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Abstract
The mid-Proterozoic (~1.8—0.8 Ga) shallow ocean was dominantly anoxic and ferruginous, and has

long been considered to have been redox-stable (the so-called “Boring Billion™), but recently recognized
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million-year-scale redox variability raises the question of whether even higher-frequency fluctuations
occurred. Decadal-scale solar cycles drive climate variability, yet their influence on iron cycling and
associated redox dynamics in mid-Proterozoic shallow marine settings remains unexplored. Here, we
report sunspot cycles recorded in ~1.3 Ga marine red beds of the Luanshigou Formation, South China.
The studied carbonate laminites consist of alternating coarse, hematite-poor intraclastic laminae, and fine,
hematite-rich microbial mat laminae, reflecting seasonal fluctuations in hydrodynamic energy and redox
conditions driven by wet—dry seasonal variability. The preservation of tufted microbial mats indicative
of months-long growth supports an annual origin for each couplet. Long-term sedimentation rates
(~14.3-34.9 um/yr) are lower than the annual rate inferred from mean couplet thickness (~206 pm/yr),
consistent with accumulation-rate underestimation over longer, incomplete stratigraphic records.
Spectral analysis of laminite thickness, grayscale and geochemical data (Al, Fe/Al, P/Al) reveals
periodicities of 11-yr Schwabe, 22-yr Hale, 35-yr Briickner and 70-90-yr Gleissberg cycles. We thus
propose that in anoxic and ferruginous shallow marine settings of the mid-Proterozoic, sunspot activity
modulated climate and thereby the development of microbial mats. This, in turn, formed localized oxygen
oases that mediated Fe(I) oxidation and drove substantial short-term redox variability, indicating
pervasive dynamic fluctuations across decadal to million-year timescales and further challenging the

traditional “Boring Billion” paradigm.

Key words: red laminated carbonate; redox conditions; iron oxidation; microbial mats; authigenic

hematite

1. Introduction

Understanding the drivers of climatic and environmental variability across different timescales is
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central to reconstructing Earth’s surface evolution. The Sun modulates its irradiance and solar wind, thus
impacting Earth’s atmospheric circulation and magnetic field, as well as playing a pivotal role in climate
dynamics (Gray et al., 2010; Ma et al., 2022). Solar cycles include the 11-year Schwabe, 22-year Hale,
70-t0-90-year Gleissberg, and 210-year Suess cycles (Usoskin, 2017). On Earth, these cycles are
recorded in both lacustrine and marine sediments deposited since the Paleoproterozoic (Table S1). For
example, power spectrum analyses of carbonate laminites from the early Mesoproterozoic Wumishan
Formation (~1.5-1.45 Ga) of North China have revealed two stable periodicities consistent with the
Schwabe and Hale sunspot cycles, suggesting that sunspot activity exerted influences on microbial
growth and primary production through modulating illumination, precipitation and temperature (Tang et
al., 2014). Thickness variations of aeolian sediment laminae in a Holocene glacial lake, exhibiting 22, 40
to 50, and 200-year cycles, point to the influence of short-term solar activity on surface wind intensity
and aeolian clay input (Anderson, 1992). Present-day variability in sunspot-related solar output induces
climate change in a variety of ways. For instance, the late 17" century “Little Ice Age” has been attributed
to the Maunder Minimum, a nearly 45-year period of minimal sunspot activity (Gray et al., 2010).
Evidence suggests that solar activity has influenced Earth’s climate and environmental conditions
significantly since the early Paleoproterozoic (Andrews et al., 2010; Ding et al., 2022). Most studies,
however, have focused on the Phanerozoic, which is generally characterized by higher oxygen
concentrations and lower dissolved Fe(II) in the oceans (Table S1; Mills et al., 2023). By contrast, anoxic
and ferruginous oceans dominated in the Precambrian (Poulton and Canfield, 2011), resulting in intervals
of widespread formation of marine red beds (Holland, 1984; Tang et al., 2020) and iron formations
(Bekker et al., 2014). The formation of these deposits was likely closely linked to climate and associated
redox variability, making them ideal sedimentary archives for identifying short-period climatic variations.

One study suggests that the ~2 pm-scale laminites that occur in the ~2 Ga banded iron formations of the
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Weeli Wolli Formation record a 23.3-year cyclicity, potentially linked to environmental changes driven
by the Hale cycle (Trendall, 1973). Another study identified an ~80-year Gleissberg cycle in ~2.47
billion-year-old pm-scale banded iron formations, potentially resulting from the precipitation of iron
(oxyhydr)oxides regulated by marine primary productivity (Ding et al., 2022).

