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Abstract Marine carbonate fabrics are intrinsically related to ocean chemistry, physical processes and
biological activity. Molar tooth structure (MTS), a globally distributed structure in Proterozoic carbonate
sediments, has been widely studied for more than a century; yet its connections with physical and biological
processes remain unclear. Using multiple techniques, we studied ~1.57 Ga MTS and identified a connection
between its occurrence and increased marine oxygenation. In our samples, the matrix surrounding MTS is
typically dominated by carbonate mud with early diagenetic dolomite crystals. High I/(Ca + Mg) ratios (up

to 4.1 pmol/mol) and negative Ce anomalies (~0.8) detected in the matrix are consistent with the oxidative
removal of inhibitors such as Fe?* and Mn?* in the water-column that permitted carbonate “whiting” mud
precipitation stimulated by cyanobacterial photosynthesis. This cohesive but not rigid seafloor carbonate mud
was a prerequisite for synsedimentary MTS crack formation. Systematically higher carbon isotope (5'*C) values
in MTS microspars, relative to host sediment, support origination of the cracks by methane degassing in the
organic-rich carbonate mud. Low, but non-zero, I/(Ca + Mg) values of the MTS microspar suggest that the
precipitation of the microspar that filled the MTS cracks was triggered by oxidative removal of residual Fe>*
and Mn?* in porewater through mixing with overlying oxygenated seawater. We therefore propose that MTS
formed under moderately oxygenated conditions and that its sporadic occurrence prior to ~1.2 Ga reflects
episodes of pulsed marine oxygenation in an overall anoxic setting.

Plain Language Summary Molar tooth structure (MTS) has been identified in Precambrian
carbonate sedimentary rocks for more than a century. However, its formation and significance are still not

fully understood. Precambrian ocean chemistry and low oxygen levels have previously been linked to MTS
formation. Here, we use carbonate iodine data as a proxy for oxygenation, and carbon isotope data to decipher
microbial processes. The iodine data indicate an oxygenated environment, and the carbon isotope data support
previous suggestions that degassing of microbial methane was responsible for MTS crack formation. For the
first time, we show that MTS occurred in oxygenated conditions. We propose that the oxidative removal of ions
such as Fe?* and Mn?* that can inhibit carbonate precipitation was a key factor in the formation of the cohesive
carbonate mud matrix of MTS, and in the rapid precipitation of the microspar cement that filled and preserved
the MTS cracks. The relatively rare occurrence of MTS prior to 1,200 Ma could therefore be a sedimentary
indicator of sporadic marine oxygenation when marine conditions were mostly anoxic.

1. Introduction

Molar tooth structure (MTS), characterized by irregular, lobate folds of microspar-filled cracks in fine-grained
carbonate rocks, has been studied for more than a century, yet its origin is still not fully resolved (Hodgskiss
et al., 2018; Kuang & Hu, 2014; Shields, 2002). MTS is locally common during the interval 2,500—1,200 million
years ago (Ma), abundant in ~1,200-750 Ma, and relatively rare after ~750 Ma (Hodgskiss et al., 2018; Kriscautzky
et al., 2022; Pollock et al., 2006; Pratt, 1998; Shields, 2002). Three processes are thought to characterize MTS
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formation: (a) precipitation of carbonate mud and its seafloor accumulation, (b) crack formation within this
carbonate mud matrix, and (c) synsedimentary crack-filling by microspar (e.g., Hodgskiss et al., 2018; Shen
et al., 2016).

Sources for Proterozoic carbonate mud could include water column “whitings” of physicochemical origin
(Pratt, 1998) or stimulated by cyanobacterial photosynthesis (Riding, 2006), skeletal disaggregation of calci-
fied green algae (Gischler & Zingeler, 2002; Tosti & Riding, 2017), and grain abrasion (Trower et al., 2019).
Secular increase in carbonate mud accumulation during the Proterozoic has been attributed to increase in photo-
synthetically induced whiting production in the water column (Grotzinger, 1989, 1990; Knoll & Swett, 1990;
Sherman et al., 2000; Sumner & Grotzinger, 2004; Swett & Knoll, 1985), triggered by the oxidative removal
of Fe** and Mn?* from the water-column, and the effect of declined CO, on cyanobacterial photosynthesis
(Konhauser & Riding, 2012; Riding, 2006). It was suggested that the abundance of carbonate precipitation inhib-
itors (e.g., Fe?* and Mn?") in ferruginous seawater suppresses crystal nuclei formation and carbonate crystalliza-
tion, thereby maintaining a supersaturated solution that limits carbonate mud precipitation in the water column
(Sumner & Grotzinger, 1996). Moreover, shallow seawater oxygenation may have increased aerobic respiration
of organic matter (O, + CH,0 — CO, + H,0 < HCO,~ 4+ H"), causing a decline in CaCO, saturation near the
sediment-water interface, which in turn hindered seafloor precipitation and tended to maintain soft and unconsol-
idated seafloor sediment (Higgins et al., 2009). Considering these effects, the formation of MTS may potentially
be linked to marine oxygenation.

Suggested mechanisms for crack formation, such as subaqueous syneresis (Horodyski, 1983; Knoll, 1984) and
seismic activity (Fairchild et al., 1997; Pratt, 1998), do not appear to account for the long-term secular distri-
bution of MTS. Gas bubble expansion including H,S (Furniss et al., 1998) or CO, (Marshall & Anglin, 2004,
Pollock et al., 2006; Saha et al., 2021) degassing, could be involved. However, the generally low sulfate concen-
trations widely inferred for Proterozoic shallow seawater (Kah et al., 2004; Luo et al., 2015; Spear et al., 2014)
may not have produced sufficient H,S in sediment, and elevated CO, degassing could promote calcite dissolution
rather than precipitation. Shen et al. (2016) linked methanogenesis during widespread euxinic conditions to
CH, degassing and crack formation. This would require euxinic bottom water and an adequate sulfate reser-
voir. However, current assessments suggest that Proterozoic shallow seawater was characterized by low sulfate
concentrations (Kah et al., 2004; Luo et al., 2015; Spear et al., 2014), with ferruginous conditions predomi-
nant below a redoxcline (Planavsky et al., 2011; Poulton & Canfield, 2011). Furthermore, it is likely that at
least some MTS formed in oxygenated settings, for example, in the ~1.57 Ga Gaoyuzhuang Formation, North
China (Fang et al., 2022; Shang et al., 2019; K. Zhang et al., 2018). Volume reduction in clay mineral transfor-
mation induced by microbial dissimilatory iron reduction during early diagenesis could assist crack formation
(Hodgskiss et al., 2018). However, abundant clay minerals appear uncommon in most MTS host rocks (Bishop
et al., 2006; Saha et al., 2021).

