Figure 4. The §!3C,,
and 880, values range from —5.91%o to —3.02%o (average —3.99%o, n = 50) and —6.53 %o
to —2.85%0 (average —4.65%0, n = 50), respectively. The Mg, and §*°Mgg; of L1 range
from —2.41%o to —0.72%o (average —1.46%o0, n = 15) and —0.71%o to 1.50%o (average 0.48 %o,
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Figure 4. (a) Results of the stable oxygen and carbon isotope analysis of L1, C1, and C2; (b) Results of
the stable oxygen and carbon isotope values of L1, C1, and C2 suggest that the Jianghan Basin is a
non-alkaline saline lake (modified from Guo et al., 2023 [21]).

5. Discussion
5.1. Paleoclimate and Basin Provenance
5.1.1. Assessing the Impact of Diagenesis

The correlation coefficient between the 580 .1, and 5'3C_,, values is a crucial in-
dicator for assessing the degree of diagenetic alteration. A strong positive correlation is
frequently interpreted as evidence of substantial mixing between meteoric groundwater
and pore fluids in paleolake sediments [55,56]. In addition, the elemental concentrations of
Sr?* and Mn?* are also employed to assess the diagenetic alteration [57]. During diagenesis,
Mn2* is incorporated into carbonate minerals, while Sr2* is expelled, leading to an elevated
Mn/Sr ratio. Carbonates with Mn/Sr < 10 are typically considered to preserve the original
geochemical signature of the water column [58].

In our samples, no obvious linear correlation is observed between 3180 a5 and 813C oy,
(Figure 4). The Mn/Sr ratios of the samples in L1, C1, and C2 range from 0.76 to 4.64
(average 2.42), 0.6 to 3.0 (average 1.84), and 0.06 to 5.88 (average 2.52), respectively. These
results suggest that the selected samples have undergone minimal diagenetic alterations,
and their geochemical signatures closely reflect the original conditions of the lake water.

5.1.2. Paleoclimate Characteristics

The continental weathering process occurring in the provenance serves as a precursor
to the subsequent sedimentary processes, significantly influencing the geochemical com-
position of terrestrial sediments [59]. Thus, the terrestrial clastic components within the
sediments can reflect the paleoclimate, weathering trend, and recycling effects of source
rocks [60]. The chemical index of alteration (CIA), which quantitatively evaluates the weath-
ering conditions of the provenance, is an effective indicator for evaluating the intensity of
continental weathering [61]. The CIA is calculated as follows: CIA = molar[(Al,03)/(Al,O3
+ CaO* + NayO + K,O)] x 100, where CaO* indicates the amount of CaO in silicate miner-
als [62]. In this study, the CIA values within the 3044-3046 m sediment section are relatively
higher compared to those in the sediment section from 3031 to 3043 m (Figure 2), indicating
a relatively stronger weathering intensity.

Carbonate oxygen isotopes can reflect hydrological changes in lakes induced by
precipitation and evaporation. An increase in the 5'80 values is indicative of increased
evaporation and reduced precipitation, and vice versa [63]. The temperature may also affect
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§'80, but compared to the changes caused by evaporation and precipitation, the impact of
these changes is relatively minor [22]. The §'80 values of the 3044-3046 m sediment section
are relatively lower than the 3031-3043 m sediment section (Figure 2), which indicates a
humid climate with more precipitation.

5.1.3. Basin Provenance

Siliciclastic deposits found in saline lakes usually originate from weathered bedrock
surrounding the basin, transported by river or wind. Consequently, the geochemical
features of the siliciclastic deposits can be influenced by the diverse compositions of the
source rocks. Previous studies have reported the widespread distribution of granites in the
Qinling-Dabie orogenic belt to the north and the Jiangnan orogenic belt to the south of the
Jianghan Basin [64]. Additionally, sediments in the sixth and eighteenth rhythmite layers
of the Qian 4 section are primarily derived from felsic volcanic rocks, with the eighteenth
rhythmite also containing compositions from basalt and andesite sources [45].

Trace elements, such as La, Th, Hf, Co, and Sc, are widely regarded as reliable in-
dicators of the provenance of clastic sediments due to their low mobility during post-
depositional alterations [65,66]. Both trace elemental ratios, such as La/Sc, La/Th, Th/Sc,
Zr/Sc, and Th/Co, known for their sensitivity in provenance determination, along with
dEu, exhibit negligible variations. The REE characteristics of siliciclastic deposits display
no evident disparities either. These findings suggest a relatively consistent provenance for
the following deposition process [67].