The mid-Proterozoic shallow ocean has long been considered persistently low in oxygen and
relatively stable (the “Boring Billion; Planavsky et al., 2014). By contrast, recent studies have
documented pulsed oxygenation on million-year timescales (Hardisty et al., 2017; Shang et al., 2019), as
well as ~10-kyr redox oscillations (Song et al., 2023). However, the influence of short-period solar cycles
on shallow-marine iron cycling and redox dynamics during this interval remains unknown, particularly
on decadal timescales.

Here, we analyze well-preserved iron-rich carbonate laminites from the ~1.3 Ga Luanshigou
Formation in the Shennongjia area of South China, which were deposited in a broadly anoxic, ferruginous
shallow-marine environment. Our approach combines sedimentological, mineralogical, geochemical and
time series analysis. These results provide new constraints on solar-scale modulation of shallow-water
Fe cycling, thereby offering new insight into the drivers of short-term redox fluctuations in shallow mid-

Proterozoic seawater.

2. Geological setting

The study area is located in the Shennongjia Forestry District in northwestern Hubei Province,
within the northern Yangtze sub-block (Figure 1a—b; Liu et al., 2024). The Yangtze Craton was formed
by the collision and amalgamation of several microcontinents during the Paleoproterozoic (Tian et al.,
2022), after which the sedimentary environment remained relatively stable. Paleomagnetic study

suggests that the area was located at ~30°N during the deposition of the Luanshigou Formation (Figure
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la; Liu et al., 2024). This latitude corresponds to a climatically-sensitive boundary within the subtropical
high-pressure belt, situated between the tropical (Hadley) and mid-latitude (Ferrel) atmospheric
circulation cells (Mahlobo et al., 2024).

The Shennongjia Forestry District (31°26'38.44" N, 110°16'20.07" E) contains good outcrops of the
Mesoproterozoic succession (Figure 1c). The Shennongjia Group, the oldest strata in this area, 1s >10 km
thick (Li et al., 2022). Its base is unexposed and its top is unconformably overlain by the Neoproterozoic
Macaoyuan Group (Figure 1c; Li et al., 2013). The Shennongjia Group is divided into a lower subgroup
(including the Yingwodong, Dayanping, Luanshigou, Dawokeng and Kuangshishan formations, in
ascending order) and an upper subgroup (containing the Taizi, Yemahe, Wenshuihe, Shicaohe,
Songziyuan and Wagangxi formations) (Li et al., 2022), and is primarily composed of shallow-marine
carbonates, with some siliciclastic and minor volcaniclastic layers (Figure Ic; Li and Leng, 1991; Kuang
et al., 2018).

In the Shennongding section, the Luanshigou Formation mainly consists of argillaceous silty
dolostone with abundant stromatolites and biolaminites (Figure 1d; Kuang et al., 2018). The base of the
formation is not exposed, and the upper part is disconformably overlain by conglomerate of the
Dawokeng Formation (Figure 2a). The studied interval (Figure 1d) is ~279 m thick in the upper part of
the formation, and was deposited in a peritidal depositional setting on a carbonate platform (Kuang et al.,
2018). The lower unit (0—67 m) of the studied interval is dominated by grey, thick-bedded argillaceous
silty dolostone, with chert nodules or bands (Figure 2b). The middle unit (67—258 m) consists mainly of
red, medium-to-thick-bedded, densely laminated argillaceous silty dolostone (Figure 2c—e), with
abundant centimeter-scale stromatolites (Figure 2f) and locally developed minor erosional surfaces
(Figure 2e). The upper unit (258—279 m) is characterized by grey, thick-bedded argillaceous silty

dolostone with some large columnar stromatolites. In this study, a well-preserved and continuous red
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carbonate laminite showing no obvious sedimentary hiatuses was collected at a stratigraphic height of
192 m (the middle unit; Figure 1d).

No direct age constraints have yet been obtained for the Luanshigou Formation, but its age can be
indirectly constrained from stratigraphic relationships (Figure 1c). A youngest detrital zircon U-Pb age
of 1398 + 20 Ma has been reported from the underlying Dayanping Formation, and a zircon U-Pb age of
1215.8 = 2.4 Ma was obtained from the overlying Yemahe Formation (Li et al., 2013). A dolomite U-Pb
age of 1285.7 £ 66.6 Ma from the upper Kuangshishan Formation provides a broad age constraint for the
lower Shennongjia Group (Jiang et al., 2024). A Re-Os age of 1258.3 + 8.5 Ma from black shale in the
lower Taizi Formation has recently been reported in a conference abstract (Gao et al., 2024), while
broadly consistent with this framework, it is cited here as supporting information pending peer review.
Based on these, the age of the Luanshigou Formation can be roughly constrained at ~1.27 Ga (Liu et al.,

2024).