Rapid filling by microspar is widely regarded as a key process in the preservation of MTS cracks. Dissolved
organic molecules, produced by organic matter decomposition, could have initiated MTS microspar precipitation
as the pore fluids mixed with supersaturated Proterozoic seawater (Pollock et al., 2006). Mixing of seawater
with porewater containing slightly elevated Ca?* concentrations may have induced carbonate nucleation, thereby
promoting subsequent crystal growth (Bishop et al., 2006). Alternatively, other studies suggest that this was likely
caused by increased alkalinity or pH in sediments during methanogenesis (Shen et al., 2016), dissimilatory iron
reduction (Hodgskiss et al., 2018), or CO, degassing (Saha et al., 2021). None of these mechanisms, however,
appears to be sufficiently time-limited to account for the observed mid-late Proterozoic distribution of MTS, or
for characteristic features of MTS formation such as the generation of cracks within unconsolidated sediment and
their rapid infilling with microspar prior to sediment compaction (Hodgskiss et al., 2018; Kuang & Hu, 2014).

In order to further elucidate the origin of MTS, we used multiple techniques to determine petrographic and
geochemical parameters, including I/(Ca + Mg) and carbon isotope values, associated with MTS from the
~1.57 Ga Gaoyuzhuang Formation in the Jixian area of North China (Figure 1). These results shed new light on
MTS genesis and its possible relationship with seawater redox variation in the early Mesoproterozoic.

2. Geological Setting

Proterozoic sediments are well-preserved at Jixian, ~100 km to the east of Beijing, China (Figure 1), in a sedimen-
tary succession up to ~9 km thick atop Archean—Paleoproterozoic crystalline basement (Tosti & Riding, 2017).
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Figure 1. Geological setting. (a) Simplified ~1.7 to 1.4 Ga paleogeographic map of the North China Platform (modified after H. Wang et al., 1985). (b) Simplified
geological map of the study area, and the locality of the studied section (modified from HBGMR, 1965).

The Early Mesoproterozoic Gaoyuzhuang Formation consists mainly of shallow marine carbonate, ranging from
deep shelf to supratidal (K. Zhang et al., 2018), and is traditionally sub-divided into four members (Figure 2).
Member 1 consists mainly of medium to thick-bedded dolostone with stromatolites and chert bands (Fang
et al., 2020; K. Zhang et al., 2018). Member Il is characterized by thin to medium-bedded Mn-rich muddy dolos-
tone and shale at the base, and medium to thick-bedded dolostone in the upper part, commonly with interference
ripple marks (Fang et al., 2020). Member III is dominated by medium to thick-bedded limestone and dolomitic
limestone, containing well-preserved MTS, stromatolites, and limestone concretions. Wave- or current-agitated
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Figure 2. Stratigraphic column of the Gaoyuzhuang Formation in the Jixian section with compiled §!3C (circles, K. Zhang et al., 2018; triangles, this study), I/
(Ca + Mg) ratios, Ce anomaly profile (K. Zhang et al., 2018), Mn/Sr ratios, Mg/Ca ratios, and 8'®0 measured in carbonate rocks. The lines through the data represent a

5-point running average.

sedimentary structures are occasionally observed in the upper part (Fang et al., 2020; K. Zhang et al., 2018).
Member IV comprises massive microbialites alternating with medium to thick-bedded dolostone (Mei, 2005;
Tang et al., 2016). Seafloor crystal fans composed of acicular aragonite are abundant in the lower part of this
member (Fang et al., 2022; Wu et al., 2021). U-Pb zircon dating of tuff beds in the lower and upper horizons of
Member III (Figure 2) yields ages of 1,577 + 12 Ma (Tian et al., 2015) and 1,560 + 5 Ma (H. Li et al., 2010),
respectively.

3. Samples and Methods

We collected 186 carbonate samples from throughout the Gaoyuzhuang Formation in the Jixian section
(40°092.09"N and 117°28'34.32"E). In addition, MTS samples (n = 25) from Member III, and crystal fans
(n = 44) and carbonate mud samples (z = 10) from Member IV were also collected for comparison. Petrography
and mineralogy of thin-sections of the samples containing MTS were analyzed using light microscopy and field
emission scanning electron microscopy with energy disperse spectroscopy (EDS; Tang et al., 2017). The miner-
alogy of the crack filling and matrix in MTS was further investigated using X-ray diffraction (XRD), following
the methods described in Tang et al. (2017).
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Iodine in carbonate samples was determined using MC-ICP-MS, whereas Ca, Mg, Al, Mn, and Sr were analyzed
using ICP-MS at the National Research Center for Geoanalysis, Beijing, following the method described in Shang
et al. (2019). The detection limit of iodine was on the order of 0.02 ppm. The analytical uncertainty of iodine
monitored by the standard GSR-12 and duplicate samples is <7%. The analytical uncertainties monitored by
JDo-1 were <3% for Mg and <2% for Ca.