As depicted in Figure 5, the plot of La/Th against Hf emerges as an effective means
of discriminating between diverse sources in bulk rocks. Sediments sourced from acid-
dominated arcs consistently exhibit low La/Th ratios and Hf contents within the 3-7 ppm
range [68]. In Figure 5, the majority of our samples are plotted in or close to the felsic source
fields, indicating that the source materials were dominated by felsic rocks with a presence
of mafic components.

15.00 T 10.00 -
‘;:\ tr_\ Tholeiitic ocean island source a ’ S,C.d""cmm‘\,v rcc;ctl;ng
4 ( Andesite arc source (Zircon addition) b_-w]
10.00 4 \/‘ Mixed felsic/mafic source 1.00 4 Felsic rocks
E Felsic source 5

3 2 :

500 - Passive margin source = qui &
3 0.10 1 o pe

L
Upper crust Increasing old sediment Basalt
£.90 v T 001 . ’ .
0.00 5.00 10.00 15.00 0.01 0.10 1.00 1000 100.00
Hlppm) Zr/Sc
La
10.00
c [ d
- Felsic source
Grantie o
PN & . 1.00 1 N
<&
« S %@
Granodiorite 3 R if <
Quartzdiorite 0.10
Mafic source
«
-3
Basalt 0.01 i . . .
0.01 0.10 1.00 10.00 100.00

Th 3 50 75 Se
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Figure 5. Provenance analyses of the Qian 3* (The samples are from L1.) in the Qianjiang Depression.
(a) La/Th versus Hf (modified after P et al., 1987 [68]); (b) Th/Sc versus Zr/Sc (modified after Kong
et al., 1993 [45]); (c) La-Th-Sc ternary diagram (modified after Cullers et al., 2000 [67]); (d) Th/Co
versus La/Sc (modified after Cullers et al., 2002 [69]).
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5.2. Dolomite Deposition Pattern in Saline Lake
5.2.1. *°Mg of the River

In the investigation of marine dolostone, magnesium isotopes are predominantly
influenced by dolomitization fluids, fractionation coefficients, and dolomitization pat-
terns [15,16,70]. In lacustrine dolostone, however, we introduce another significant factor—
river inputs. This is mainly due to the lower proportion of carbonates in lacustrine mixed
sediments and the comparatively smaller magnesium reservoir in lakes, underscoring
the influence of river inputs in regulating dolomite in lacustrine mixed sediments under
humid climates.

Silicate weathering is predominantly marked by the dissolution and alteration of
pristine silicate minerals, along with the depletion of mobile elements, such as Na, Ca, and
Mg [71,72]. Previous studies on silicate weathering have demonstrated that rivers tend
to selectively accumulate lighter magnesium isotopes, while the residues enriched in the
heavier Mg isotopes are transported by rivers into lakes [73-75]. Hence, when considering
a certain period and a particular watershed comprehensively, the relationship between
river-dissolved Mg during silicate weathering and weathering residues can be articulated
as follows:

6261\/Igsili = 6261\/Igresi + A626NIgﬂuidfprotolith )

where §2°Mgg;; and §2°Mg,.s; represent the Mg isotope compositions of the dissolved
Mg flux of silicate weathering and weathering residues, respectively. A626Mgﬂuid_protohth
represents the Mg isotope fractionation factor between the dissolved Mg flux released by
weathering and the silicate protolith.

The Mg budgets of rivers are mainly controlled by the chemical weathering of silicate
minerals and the dissolution of carbonate [41]. Therefore, the Mg flux and isotope mass
balance of the river input can be expressed by Equations (2) and (3) [76]:

FriV = Fsili + Fear (2)

FriV'626Mgriv = FSﬂi'é%Mgsﬂi + FCﬁf'é%Mgcar (3)

where F;;, and Fgy; represent the Mg flux of the river input and the dissolved Mg flux
released by silicate weathering, respectively. Fc,r refers to the dissolved Mg flux released
by carbonate weathering. §*°Mg;;, and ?°Mg,r represent the Mg isotope compositions of
the dissolved Mg flux of river and carbonate weathering, respectively.