3. Materials and methods

Red carbonate laminites were collected from the upper part of the Luanshigou Formation (Figure
1d) in the Shennongding section, South China. These sediments were deposited in a peritidal environment
on a carbonate platform (Figure 2; Kuang et al., 2018). An ~30 cm interval of well-preserved laminites
showing no signs of significant metamorphism or recrystallization was collected from an outcrop face
(Figure 3a). In the laboratory, a slab was cut perpendicular to bedding with two parallel cuts. The central
portion (a 177 mm-thick continuous section) was used to prepare polished slabs for cyclostratigraphic
and geochemical analyses (Figure 3b), while the flanking portions were reserved for thin section
preparation. To avoid kerf loss and to preserve fine lamination, no saw cuts were made along the

stratigraphic direction. Instead, the flanking material was manually broken into ten consecutive



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

fragments (~10 % 10 cm), which were then impregnated with epoxy and ground into large-format thin
sections (Figure 3c and d), ensuring continuous stratigraphic coverage without gaps or overlap.

Microscopic features were observed using a Stereo Discovery V20 microscope, a Zeiss Axio Scope
A1 microscope, and a Zeiss Supra 55 Field Emission Scanning Electron Microscope (FESEM) at the
FESEM Laboratory of the China University of Geosciences (Beijing). Selected small slabs were polished
by ion milling (GATAN Ilion 697) prior to FESEM analysis, which was performed at an accelerating
voltage of 20 kV and a working distance of 15 mm. Secondary electron imaging detection was used to
characterize topographic features, and an angle sensitive backscattered (AsB) detector was employed to
reveal compositional differences. Element concentrations were semi-quantitatively analyzed by an
Oxford energy-dispersive X-ray spectroscopy (EDS) connected to the FESEM. The spot diameter of
signal acquisition area was about 2 pm. An Oxford NordlysNano Electron backscatter diffraction (EBSD)
camera connected to the FESEM was used to collect the signal of the pre-tilted 70° samples. Diffraction
patterns were collected and automatically indexed in real time using AZtec software from Oxford
instrument HKL Technology. The fitting algorithm included six to eight Kikuchi bands. Only
measurements with mean angular deviation values below 1.0° were accepted.

A thick polished slab was selected for line scanning analysis to obtain variations in X-ray intensity
for the elements Al, P and Fe (in counts per second; cps), using an M4 Tornado (Bruker, Germany)
benchtop uXRF device at the China University of Geosciences (Beijing). The analysis was conducted
under the following conditions: an acceleration voltage of 50 kV; a probe current of 300 pA, and a step
size of 20 um. In addition, grayscale profiles were extracted from the same polished slab using the ImageJ
software package (Abramoff et al., 2004).

Power spectral and evolutionary Fast Fourier Transform (eFFT) analyses were conducted using

Acycle v2.8 software (Li et al., 2019a; Li, 2026). The grayscale and geochemical series (Al, P/Al, Fe/Al)



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

were first linearly interpolated to a uniform spacing using the “Interpolation Pro” function, with intervals
set to the median sampling of the grayscale (0.0465 mm) and geochemical (0.02005 mm) datasets. The
P/Al series was logarithmically transformed as y = logio(x + 0.1) to avoid taking the logarithm of zero
values, and the Fe/Al series was transformed as y = logiox, both using the “Data Transformations” module.
The grayscale and geochemical series were detrended by subtracting a 30% LOWESS (Locally Weighted
Scatterplot Smoothing) trend, whereas the thickness series was detrended using a second-order
polynomial due to its relatively short length, both via the “Detrending” function. Power spectra were
computed using the Lomb-Scargle spectrum, with the spectral background estimated by Weedon’s
smoothed window average (SWA) method (Weedon et al., 2019). The significance of spectral peaks was
evaluated against noise using both ¥* confidence levels and false discovery rate (FDR) correction to
reduce multiple-testing artifacts (Weedon et al., 2019). The parameters used for Acycle time-series
analyses (L1, 2026) are provided in Table S2. To test whether the identified spectral peaks were primarily
controlled by localized variations in couplet thickness, we further performed a segmented spectral
robustness test using the front, middle, and last 70% of the grayscale, Al, P/Al and Fe/Al records.

X-ray diffraction analysis was performed using a Rigaku Smart Lab diffractometer at the China
University of Geosciences, Beijing. Approximately 500 mg of sample powder was extracted from a
polished slab using a diamond micro-drill and then ground to 300 mesh in an agate mortar. Measurements
were conducted with Cu Ko radiation (A= 1.5406 A) under the following conditions: 40 kV accelerating
voltage, 200 mA current, scanning range of 3°-70° (20), and a scanning speed of 0.02°/s. Mineral
identification was carried out using MDI Jade 4.5 software.