A stepwise dissolution method was conducted using a 50-mg host rock sample as follows. Depending on Ca and
Mg content, 0.1% v/v nitric acid was added to the selected sample and its duplicate samples. Following 0.5-hr
digestion in an ultrasonic bath, the supernatant was transferred to fresh centrifuge tubes and diluted to ~1:6,000,
following the method described in Shang et al. (2019). Digestion and supernatant transfer were repeated 10 times,
and an extra step was followed to examine the residual carbonate. lodine concentration and Mg/Ca ratios from
each step (i.e., stepwise dissolution) were analyzed following the method described in Shang et al. (2019).

Carbonate carbon and oxygen isotopes were analyzed on a gas bench and isotope ratio mass spectrometer
(Delta-V Advantage) at Northwest University, in Xi'an, following the method described in P. Zhang et al. (2022).
Two standard samples were added every six sample-interval for monitoring and correction. Analytical precision
was better than +0.1%o for 8'3C and +0.2%o for 880 (VPDB), as monitored by IAEA CO, (8'°C = —5.8%;
830 = —22.7%0), GBW04405 (8'3C = —0.6%0; 8'30 = —8.5%0), and calcite (§'3C = —13.8%o; 8'30 = —27.7%o).

4. Results
4.1. Secular Variations

Based on carbonate I/(Ca + Mg) values (n = 166), the geochemical evolution of the Gaoyuzhuang Formation
in the Jixian section can be sub-divided into three successive stages that show significantly pulsed increase
(Figure 2, Table S1). In Stage I (Member I to upper Member II), the I/(Ca + Mg) values of most samples (19/24)
are lower than 0.5 pmol/mol. This level is suggested as a baseline for Proterozoic carbonate and was confirmed
by more than 95% of Proterozoic samples deposited in suboxic—anoxic settings (Hardisty et al., 2017; W. Lu
etal., 2017; Shang et al., 2019). The other 5 samples show higher I/(Ca + Mg) ratios, up to 2.4 pmol/mol, and are
from a Mn-rich layer in the basal Member II (Fang et al., 2020). In Stage II (uppermost Member II and Member
IIT), most samples (72/111) have I/(Ca + Mg) values above 0.5 pmol/mol, with a maximum up to 4.1 pmol/mol.
In Stage III (Member IV), all the samples have I/(Ca + Mg) values below 0.5 pmol/mol.

The short-lived pulse of increased I/(Ca + Mg) in Stage I is associated with a negative §'*C excursion down to
—5.0%0. However, this excursion was interpreted as the result of early diagenesis (Fang et al., 2020). The signifi-
cant increase of I/(Ca + Mg) observed in Stage Il is accompanied by §'*C values down to —2.3%o, which are also
recognized in many other sections across the Yanliao basin (Shang et al., 2019; K. Zhang et al., 2018).

Mg/Ca molar ratios are low (average 0.61 mol/mol, n = 111) in Stage II, and higher in Stage I (average 1.04 mol/
mol, n = 24) and Stage III (average 0.80 mol/mol, n = 31). No obvious co-variation is observed between I/
(Ca + Mg) and Mg/Ca (Figure 3a). Mn/Sr ratios are very high in Stage I, the Mn-rich interval in Member II
(average 358.7, n = 30), but generally lower in Stage II (average 5.6, n = 115) and Stage III (average 0.7, n = 31;
Figure 2, Table S1). Measured 8'80 values from this formation are commonly higher than —10%.. Furthermore,
I/(Ca + Mg) ratios do not obviously covary either with §'80, or with Sr and Al (Figures 3b-3d).

4.2. Micro-Fabric Features of MTS

In plan view on bedding surfaces, MTS occurs as irregular microspar-filled ribbon-like voids, several mm to tens
of cm in size, with pointed terminations (Figures 4a and 4b). In vertical profile, they display ptygmatically folded
ribbon-like shapes, vertical or variably oblique to bedding. Two shapes are common: (a) blunt top with sharply
pointed base; and (b) sharply pointed top and base (Figure 4c). It is possible that some of the pointed tops are
not true terminations, but reflect irregular cracks that continue upward beyond the plane of section. Microspar
ribbons often show somewhat rigid fractures (Figure 4d), and are associated with depressions in the associated
laminated sediment (Figures 4e and 4f). The cracks are filled with microspar calcite crystals, typically 10-20 pm
in size (Figure 4g). The host rock is composed mainly of fine-grained partially dolomitized carbonate mud with
moderate silicification, as shown by XRD analysis (Figure 5a). The dolomite grains often have a low-Fe center
and relatively high-Fe boundary as indicated by EDS (Figure 5b, Table S2). Consistent with the geochemical data
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Figure 3. Measured I/(Ca + Mg) values for samples from the Gaoyuzhuang Formation are plotted for Stages I-III (see main text for discussion). The I/(Ca + Mg)
values do not show obvious correlations with (a) Mg/Ca, (b) 8'30, (c) Mn/Sr, or (d) Al for Stages II and III. Only the Stage I I/(Ca + Mg) data show moderate
correlation with Sr, followed by Mg/Ca and §'%0.

(Figure 5), backscatter electron and cathodoluminescence images show that the calcite crystals in both crack and
host rock are non-luminescent, indicative of negligible Fe or Mn incorporation, whereas the dolomite in the host
rock has dull-luminescence, indicating some Fe or Mn incorporation (Figure 6).

Average 1/(Ca + Mg) values in the host rock of MTS are significantly higher than 0.5 pmol/mol (0.95 + 0.46,
n = 25), whereas those in the microspar are typically less than 0.5 pmol/mol but higher than 0 pmol/mol
(0.10 + 0.17, n = 25; Figure 5c, Table S3). Stepwise dissolution of the host rock shows high I/(Ca + Mg) values
(average 4.27 pmol/mol, n = 3) at low Mg/Ca ratios (calcite, average 0.30 mol/mol, n = 3), and relatively low
I/(Ca + Mg) values (dolomite, average 1.60 pmol/mol, n = 3) at high Mg/Ca ratios (average 0.94 mol/mol, n = 3)
(Figures 5d and Se, Table S4). Average §'C values of the crack filling microspars (+0.4 + 0.4%0, n = 25) are
systematically heavier than those in the neighboring host rock (—0.2 + 0.2%0, n = 25; Figure 5f, Table S3). §!80
and 8'3C values are not correlated in cross-plots (Figure 7a). I/(Ca + Mg) ratios in the carbonate do not covary
with Mg/Ca, 8'30, Mn/Sr, or Al, but are positively correlated with iodine content (Figures 7b-7f).