5.2.2. Numerical Model of Magnesium Cycling and Isotopic Mass Balance in Saline Lake

We performed major and trace element analyses on the water-washed solution of the
samples C1 and C2 in the Qianjiang Formation, revealing that glauberite is the predominant
evaporite mineral with a very low magnesium content (Table S2). This suggests that during
the deposition period, the lake water had not yet reached the point of depositing Mg
evaporite minerals. Consequently, the influence of water-soluble magnesium evaporite
minerals on magnesium isotopes is very limited and thus negligible.

Authigenic clay minerals, formed at or near the sediment water interface, are usually
rich in Mg, influencing the geochemical budget of lake waters and the properties of contem-
poraneous authigenic carbonate precipitates [77-79]. However, authigenic clay minerals
usually form in saline and alkaline lake systems. In saline and alkaline lakes, authigenic
minerals, such as Mg-rich clay minerals and Mg-rich evaporites, will compete for Mg?*
with dolomite [79,80]. In non-alkaline saline lakes, authigenic Mg minerals like Mg-rich
clay and Mg-rich evaporites either precipitate to a minimal extent or do not deposit [21].
During the deposition of the Qianjiang Formation, the basin was characterized as a non-
alkaline salt lake [21,81], leading to the minimal or negligible development of authigenic
clay minerals, and the lack of Mg in evaporites can also support this (Table 52). Thus, we
can rule out the influence of authigenic minerals including Mg clays and Mg evaporites.
Hence, the Mg isotope compositions of the lake (§°°Mgj.i.) and the total lake water Mg
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contents (Nyjg) are only controlled by the annual Mg flux of rivers (Fy;y) into the lake and
the annual outflux of dolomite precipitation (F4.;). The dynamic changes in the amount of
Mg and the Mg isotope mass balance of the lake can be described as follows [23,41,76]:

dNm

Tg = 1::riv - 1::dol (4)
d526M81 k 26 26 Fi 26 Faol
Tae = (5 Mgriv -0 Mglake) 'N;I/;/g —Ad Mgdolflw'Nil\Zg ®)

where A626Mgd01_1k represents the Mg isotope fractionations associated with the formation
of dolomite. At 25 °C, A626Mgdol_1k is 1.8%o [82]. The model results are shown in Figure 6a.
When F;iy > Fg4o1, the magnesium content (Nmg) continues to increase; the Mg isotope
composition of the lake would decrease progressively if the influx of riverine §*°Mg was
light. When Fyj, < Fyo), the lake would be enriched in 2Mg during the dolomitization
processes. Nyvig/ Friy and Nyyg /Fgo1 will affect the model’s result. We constrained this ratio
using the centimeter-scale geochemical data of C1 and validated the model, as detailed in
Section 5.2.5.

4 7 b
35 -\ — FE.=0 4 6 - — Mg, =-0.5%0
3 —— F=2.5F, ; ——— 5*Mg . =-1.09%o
25 — Fuw=1.5F: — Mg, =-1.5%0
2 Fiy =2.5Fu 4 Modeled 8**Mg,,. in the
415 4 F,>E, —— F.=3.5F. PR sediment section at
o 14 — Fu=0 5 5 | 3044~3046m
= 05 ]
w g o
0.5 1 \ "
NI -1
15 . . . . 2 -—
0 3 4 5 6 7 0 1 2 3 4 5 6 7 8 9 10
M /Mo Fiv/Faa

Figure 6. (a) Model results show the influence of dolomite precipitation and the riverine Mg input on
the Mg isotope composition in the lake. (M represents the mass of Mg at the initial moment. The
526Mg values of the initial lake water are set to —0.1%o. To simplify the model, F;, and Fy, are set as
constants.) (b) Schematic shows the likely response of §?°Mg in the lake by changing the proportion
of the Mg sink between river input and dolomite precipitation when the §2°Mg of the lake remains
stable. For details, see Supplementary text.

Otherwise, when 526M81ake remains constant, it becomes a steady-state model, then
Equation (5) can be simplified as follows:

26 26 Friv _ A&26 Fyol
(6 Mg, — 9 Mglake) ‘Nyg Ad Mnglflw.Ni/[; ©)
Hence,
A Mg
% (7)

Faol

26 26
y Mglake =9 Mgriv -

The model results of Equation (7) are shown in Figure 6b.