I/(Ca+Mg) ratios were determined at the National Research Center for Geoanalysis, Beijing, China.
Altogether, 19 samples were drilled from laminites with a diamond micro-drill. Each sample (~24 mg)

was washed with Milli-Q water, dried, and digested in 4 mL of 3% HNO; with 30-minute ultrasonication.
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After centrifugation, the supernatant was split for separate analyses. For iodine measurement, 1 mL of
supernatant was treated with 1 mL of 3% tertiary amine solution to stabilize iodine, diluted 1:1000 with
Milli-Q water, and analyzed within 48 h by ICP-MS/MS (Thermo iCAP TQ) to minimize iodine loss.
Instrument sensitivity for iodine was maintained at ~50 kcps for 1 ppb standard. For Ca, Mg, Mn and Sr
concentrations, another aliquot of supernatant was diluted 1:100,000 with 3% HNO3 and analyzed by
ICP-MS/MS. Quality control was performed using dolomite reference material JDo-1, yielding
uncertainties of 0.72% for I, and 0.71%, 0.53%, 1.43% and 0.72% for Ca, Mg, Mn and Sr, respectively

(Tables S3 and S4). The method detection limit for I/(Ca+Mg) was below 0.1 pmol/mol.

4. Results

The red carbonate laminites consist of densely packed laminar couplets, each composed of
alternating coarse (light) and fine (dark) laminae (Figure 4). Couplet thicknesses range from 74 to 736
pum, but most values fall between 125 and 225 um, with a mean of ~206 um, a standard deviation of 108
um, a standard error of 5 pm, and a coefficient of variation of 52% (Figure 5a and b; Table S5).
Approximately 11 such couplets group into a larger-scale couplet set (Figure 4a). Within each set, nearly
half of the couplets are dominated by fine laminae, giving a darker overall appearance, while the other
half are dominated by coarse laminae, resulting in a lighter appearance (Figure 4a). Microscopically, the
laminites comprise abundant subangular dolomite intraclasts (10—100 pm) and minor terrigenous detritus,
including irregular anhedral hematite, ilmenite and feldspar, within a matrix of sub-um-scale authigenic
hematite and intraclastic dolomite with subsidiary quartz and illite (Figure 4b). These components are
organized differently in each laminar couplet. The coarse (light) laminae are characterized by coarse
intraclastic dolomite, detrital quartz, feldspar, illite, and large (50—-100 pum) irregular grains of ilmenite

and hematite, containing only minor amounts of authigenic hematite (<1 um; Figure 4c and d). By
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contrast, the fine (dark) laminae show greater bending and tortuosity, and are dominated by fine dolomite
and abundant minute (<1 pm) authigenic hematite crystals (Figure 4e—h). Elemental mapping reveals
lower Fe and Al concentrations in the coarse (lighter) laminae compared to the fine (darker) laminae
(Figure 41). The fine laminae also contain frequent microbial-related fabrics, such as near-vertical detrital
ilmenite strips (Figure 4;j; cf. Noffke et al., 2003) and tufted structures with ~0.3 mm relief (Figure 4k;
Noftke et al., 2013). All of these features are associated with organic matter, as evidenced by faint
orange-red autofluorescence exhibited by the fine laminae (Figure 41).

Five proxies were analyzed to determine periodicity: grayscale (primarily reflecting hematite
content), Fe/Al and P/Al ratios (dominantly reflecting Fe (oxyhydr)oxides and associated P
sequestration), Al contents (indicating terrigenous detrital deposition), and thickness (reflecting
sedimentation rate) (Tables S5-S7; Figures 5-8). To reconstruct iron content variations, continuous
spectral analysis was conducted on a 177.7-mm-thick polished slab (Figure 3b). Cycle lengths in laminar
couplets, expressed as the number of couplets per cycle, were calculated as follows: for the grayscale
and geochemical series, cycle length = 1 + frequency (cycles/mm) + mean laminar couplet thickness
(0.206 mm); for the laminar couplet thickness series, cycle length = 1 + frequency (cycles/LC). Power
spectra of the detrended thickness, grayscale, Al, Fe/Al and P/Al series reveal prominent peaks, with the
most significant at ~77 laminar couplets in grayscale (exceeding the 5% false discovery rate threshold,
Figure 7a). Additional peaks exceeding the 95% ¥* confidence level are identified at ~67, ~13, ~5, ~3
and ~2 laminar couplets in thickness (Figure Sc—e); ~40, ~15, ~8, ~5, ~4, ~3, ~2 and ~1 laminar couplet(s)
in the grayscale; ~79, ~36, ~12, ~8, ~3, ~2 and ~1 laminar couplet(s) in Al; ~73, ~36, ~22, ~12, ~3, ~2
and ~1 laminar couplet(s) in P/Al and ~68, ~35, ~22, ~13, ~11, ~8, ~4, ~3, ~2 and ~1 laminar couplet(s)
in Fe/Al (Figures 7 and 8) . However, evolutionary Fast Fourier Transform (eFFT) indicates that only