4.3. Water-Column Whitings and Seafloor Precipitation

Seafloor precipitated aragonite crystal fans and interbedded carbonate muds co-occur in the lower part of Member
IV (Figure 2; Fang et al., 2022). These contrasting fabrics provide a window into the origin of the carbonate mud.
The crystal fan-bearing interval can be up to 10 m in thickness. Crystal fans commonly appear as compressed
discs and are occasionally interrupted by centimeter to decimeter thick carbonate mud layers (Figures 3a and 3b
in Fang et al., 2022) that show variable thickness laterally (Figure 3a in Fang et al., 2022). The crystal fans are up
to 20 cm in diameter and have long axes up to 10 cm in length (Figures 3c, 3d and 4 in Fang et al., 2022). They
are all now calcite but consist of radiating fibers with square terminations typical of aragonite (Figures 3c, 3d, 4
and Sa in Fang et al., 2022) rather than gypsum or calcite. Individual crystals in the fans commonly are ~1 mm in
width, and increase slightly in width from bottom to top (Figures 5a and 5b in Fang et al., 2022). Layers adjacent
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Figure 4. Macroscopic and microscopic features of the Gaoyuzhuang molar tooth structure (MTS). (a and b) Plan views of MTS, the small black circles are chert
nodules; (c—e) vertical views of MTS, showing two morphologic types: MTS with both sharp top and base (red arrows) and MTS with blunt top and sharp base (yellow
arrows). (d) Arrow indicates partially rigid fractures. (¢) Arrow indicates downward bending lamination near the crack base. (f) Detail showing microspar filled
ptygmatic cracks. (g) High magnification image showing 10-20 pm microspar grains.

to the crystal fans typically are composed of ~20 pm sized calcite grains (Figure 5c in Fang et al., 2022), which
are interpreted to have precipitated from water column as small “whiting” crystals (see discussion in Section 5.3).

The crystal fans have relatively high Sr concentration, ranging from 51 to 2,021 ppm (average 679, n = 42;
Table S5), consistent with primary aragonite mineralogy. 8'3C values of the crystal fans average —0.4%o + 0.2%o
(n=44; Figure 8a, Table S5), and generally lower than the adjacent carbonate mud layers (average +0.2%o + 0.6%o;
n=10; Figure 8a, Table S5). Average 8'80 values of the crystal fans and carbonate mud layers are —8.0%o + 0.6%o
(n = 44; Table S5) and —7.8%0 + 0.5%o (n = 10; Table S5), respectively, and show no obvious correlation with
813C (Figure 8b).
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Figure 5. Mineralogy and geochemical compositions of the Gaoyuzhuang molar tooth structure (MTS). (a) X-ray diffraction analysis results for microspar and host
matrix in MTS, showing that MTS microspar is “pure” calcite, whereas the MTS matrix experienced dolomitization and silicification. (b) Quantitative energy disperse
spectroscopy analysis results for microspar and host rock (the relative uncertainty is <+3%). (c) I/(Ca + Mg) of microspar and host rock (error <+8%). (d) Results of
stepwise dissolution of MTS host rock, showing that Mg/Ca molar ratios increase with dissolution. Three parallel experiments are shown as A, B, and C. (e) Correlation
of I/(Ca + Mg) and Mg/Ca, showing high I/(Ca + Mg) values in calcite and relatively low I/(Ca + Mg) in dolomite. Replicate experiments are shown as A, B, and C. (f)
8'3C of microspar and host rock (error <+0.1%o).

5. Discussion
5.1. Variation in Redox Conditions

I/(Ca + Mg) ratio in carbonate is considered a significant proxy for seawater redox conditions and has been
widely applied in studies of ancient carbonate rocks younger than ~2.5 Ga (Hardisty et al., 2014, 2017; Z. Lu
et al., 2010; W. Lu et al., 2018; Shang et al., 2019). Since metamorphism and diagenetic alteration can affect
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Figure 6. Microscopic features of Gaoyuzhuang molar tooth structure (MTS). (a) High magnification backscatter electron (BSE) image, showing calcite microspar
10-20 pm in size. (b) Cathodoluminescence (CL) image of the same area as panel a, showing non-luminescence of calcite. (c) Carbonate mud in MTS-host rock.
(d) BSE image showing areas of calcite (Cal) muds in dolomite (Dol) matrix. (¢) CL image of the same area as panel (d), showing non-luminescence of calcite and
dull-luminescence dolomite. (f) BSE image showing a dolomite grain with a dark nucleus and relatively light rim. (g) Energy disperse spectroscopy (EDS) analysis
result of calcite in panels (a and d). (h) EDS analysis result of the center and margin of the dolomite in panel (f), showing some Fe and Mn in the margin.
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Figure 7. Geochemical analysis data for

of (b) Mg/Ca, (c) 8'%0, (d) Mn/Sr, (e) Al,

I/(Ca + Mg) and I is observed.