5.2.3. Dolomite Magnesium Isotope System Controlled by Riverine Input under Humid
Climate Conditions

In the section at depths of 3044-3046 m, §?°Mg,, remains relatively stable and predom-
inantly negative, thereby essentially ruling out the occurrence of dolomitization processes
in confined environments, as dolomitization would quickly increase the magnesium isotope
values (Figure 6a). Therefore, we can use Equation (7) to simulate the changes in the Mg
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isotopes of lake water (Figure 6b). The invariable 626MgSi (ranging from 0.337 to 0.505%o,
average = 0.405%o) values mean the dissolved Mg flux released by carbonate weathering in
the source area is generally maintained in a stable state. Given that the Qianjiang Depres-
sion is a rift lake basin that formed in a volcanic background setting [44,64], we hypothesize
a relatively minor contribution of carbonate weathering to Mg in riverine inputs. And thus,
the Mg isotope composition of the river input remains stable in this section. River waters
usually have low §2°Mg values (—2.52%o to +0.64%., averaging at —1.09%o0) [8,41], so we
employ —1.09%o. as the Mg isotope of the river input within this sediment section.

The model results indicate that the Mg flux from the river input is 34 times greater
than that consumed by dolomite precipitation (Figure 6b). Thus, we set the Fyj, /Fg4o) as
3.7 to simulate the Mg isotopes of the lake in this section. The model results suggest that
with the increasing magnesium content in the lake, the magnesium isotopes in the lake
water gradually become more negative and conform to our expected values (the modeled
626Mg of lake water ranging from —0.60%. to —0.52%.) when M/Mj exceeds 3 (Figure 6a).
Furthermore, the relatively high CIA values and low 8180 ayp, Of the 3044~3046 m section
both point to a strong weathering intensity and relatively humid climate, corresponding to
the relatively high river input simulated by the model (Figure 7a).

rainfall evaporate U //
- o
2N
evaporate N b
\./
et

Moderate weathering

Figure 7. (a) During humid climates, the magnesium flux from river inputs exceeds the magnesium
consumption by dolomite sedimentation, and river inputs dominate the magnesium isotopes of
lake water. During this period, weathering intensity is high, while evaporation is weak, which is
characterized by high CIA values, low 5'80 values, and lower and relatively stable magnesium
isotope values of dolomite; (b) during relatively dry climates, the magnesium flux from river inputs
is less than the magnesium consumption by dolomite sedimentation, and dolomite sedimentation
dominates the magnesium isotopes of lake water. During this period, weathering intensity is low,
while evaporation is strong. This is characterized by low CIA values, high 5180 values, and higher
magnesium isotope values of dolomite.
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5.2.4. Dolomite Magnesium Isotope System Controlled by Dolomite Precipitation under
Relative Dry Climate Conditions

In the section between the depths of 3031-3044 m, the magnesium isotope values of
dolomite are relatively high and exhibit a consistent increase, gradually shifting towards
positive values. The Mg isotope values of the dolomite in this interval are relatively high,
with some reaching up to 0.717 %o, 0.825%o., and 0.857 %.. Considering the fractionation effect
during dolomitization (AézéMgdol_lk = 1.8%o at 25 °C), the magnesium isotope composition
of the lake water during this period is estimated to exceed 1%o. The range of the magnesium
isotope values in river water is approximately —2.52%o to 0.64%o [8,41], and thus, it is
implausible that the elevated magnesium isotope values in the lake water are due to
significant input from river water. The relatively low CIA values and higher §'80,y,
(Figure 2) of the 3031~3044 m sediment section indicate a weaker weathering intensity and
relatively relative dry climate, which suggests a relatively low river discharge. Thus, the
magnesium isotope composition of the lake water in this sedimentary interval is mainly
controlled by dolomite precipitation under relatively dry climatic conditions.

The ratio of the magnesium flux from the river input to the magnesium flux consumed
by dolomite sedimentation will affect the rate of change in the magnesium isotope values
of the lake water. However, due to the instability of the magnesium isotopes in both
the dolomite and detrital components in this interval, it is difficult to deduce specific
ratios through steady-state models. In the model depicting the mass balance of the Mg
and Mg isotopes in the lake, when Fy;, < F4,, the lake tends to be enriched in 2°Mg as
dolomitization proceeds rapidly (Figure 6a). In addition, this section has relatively low
CIA values and higher §'80,;,, which suggests a relatively weak weathering intensity and
relatively dry climate. Within this section, the lake is in an evaporative state, with the Mg
output exceeding the input in the lake water. The dominant dolomite sedimentation will
continuously be enriched in 2°Mg in the lake water (Figure 7b).