the ~70, ~35, ~22 and ~11 couplet cycles persist throughout the dataset, whereas other spectral peaks
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show limited persistence and may represent stochastic signals or non-stationary processes (Figures 5-8).
Segmented spectral analysis further confirms that these dominant cycles recur consistently in different
parts of the record (Figure S1).

The I/(Ca+Mg) ratios of the red carbonate laminites are consistently low, with a mean value of 0.20
+ 0.04 umol/mol (n = 19; Table S8). This value falls below the established Precambrian baseline of
0.5 umol/mol, suggesting an anoxic marine setting (Lu et al., 2017). These samples also have elevated
Mn/Sr (11 + 3 ppm/ppm) and Mg/Ca ratios (1.01 £ 0.03 mol/mol). No significant correlation is observed

between 1/(Ca+Mg) and either Mn/Sr (R? = 0.07, p = 0.26) or Mg/Ca (R*> = 0.07, p = 0.27) (Table S8).

5. Discussion
5.1. Duration of Each Laminar Couplet

The formation of lamination is commonly controlled by periodic factors, but the duration of each
laminar couplet can vary widely, from a day (Okumura et al., 2011) to a month (Davis, 2012) or a year
(Gao et al., 2026). Geochronological and cyclostratigraphic constraints provide first-order estimates of
long-term sedimentation rate. Detrital zircon U-Pb dating of the underlying Dayanping Formation yields
a youngest age of 1398 +20 Ma (Li et al., 2013), and Re-Os dating of black shale from the overlying
lower Taizi Formation gives 1258.3 £+ 8.5 Ma (Gao et al., 2024). These constraints imply that ~2000 m
of strata were deposited over <140 Myr, corresponding to a rate of >14.3 um/yr. Based on the ages of the
overlying Yemahe Formation (1215.8 + 2.4 Ma; zircon U-Pb age by LA-MC-ICP-MS; Li et al., 2013)
and Taizi Formation, ~1500 m of sediment was deposited over ~43 Myr, yielding a rate of ~34.9 um/yr.
Because the Re-Os age of the Taizi Formation has not yet been formally peer-reviewed, we further
calculated an estimate independent of that age. The published constraints from the Dayanping and

Yemahe formations indicate ~3500 m of strata deposited over <182 Myr, corresponding to a rate
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of >19.2 um/yr. Cyclostratigraphic analysis of the Yemahe Formation independently indicates a rate of
~17.9 um/yr (Zhou et al., 2024).

In the study interval, 434 laminar couplets were measured, constituting a continuous and
well-preserved depositional succession (Figure 5a) that reflects relatively stable sedimentation. If the
laminar couplets represent one year, the implied sedimentation rate (~206 um/yr) exceeds all three long-
term estimates (~14.3-34.9 um/yr) by roughly an order of magnitude. Although this discrepancy might
initially suggest a decadal origin for each couplet, an annual interpretation is better supported by
sedimentological and microbial-mat evidence. First, microbial mats can enhance sediment trapping,
binding and early cementation, thereby amplifying apparent lamina thickness (Figure 4j—1; Noftke et al.,
2013). Second, the mean annual lamina thickness records local gross accumulation within a short,
well-preserved interval, whereas the long-term estimates represent time-averaged net accumulation over
millions of years and inevitably include the cumulative effects of hiatuses, erosion and condensation,
consistent with the Sadler effect (Sadler, 1981). This stratigraphic incompleteness is evidenced by a
regional disconformity between the Kuangshishan and Taizi Formations (Figure 1c; Li et al., 2013), and
by frequent erosional surfaces within the Luanshigou Formation (Figure 2¢). The Sadler effect is further
supported by well-constrained modern compilations, such as the time-interval synthesis of sediment
accumulation rates across the Mississippi Delta, which shows a clear negative scaling between calculated
accumulation rate and measurement timescale even over intervals of days to millennia (Jenkins, 2018).
Additionally, the mean couplet thickness of ~206 pum falls well within the range documented for annual
microbial laminites (10>~10° pm; Table S1). For example, Mesoproterozoic carbonate biolaminites in the
Wumishan Formation (North China) have an average annual couplet thickness of ~528 um (Tang et al.,
2014), and biogenic carbonate varves in Holocene Lake Soppensee (Switzerland) exhibit couplet

thicknesses of 250—700 um (Livingstone and Hajdas, 2001). While these comparative examples come
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from different depositional settings, they demonstrate that annual microbial laminites of comparable
thickness are widely documented.