Gaoyuzhuang molar tooth structure (MTS). (a) §'0 versus §'*C of MTS microspar and host rock. I/(Ca + Mg) as a function
and (f) I. No obvious correlations exist in panel (a) through panel (e), except for panel (f) where positive correlation between

1/(Ca + Mg) ratios in carbonate rocks (e.g., Hardisty et al., 2014, 2017; Z. Lu et al., 2010; W. Lu et al., 2018;
Shang et al., 2019), the degree of alteration should be evaluated before applying I/(Ca + Mg) to redox condition
analysis. In the Jixian section, the metamorphic grade of the Gaoyuzhuang Formation is low, generally below
prehnite-pumpellyite facies (Chu et al., 2007; C. Li et al., 2003). Calcite crystals in the host rocks of MTS gener-
ally are small (~10 pm), lack obvious secondary overgrowth, and show non- to dull-luminescence (Figure 6),
suggesting insignificant recrystallization. Meteoric diagenesis could significantly lower §'80 values (Halverson
et al., 2007) and commonly decreases Sr, but can increase Mn content in carbonate rocks (Brand & Veizer, 1980).
In our case, most of the samples have >—10%0 8'30 values and low Mn/Sr ratios (<~2-3), indicative of weak
meteoric alteration (Kaufman & Knoll, 1995). Although the Mn-rich interval in the lower Member II has a high
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Figure 8. (a) 8'3C values of seafloor aragonite crystal fans and calcite
carbonate muds from a 10 m thick interval from the base of Member IV of the
Gaoyuzhuang Formation. (b) Plot of aragonite and calcite §'%0 versus §'°C

values in panel (a).

Mn/Sr ratio, this has been attributed to pulsed increase in oxygen, rather than
to diagenesis (Fang et al., 2020). Furthermore, the I/(Ca + Mg) ratios do not
show obvious correlation with Mg/Ca, 8'30, and Sr or Al (Figure 3), suggest-
ing that I/(Ca + Mg) ratios in the carbonate mainly reflect iodine content in
seawater rather than either dolomitization, diagenetic processes, or the pres-
ence of terrestrial clay (cf. Hardisty et al., 2017; Worndle et al., 2019).

Iodine can exist as iodide (I7) and iodate (I0,~) in seawater, and only iodate
is incorporated into the carbonate lattice, whereas iodide is excluded (Feng
& Redfern, 2018; Z. Lu et al., 2010, 2016). Studies of modern ocean oxygen
minimum zones indicate that oxidized iodate species are stable only in
oxic surface water, and will be reduced to iodide in oxygen-depleted condi-
tions (Emerson et al., 1979; Luther & Campbell, 1991). Furthermore, since
diagenetic fluids commonly have low iodate concentrations, early diagene-
sis and late-stage alteration would decrease rather than increase the iodate
concentration in carbonate (Hardisty et al., 2017; Z. Lu et al., 2010; Worndle
et al., 2019). It follows that high I/(Ca + Mg) ratio generally indicates a high
oxygen concentration in seawater (Z. Lu et al., 2010). Our I/(Ca + Mg) data
show a marked increase from <0.5 pmol/mol in Stage I to 4.1 pmol/mol in
middle Stage II, followed by an abrupt fall in Stage III, suggestive of pulsed
oxygenation during Stage II (Figure 2). This is supported by associated
negative Ce anomalies in Stage II (Ce/Ce* = ~0.8; K. Zhang et al., 2018),
implying that Gaoyuzhuang MTS mainly formed during enhanced oxygen-
ation. Recognition of oxygenation in stage II and deoxygenation in stage
IIT is also supported by the mineralogical transformation reflected in the
contrast between water-column precipitated calcitic mud and seafloor precip-
itated aragonite crystal fan, modulated by the absence or presence of Fe(II)
and Mn(Il) that can influence carbonate precipitation in seawater (Fang
et al., 2022).

Compilation of available carbonate I/(Ca + Mg) data and comparison of
iodine cycling in modern oceans show that this proxy can be used to further
constrain seawater oxygen concentrations semi-quantitatively (Hardisty
et al., 2017; Shang et al., 2019). Non-zero I/(Ca + Mg) values could indi-
cate the presence of iodate in seawater and oxygen concentrations higher
than 1-3 pM (Hardisty et al., 2014, 2017). In our case, most samples (50/55)
from Stage I and Stage III have I/(Ca + Mg) values lower than the Prote-
rozoic baseline (0.5 pmol/mol; W. Lu et al., 2017; Shang et al., 2019) but
higher than zero, suggesting that during Stages I and III carbonate rocks
were deposited under weakly oxygenated (suboxic—anoxic) conditions,
with oxygen concentrations higher than 1-3 pM but less than 10 pM (cf.
A. Liu et al., 2020; Reinhard et al., 2016; Wei et al., 2021). According to
studies of modern anoxic basins (Hardisty et al., 2017; Z. Lu et al., 2016),
I/(Ca + Mg) > 2.6 pmol/mol may be used as an indicator of water column
oxygen concentration >20-70 pM (Hardisty et al., 2017; Shang et al., 2019).

If the Mesoproterozoic ocean experienced similar iodine cycling to that of the modern ocean, then the observed

increase of I/(Ca + Mg) to 4.1 pmol/mol in Stage II (Figure 2) may possibly indicate oxygen concentrations

>20-70 puM (cf. Z. Lu et al., 2016).

5.2. Redox Conditions of Seafloor and Porewater

In addition to carbonate mud precipitated from the water-column, euhedral dolomite crystals that precipitated
from porewater are also present in the MTS matrix, providing an opportunity to assess seafloor redox conditions.
Dolomite crystals in MTS matrix appear to have been formed during early diagenesis, since they occur as matrix
supporting whiting calcite mud. Microscopic observations reveal rim-core structure in the dolomite euhedral
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crystals, with relatively enriched Fe and Mn in the rims (Figures 6f and 6h). This could suggest that the dolomite
crystals were secondarily enlarged by porewater in a Mn-Fe reduction zone during early diagenesis. If so, the
dolomite matrix has the potential to reflect the redox conditions in the seafloor porewater.