5.2.5. Magnesium Isotope Variations in Dolomite at the Centimeter Sedimentary Scale
Provide Support for Macroscopic Sedimentary Scale Models

Detailed geochemical analyses were conducted at the centimeter scale on two core
samples, C1 (7 cm) and C2 (9 cm), within the study area (Figure 2). The results of the major
and trace element, carbon and oxygen isotope, and magnesium isotope measurements
are displayed in Figure 8. During the C1 period, the proportion of carbonate gradually
increases, and the Mg/Ca ratios also rise gradually, suggesting a progressive increase in
F4ol- This leads to a gradual enrichment of Mg in dolomite. Subsequently, the §*°Mg
values in dolomite remain relatively stable (approximately —0.74%0). The §2°Mg values
of the C1 dolomite indicate a gradual enrichment followed by an equilibrium process,
predominantly influenced by the lake water in dolomite precipitation.

In our earlier discussions, in order to simplify the model, we set Fy) as a constant due
to the frequent changes in the dolomite content and Mg/Ca ratios. In the first 1.8 cm of C1,
however, we observed substantial changes: the carbonate content increased from 11.20% to
53.58%, while the Mg/Ca ratio increased from 0.35 to 0.58. These findings suggest that Fy,)
increased to approximately seven times that of its initial value. Concurrently, the §2°Mg
value of the dolomite increases from —0.97 %o to —0.72%o, with corresponding increases in
the 52°Mg values of the lake water from 0.83%o to 1.08%.. The sedimentation rate of the
Eq® member in the Qianjiang formation is 0.1 to 0.43 m/ka [47], so we take an average
sedimentation rate of 22 cm/ka for the C1 period in this simulation. Within the first 1.8 cm
of C1, the Fy, increases to seven times that of its original value (roughly calculated using
the magnesium calcium ratio and carbonate content), resulting in an increase in the §°Mg
values of the lake water from 0.83 %o to 1.08%.. The simulation results suggest durations
of 80 years and 70 years when the §°°Mg values of the river range between —1.09%. and
—0.5%o, respectively (Figure 9). These simulated durations align with the calculated result
obtained using the sedimentation rate (81.81 years).
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Figure 8. (a) Chemostratigraphic profiles of CIA, [Mg?*]/[Ca®*], [Mn], [Fel, [Mn]/[Sr], 8'3Carp,
3180411, and 526Mgd01 values of C1; (b) chemostratigraphic profiles of CIA, [Mg]/[Ca], [Mn], [Fe],
[Mn]/[Sr], 8"3Cearp, 8'8Ocarp, and §2°Mgy, values of C2.
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Figure 9. Results show that under river inputs with magnesium isotope values of —1.09%. and

—0.5%o, after 80 years and 70 years, respectively, with F4,; growing 6.925 and 6.175 times as much as

before, the Mg isotopes of lake water increased by 0.25%.. For more details, see Supplementary text.
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6. Conclusions

In this study, we identified two different dolomitization patterns under humid and
relatively dry climatic conditions. Subsequently, we established a model to assess the lake
magnesium flux and magnesium isotope mass balance, simulating the magnesium isotopes
of the lake water under both scenarios. Under humid climatic conditions, the heightened
Mg flux of the river inputs weakens the fractionation of the Mg isotopes during dolomite
formation. This leads to an overall negative shift and the relative stability of the Mg
isotopes in the lake water. Under relatively dry climatic conditions, the lower Mg flux of the
river inputs results in dolomite magnesium isotope fractionation dominating the variation
in the Mg isotopes in the lake water during dolomite formation. With the continuous
precipitation of dolomite, the magnesium isotope in the lake water gradually becomes
heavier, and the magnesium isotope of the subsequent dolomite formation also becomes
heavier. The simulation of dolomite magnesium isotopes at the centimeter sedimentary
scale confirms the reliability of our model.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/min14050459 /51, Table S1: Element compositions of water washing
components of C1 and L1-5 in Well BX-7 from the Qianjiang Depression, Jianghan Basin; Table S2:
Element compositions and isotopes of samples in Well BX-7 from the Qianjiang Depression, Jianghan
Basin; Supplementary text: Model data for Figures 6 and 9.
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