The fine laminae exhibit distinct orange-red autofluorescence under UV light (Figure 41), indicating
the presence of kerogen derived from organic matter (Gerdes et al., 2000; Tang et al., 2013). In addition
to this organic signature, the presence of well-preserved tufts, in the form of vertical growth structures
formed by filamentous cyanobacteria, provides key evidence for the development of a mature, cohesive
microbial mat (Figure 4k; Gerdes et al., 2000; Noffke et al., 2013). The formation of such structures
requires sustained microbial growth and sediment stabilization over months, far exceeding a diurnal
timescale (Gerdes and Klenke, 2007). This interpretation is further supported by the common occurrence
of near-vertical, strip-shaped particles trapped within the laminae, which attest to the sediment-binding
capacity of the original filamentous microbial networks (Figure 4j; Gerdes et al., 2000; Noffke et al.,
2003). Collectively, the co-occurrence of kerogen, mat growth structures and trapped particles indicates
that the dark laminae represent an extended period of seasonal microbial development under
hydrologically quiescent conditions. Consequently, the repetitive alternation of these organic-rich layers
with coarse, intraclast-dominated light laminae supports an annual, rather than diurnal, origin for the
laminar couplets.

The Luanshigou laminites are characterized by rhythmic alternations of coarse, hematite-poor
intraclastic laminae, and fine, hematite-rich microbial mat-derived laminae (Figure 4). This repetitive
lamination reflects seasonal fluctuations in hydrodynamic energy, consistent with deposition on a low-
latitude carbonate platform that was frequently influenced by storm events and strong currents (Bosence,
2005). During wet seasons, corresponding to enhanced high-energy runoff, storm-induced
hydrodynamics not only suppressed microbial mat development but also fragmented and reworked intra-

basinal carbonate sediments, leading to the accumulation of coarse intraclast-dominated laminae;
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whereas during dry seasons, stabilized water conditions favoured microbial mat proliferation, facilitating
hematite precipitation and the formation of fine, iron-rich laminae (Figure 9a; Li et al., 2018). Structurally
and genetically, these laminites closely resemble seasonal varve couplets documented in the late
Holocene deposits of Jiang Co Lake, providing a robust modern counterpart that strongly supports the

interpretation of the Luanshigou laminites as seasonally-controlled, annual deposits (Ji et al., 2021).

5.2. Solar Cycles Recorded in the Red Beds

The Luanshigou laminites are well preserved, and their chemical signals remain unaffected by later
diagenetic alteration. Microscopic observations reveal that these finely laminated structures have been
well preserved since deposition, and exhibit minimal deformation or evidence of metamorphism (Figure
4). Furthermore, hematite in the red beds preserves primary paleomagnetic information, accurately
recording paleolatitude, consistent with an origin from dehydration of precursor ferric mineral phases
during burial diagenesis, rather than later stage alteration (Liu et al., 2024). Relatively high §'30 values
(> —10%o) in the Luanshigou carbonates (Li et al., 2022) suggest limited late-stage alteration, given the
sensitivity of 880 to diagenetic resetting by meteoric or hydrothermal fluids (Kaufman and Knoll, 1995).
Furthermore, laser Raman analysis of organic matter in the adjacent Taizi Formation suggests a low
metamorphic temperature (~280°C; Li et al., 2022), pointing to a weak regional thermal overprinting.
Collectively, these lines of evidence indicate that the elemental variations in the Luanshigou laminar
couplets were only minimally affected by post-depositional processes, and can therefore be reasonably
interpreted to reflect primary environmental conditions.

In the studied laminites, darker laminae exhibit higher iron concentrations, consistent with the use
of rock color (including grayscale) as a qualitative paleoclimate proxy (Li et al., 2019b). In ferruginous

environments, iron and phosphorus are closely coupled, as phosphorus released during organic matter
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decomposition may be efficiently scavenged and co-precipitated with Fe (oxyhydr)oxides, resulting in a
positive sediment correlation (Table S7; Mérz et al., 2018). Aluminum, which is primarily hosted in clay
minerals such as kaolinite and illite, making its content a reliable tracer of lithological variation, has
higher values in fine-grained sediments (Bergaya and Jaber, 2011). Fe/Al and P/Al ratios are therefore
used, rather than absolute concentrations, to minimize the influence of detrital input.