Stepwise dissolution of the MTS matrix shows that, during this process, the dolomite endmember is commonly
dissolved later than the calcite (Figure 5d). I/(Ca + Mg) in the dolomite (Mg/Ca molar ratio = 1) is ~1.6 pmol/
mol; significantly lower than that of the calcite (~4.3 pmol/mol) but higher than zero (Figure 5e). We therefore
infer that the dolomite formed in suboxic shallow porewater, whereas the carbonate mud likely precipitated in
the water-column under oxic conditions. It should be noted that dolomitization commonly causes decrease in I/
(Ca + Mg) (Worndle et al., 2019), therefore the dolomite likely formed in more oxygenated conditions than the
present-day conserved estimation.

Partially rigid fractures in the MTS cracks, and the downward bending laminae beneath them, indicate that the
voids formed after deposition of the matrix, but prior to subsequent filling by microspar precipitation (Figures 4d
and 4e). The low I/(Ca + Mg) values (~0.1 pmol/mol) of the calcite microspar in the MTS voids are unlikely to
have been produced by intense diagenetic alteration, since the calcite carbonate mud in the matrix has very high
I/(Ca + Mg) (Figure 5e). Thus, the low I/(Ca + Mg) values of the MTS microspar suggest that the crack fills
precipitated under suboxic ambient conditions. We therefore infer that the MTS formed during early diagenesis
and that the void-filling microspar likely formed when deep porewater mixed with oxic-suboxic bottom seawater.
Since this was a rapid process, iodide would not have been oxidized to iodate and incorporated into the microspar
(cf. Luther et al., 1995), resulting in low I/(Ca + Mg) ratios in MTS microspar.

5.3. Origin of Carbonate Mud Matrix

The presence of soft unconsolidated carbonate mud was a prerequisite for MTS formation, since it provided
the matrix that was subsequently prone to synsedimentary cracking (Riding, 2006). In our samples, unaltered
calcite mud is preserved as areas ~5-20 pm in size surrounded by dolomite matrix (Figure 6d). A plausible
origin for abundant Mesoproterozoic carbonate mud is precipitation stimulated by cyanobacterial photosynthesis
(Riding, 2006). Origins of present-day abundant carbonate mud include (a) disintegration of tropical calcified
green algae such as Penicillus (Lowenstam & Epstein, 1957), (b) water column “whitings” driven by cyanobacte-
rial photosynthetic bicarbonate uptake (Thompson & Ferris, 1990), and/or (c¢) inorganic precipitation (Milliman
et al., 1993). It can be hypothesized that, in the Precambrian, heterogeneous nucleation of carbonate mud in
the water column might occur without photosynthetic stimulation during time intervals and/or in locations of
elevated marine saturation for CaCO, minerals (Grotzinger, 1989; Knoll & Swett, 1990). These conditions could
also be expected to favor the precipitation of seafloor crusts. Current evidence and estimates suggest that multi-
cellular green algae did not emerge until ~1 Ga (Tang et al., 2020). Based on this information, and assuming
that green algae may not have been present ~1,500 Ma, we suggest that the origin of the abundant fine-grained
carbonate sediment observed in our samples was likely due to heterogeneous nucleation of carbonate in the
water-column, promoted by elevated saturation levels and/or a photosynthetic stimulus, as suggested previously
(Riding, 2006; Tosti & Riding, 2017).

Previous studies have suggested that Precambrian abundance of water-column precipitated carbonate mud
increased with shallow seawater oxygenation (Sumner & Grotzinger, 1996). This trend of secular increase
could be ascribed to the increase in oxygenation of seawater and decrease in atmospheric CO, levels (e.g., Fang
et al., 2022; Riding, 2006; Tosti & Riding, 2017; Wu et al., 2021). Laboratory experiments suggest that under
anoxic conditions, carbonate precipitation inhibitors (such as 0.02 pM Fe?* and 3 pM Mn?*) can lower the
rates of crystal nuclei formation and crystallization, leading to kinetic maintenance of supersaturated solutions
(Meyer, 1984). It was also suggested that this effect could hinder micritic carbonate precipitation in the water
column but permit aragonite growth of seafloor crystal fans (Sumner & Grotzinger, 1996). It therefore follows
that oxidative removal of Fe>* and Mn?* from the water column could promote the formation of carbonate mud
under conditions of elevated carbonate-saturation. Coeval decrease in atmospheric CO, levels could also have
played a significant role. Cyanobacterial calcification could suggest Late Mesoproterozoic CO, concentrations
<~12 x preindustrial atmospheric levels (Kah & Riding, 2007; Riding, 2006). Under these conditions, cyano-
bacteria are likely to utilize bicarbonate (HCO3) as an additional carbon source (Riding, 2006). During this
process, transformation of absorbed HCO; to CO, would release OH™, leading to localized relatively high pH
conditions that could promote nucleation and growth of CaCO; on and around the cyanobacterial cell (Kah &
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Riding, 2007; Riding, 2006). As a result, blooms of picoplanktic cyanobacteria in shallow water could result in
rapid precipitation of fine-grained carbonate (“whitings”) in the water column leading to copious accumulation
of fine-grained carbonate sediment (Riding, 2006; Tosti & Riding, 2017).

Differences in inorganic carbon isotope values between the crystal fans and interbedded carbonate mud layers
provide further evidence for cyanobacterial involvement in the carbonate mud precipitation. Our data show an
average 8'3C of +0.2%0 + 0.6%0 (n = 10) in the carbonate mud and —0.4%o0 + 0.2%0 (n = 44) in the crystal
fans throughout a ~10 m thick interval at the base of Member IV of the Gaoyuzhuang Formation (Figure 8).
Assuming that the aragonite crystal fans precipitated abiotically on the seafloor, as in the Archean (Sumner &
Grotzinger, 1996), variations in seawater carbon isotopes can be inferred. Using the constant fractionation of
~+2.7%¢ + 0.6%0 between aragonite crystal fan and bicarbonate in seawater (Romanek et al., 1992), the §'*C
of bicarbonate in seawater (DIC,,,...) in this study would be ~—3.1%o. Since the transformation of aragonite to
calcite commonly occurs in a closed diagenetic system at relatively elevated temperature and pressure, the effect
of transformation on the carbon isotope value would be negligible (cf. Swart, 2008). In contrast, based on the
fractionation constant (+1.0%0 + 0.2%0) between calcite and bicarbonate (Romanek et al., 1992), the §'3C of
DIC for the formation of carbonate mud should be ~—0.8%o, which is higher than that of DIC_,, .., (~—3.1%o)
by ~+2.3%o. This could be caused by the surface-to-deep ocean 8'*C gradient (cf. Jiang et al., 2007), and/or
by cyanobacterial mediation (cf. Pentecost & Spiro, 1990; Thompson et al., 1997). The stable composition of
carbonate carbon isotopes during the early Mesoproterozoic suggests a relatively large marine DIC with small
surface-to-deep water §'3C gradient (cf. Bartley & Kah, 2004). Therefore, the observed changes in our samples
could possibly reflect the preferential uptake of light carbon in photosynthesis, thereby leaving heavier carbon
in the micro-environment surrounding the picoplanktic cyanobacteria (Pentecost & Spiro, 1990; Thompson
et al., 1997).

Oxygenation of bottom water could be conducive to the maintenance of unconsolidated sediment during early
diagenesis (cf. Higgins et al., 2009), whereas anoxic degradation of settling organic matter by anaerobes could
increase pH in porewater, promoting early cementation. Thus, suboxic to oxic conditions could favor soft
substrate and retard early lithification, facilitating crack formation in MTS. We therefore infer that in the pres-
ence of dissolved O,, aerobic degradation of settling organic matter (O, + CH,0 — CO, + H,0 & HCO,~ + H")
may have produced net acidity, thereby decreasing pH in seafloor porewaters and slowing sediment cementation
(Figure 9). The low organic content in the MTS-hosting carbonate would favor the maintenance of suboxic
porewater conditions. In contrast, a high concentration of organic matter would rapidly exhaust oxygen in pore-
water and result in transition from aerobic respiration to anaerobic respiration, and thus early cementation. The
conclusion that this scenario would not facilitate MTS crack formation is supported by studies of the relatively
organic-rich Gaoyuzhuang Formation, where MTS is absent (e.g., Yanqing section) (Shang et al., 2019; Tang
et al., 2022).

5.4. Origin of MTS Crack and Microspar Filling

Ocean chemistry-related gas bubbling provides a feasible mechanism for MTS crack formation. It is unlikely
that the cracks resulted from H,S degassing, since SOi‘ concentrations appear to have been too low in Meso-
proterozoic seawater to allow bacterial sulfate reduction to generate sufficient H,S (Fakhraee et al., 2019; Kah
et al., 2004; Luo et al., 2015). The scarcity of authigenic pyrite in the Gaoyuzhuang Formation could further
support this interpretation (Shang et al., 2019; Z. Wang et al., 2020). In addition, Gaoyuzhuang MTS formed in
an oxygenated setting (Figure 2; Shang et al., 2019; K. Zhang et al., 2018). CO,-degrassing also seems unlikely,
since bacterial fermentation tends to decrease pH, hindering calcite formation. The MTS cracks are more likely
to have been produced by microbial CH, generation and degassing (cf. Shen et al., 2016; Figure 9b). In modern
oceans, CH, generated during early diagenesis would largely be consumed through anaerobic oxidation of
methane via reaction: CH, + SO}~ — HS~ + HCO; + H,0O, thereby limiting CH, accumulation in sediment
(Knittel & Boetius, 2009). In contrast, in the Early Mesoproterozoic ocean, the reconstructed seawater sulfate
concentrations were very low (<2 mM), based on multiple sulfur isotope compositions analyzed for paired
carbonate-associated sulfate and disseminated pyrite (Luo et al., 2015). Modeling based on mass balance and
diagenetic reaction-transport calculations also suggests <0.4 mM sulfate concentration (Fakhraee et al., 2019).
These low sulfate concentrations, compared with 28 mM in the modern oceans, make methane accumulation in
the sediment feasible.
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Figure 9. Three-step model of Gaoyuzhuang molar tooth structure (MTS) formation: carbonate mud precipitation, MTS crack formation, crack-filling by microspar.
(a) Photosynthetic uptake of bicarbonate by picoplanktic cyanobacteria promoted water column “whiting” nucleation of CaCO,. Simultaneously, oxygenation removed
dissolved Fe** and Mn?* inhibitors of calcite precipitation. As a result, “whiting” mud, rich in organic matter, accumulated. (b) Methane, produced by methanogens
processing the organic-rich carbonate mud, created MTS cracks in soft but sufficiently cohesive sediment. The sinuous crack morphology could reflect early
compaction following precipitation of MTS microspar. (¢) Mixing of alkaline, Fe** and Mn?* rich pore fluids with moderately oxygenated seawater and porewater,
resulted in removal of Fe** and Mn>* from water within the MTS crack, triggering calcite microspar precipitation that filled the crack, thereby preserving the MTS.

Methanogenesis was suggested as a key mechanism for the generation of MTS (Furniss et al., 1998; Shen
et al., 2016). This model invokes microspar enriched in §'C by 0.5%0—1.0%o relative to the host rock as evidence
for methanogenesis. However, in many cases there appears to be no clear difference in carbon isotope composition
between MTS microspar and the host sediment (Hodgskiss et al., 2018). This discrepancy might be resolved if the
8'3C value of the carbonate mud in MTS-hosting carbonate rocks were higher than the equilibrium value between
calcite and seawater (by ~+2.3%0) due to cyanobacterial photosynthesis in the water column (cf. Pentecost &
Spiro, 1990; Thompson et al., 1997). In our samples, MTS crack-filling microspar has an average 8'3C value of
+0.4%0 + 0.4%o, implying that the porewater (DIC, e
value of ~—0.6%o, calculated with a constant fractionation of ~1.0%0 between calcite and bicarbonate in water
(Romanek et al., 1992). The carbon isotope of the MTS host rock (carbonate mud) is —0.2%0 + 0.2%o, and that
of ambient seawater where the carbonate mud precipitated should therefore have been ~—1.2%o. Since photosyn-