Power spectral and evolutionary Fast Fourier Transform (eFFT) analyses of the lamina thickness,
grayscale and geochemical series (Al, P/Al and Fe/Al) were used to isolate periodicities that robustly
reflect environmental forcing. To this end, three selection criteria were applied: (1) the spectral peak
should exceed the 95% %* confidence level; (2) the cycle should be recorded by multiple independent
proxies, and (3) the cycle should exhibit persistent power throughout the dataset in eFFT. After applying
these criteria, a dominant periodicity of ~77 laminar couplets in the grayscale record (<5% FDR),
together with additional persistent cycles at 67-79, 35-40, ~22 and 11-15 laminar couplets (>95% CL),
is identified (Figures 5—-8; Table S9). Given the annual origin for each laminar couplet, these stratigraphic
rhythms can be translated into temporal cycles, and are interpreted to represent the 70 to 90-yr Gleissberg,
~35-yr climatic Briickner, 22-yr Hale, and 11-yr Schwabe cycles (Briickner, 1890; Usoskin, 2017).

Independent spectral analysis of the couplet-thickness series and segmented robustness tests confirm
that the principal periodicities are stable against variations in individual couplet thickness; further
discussion and supporting data are provided in the Supplementary Materials. Among these, the relatively
less well-recognized ~35-yr climatic Briickner cycle is captured in this study, possibly due to
amplification associated with the paleogeographic setting at ~30°N. This location lies within the
subtropical high-pressure belt, where small-scale climatic forcing can be amplified into pronounced wet—
dry variability (e.g., Xu and Yang, 1993). The cyclic fluctuations in grayscale and Fe/Al ratios, which are

primarily controlled by variations in hematite abundance, may thus preserve a high-fidelity record of



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

Fe(II) oxidation dynamics in Mesoproterozoic shallow marine environments. High-frequency cycles of
~2—8 laminar couplets commonly satisfy criteria (1) and (2), but fail criterion (3). In eFFT they appear
only intermittently, primarily occupying low-power (blue) zones in the grayscale record and lacking
continuity across the entire dataset (Figure 8). The ~11-couplet bundling (Figure 4a), together with the
paleolatitudinal setting of the study area at ~30°N near the subtropical high-pressure belt where ENSO
teleconnections are indirect and unstable (Figure la; Trenberth et al., 1998), points to solar-scale
modulation as the more likely driver of wet—dry variability and hematite formation. This does not exclude
the possibility that some of these higher-frequency signals carry an ENSO-like signature, but the 2—8-

year band does not represent the dominant cyclicity.

5.3. Response of Laminite Cyclicities to Solar Activity

Sedimentary cyclicity records suggest that solar activity may have modulated Earth's climate during
the Mesoproterozoic through multiple coupled pathways. Total solar irradiance variations can directly
influence surface temperatures (Cubasch and Voss, 2000), while galactic cosmic rays modulate cloud
cover via changes in atmospheric ionization (Marsh and Svensmark, 2000). Solar UV irradiance modifies
the thermal structure of the middle atmosphere (Haigh et al., 2010), and in the Mesoproterozoic, this
pathway may have been amplified: geological iodine records indicate that ozone levels were likely very
low (Liu et al., 2025), which would have allowed enhanced UV penetration to the surface and a more
direct climatic influence than at present. These mechanisms are not mutually exclusive and likely
operated together, collectively linking solar variability to the shallow-marine depositional system.

The impact of sunspot activity on shallow marine iron cycling may vary depending on the origin of
the hematite in the red laminites. Proposed genetic pathways for hematite formation can be broadly

divided into terrigenous detrital input (e.g., Lepp and Goldich, 1964) and authigenic origins, which
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include oxidation of ferruginous water at the redoxcline, with subsequent diagenetic dehydration of
primary Fe hydroxides to hematite (Song et al., 2017; Tang et al., 2020), and iron oxidation mediated by
oxygenic cyanobacteria or microaerophilic iron-oxidizing bacteria (Planavsky et al., 2009). In our case,
microscopic observations reveal that ilmenite and hematite in the coarse (lighter) laminae occur as larger
(up to 50—100 um), sub-angular detrital grains with only minor fine-grained authigenic hematite (<1 pum;
Figure 4c¢ and d). By contrast, hematite in the fine (darker) laminae is predominantly composed of sub-
micrometer-sized, euhedral hexagonal crystals closely associated with microbial mats (Figure 4e-h),
supporting an authigenic origin (Tang et al., 2020).