) from which the microspar precipitated had a §'3C

thesis can increase the §'3C value of DIC surrounding picoplanktic cyanobacteria by ~+2.3%o (e.g., Pentecost
& Spiro, 1990; Thompson et al., 1997), we further infer that the §'°C value of the seawater could have been
~=3.5%o in the MTS-bearing interval. The positive shift in §'*C values from —3.5%o in seawater to —0.6%o in
porewater could be consistent with methanogenesis occurring in the porewater (cf. Shen et al., 2016). It has been
suggested that §'3C in the bicarbonate (HCO;) generated by methanogenesis is ~—60%o (Summons et al., 1998).
If the CH,-derived bicarbonate was fully utilized in the formation of microspar, it would only account for ~5%
of the microspar formation observed in this study. The relatively low contribution of methanogenesis-derived
bicarbonate to microspar precipitation may therefore imply that bottom seawater DIC was significantly (95%)
involved in the formation of the microspar.

Early and rapid crack-filling by microspar was critical for MTS preservation. It is possible that the crack-fillings
precipitated neither from the water column nor from the host sediment porewater, but formed simultaneously
with crack formation through mixing of deep porewater with moderately oxygenated bottom water or shallow
porewater (Figure 9c¢). In these circumstances, cracking itself could be the trigger for rapid microspar precipi-
tation, and this is consistent with relatively high I/(Ca + Mg) values (Figures 2 and 5e). We therefore propose
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the following series of events and conditions during MTS formation in our samples (Figure 9). (a) Planktic
cyanobacteria promoted the precipitation of carbonate mud that settled from the water column, seawater oxygen-
ation resulted in the removal of Fe?* and Mn?* from the water column, and the accumulation of Fe(III)- and
Mn(IV)-hydroxides on the seafloor (Figure 9a). (b) Anaerobic reduction during early burial generated CH, gas
that created irregular cracks, together with porewater rich in Fe>* and Mn?* that slowed cementation, although
porewater alkalinity and pH could also have been increased by dissimilatory iron and manganese reduction and
methanogenesis (Hodgskiss et al., 2018; A. Liu et al., 2019; Shen et al., 2016). This inference is supported by
the relatively high Fe(II) and Mn(II) contents of the diagenetic dolomite (Figure 6h). We found no evidence for
significant sulfate-fueled anaerobic oxidation of methane in the sediment. Due to the low sulfate concentrations
(Fakhraee et al., 2019; Luo et al., 2015), pyrite grains were rare, and the positive 8'3C values of MTS microspar
are consistent with methanogenesis followed by CH, degassing (Figure 9b). (¢) Porewater rich in Fe** and Mn?*
initially inhibited synsedimentary cementation. However, rapid microspar precipitation within MTS was permit-
ted as cracking exposed these inhibitors to oxidative removal through contact with oxygenated shallow porewater
or bottom seawater (Figure 9c), as indicated by low Fe and Mn concentration in MTS microspar (Figure 5b).

6. Overview and Implications

Well-developed MTS in the Early Mesoproterozoic Gaoyuzhuang Formation is associated with an oxygena-
tion event supported by high I/(Ca + Mg) ratios and negative Ce anomalies. Oxygenated seawater could have
promoted carbonate mud precipitation due to the decrease of carbonate inhibitor ions (Fe?* and Mn?*) in the
seawater column. This process also slowed seafloor cementation due to the low pH produced by aerobic oxidation
of settling organic matter. Systematically higher carbon isotope values in the MTS microspar crystals relative
to the host rock indicate that CH, degassing could have created the MTS cracks. The presence of Fe* in the
ferruginous porewaters maintained high CaCO, saturation until its removal by mixing with moderately oxygen-
ated seawater. This process likely triggered rapid microspar precipitation within the MTS cracks. The relative
scarcity of MTS prior to ~1.2 Ga (Kriscautzky et al., 2022; Kuang & Hu, 2014) could therefore correspond with
low atmospheric oxygen levels and widespread ocean anoxia (e.g., Cole et al., 2016; X. M. Liu et al., 2021; W.
Lu et al., 2018; Lyons et al., 2021; Planavsky et al., 2014; C. Wang et al., 2022). In this view, the occurrence of
well-developed MTS in the Gaoyuzhuang Formation may have reflected an episode of increased oxygenation
in an otherwise generally anoxic ocean. This explanation could be consistent with identification of Neoarchean
MTS (Monteville Formation, Transvaal Supergroup, South Africa; Bishop et al., 2006) in oxygenated setting (cf.
Czaja et al., 2012; Wille et al., 2007).

This connection between marine oxygenation and MTS formation suggests MTS as a sedimentary redox
proxy. However, in addition to moderately oxygenated seawater, other factors that influence methane gas
production, crack formation, and microspar filling are also required for the formation of MTS. For example,
too much organic matter would result in a rapid deoxygenation in porewater, and anaerobic degradation of
organic matter would lead to increase in pH and alkalinity and, therefore, early seafloor cementation that
would inhibit crack formation. The activity of currents in shallow seawater may be important for triggering
the MTS crack formation where the cracks were gas-filled and overlain by carbonate mud. An increase in
calcite carbonate saturation in shallow seawater through stronger evaporation than that in relatively deep
seawater would probably favor rapid filling of MTS cracks. Consequently, the occurrence of MTS was often
limited even during intervals of seawater oxygenation. The gradual decline and disappearance of MTS after
~750 Ma may reflect secular decrease in carbonate saturation (Pollock et al., 2006), or increase of bioturba-
tion in Phanerozoic (Frank & Lyons, 1998). Further research is required to elucidate these possibilities and
uncertainties.

Data Availability Statement

All geochemical data for this research are available in Supporting Information S1 and at https://data.mendeley.
com/datasets/dh67z28gv7/1.
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