Enrichment in authigenic hematite within microbial mat laminae indicates that iron oxidation was
closely associated with microbial activity rather than direct seawater oxidation (Heard et al., 2022). This
inference is also supported by low carbonate I/(Ca+Mg) values in our samples (0.20 + 0.04 umol/mol;
Table S8), below the Precambrian baseline (0.5 umol/mol) (Lu et al., 2010). This could be a result of
diagenetic dolomitization (Hardisty et al., 2017) and/or low seawater oxygen levels (Lu et al., 2010). The
absence of correlation between 1/(Ca+Mg) and both Mn/Sr (R?> = 0.07, p = 0.26) and Mg/Ca (R*> = 0.07,
p = 0.27) suggests a limited influence of diagenetic dolomitization on the I/(Ca+Mg) values. Thus, the
low I/(Ca+Mg) in the Luanshigou laminites likely reflects low seawater oxygen levels, suggesting that
oxygen availability was likely not sufficient to completely oxidize Fe(Il), and hence microbial activity
would have played a role in hematite precipitation (Heard et al., 2022).

The development and preservation of microbial mats, as well as the formation of intraclast
carbonates, are both strongly controlled by hydrodynamic conditions (Noffke, 2000; Einsele, 2013).
Microbial mats initiate through the secretion of extracellular polymeric substances, which bind sediment
grains and stabilize the substrate (Gerdes et al., 2000). Under elevated hydrodynamic energy, however,

nascent microbial mats are readily eroded, and even mature mats can be disrupted or removed once a
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critical shear stress threshold is exceeded (Noftke, 2000). As a result, persistent mat preservation requires
prolonged intervals of low-energy conditions. In addition, the Luanshigou Formation is dominated by
intraclast carbonates, and its formation was primarily controlled by hydrodynamic processes (e.g., wave
and storm activity) that drove sediment fragmentation and reworking (Einsele, 2013). This interpretation
is further supported by the microstructural characteristics of ~11 laminar couplet sets (Figure 4a),
indicating a strong hydrodynamic control on their deposition. Within a single sunspot cycle, the
succession shifts from inorganic coarse laminae to fine, microbially-rich laminae (Figure 4a), which may
reflect a climatic transition from wet to dry conditions under the influence of solar variability.

During periods of high sunspot activity, increased total solar irradiance (only ~0.1% of total solar
output; Lean and Rind, 2001) and enhanced UV radiation lead to surface warming (Cubasch and Voss,
2000; Haigh et al., 2010). Although oceanic thermal inertia limits the direct temperature response to no
more than ~0.1°C (Gray et al., 2010), the more consequential climatic effects operate through
atmospheric circulation. Specifically, enhanced radiation modifies the stratospheric thermal structure,
driving a poleward expansion of the Hadley circulation and a corresponding poleward shift of the
subtropical arid zone, thereby suppressing precipitation at around 30° latitude (Clayton, 1923; Wang et
al., 2005). Meanwhile, the stronger solar wind reduces the influx of galactic cosmic rays, resulting in
decreased cloud cover and higher cloud altitudes (Andrews et al., 2010). As a result, lower precipitation,
and reduced storm frequency and wave energy under these dry conditions, would have favored the
settling and preservation of fine-grained sediment, which led to: (1) deposition of fine clay minerals, as
reflected by Al variations; (2) sustained microbial mat growth; (3) enhanced Fe oxidation and enrichment;
and (4) increased phosphate uptake by Fe (oxyhydr)oxides. Together, these processes facilitated the
formation of fine-laminae-dominated couplet sets (Figure 9b; upper yellow interval in Figure 9¢). By

contrast, during periods of low sunspot activity, increased precipitation and storm frequency would have
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suppressed microbial mat development through physical disturbance, thus limiting Fe(II) oxidation and
favoring the deposition of coarse-laminae-dominated couplet sets (Figure 9d; lower yellow interval in
Figure 9c).

An alternative hypothesis suggests that sunspot activity may have influenced continental
phosphorus fluxes into the ocean, thereby stimulating microbial mat development and promoting Fe(II)
oxidation in shallow seawater. However, this mechanism appears internally inconsistent, since although
enhanced rainfall during low sunspot activity would elevate terrestrial phosphorus inputs from
continental weathering (potentially stimulating microbial growth and oxygenic photosynthesis), the
concurrent intensification of storm activity would disrupt mat establishment and preservation. A more
coherent model is that sunspot activity primarily regulated microbial mat development, which in turn
drove iron redox cycling and subsequently influenced phosphorus uptake. This interpretation is supported
by the positive correlation between P/Al and Fe/Al (r = 0.69, R? = 0.47, p < 0.01; Table S7), indicating
coupled Fe—P behavior.

This coupled Fe—P behavior is fundamentally different to phosphorus cycling in modern oceans,
where regeneration from organic matter predominates (Schlesinger and Bernhardt, 2013). In the anoxic
and ferruginous Proterozoic deep ocean (Poulton and Canfield, 2011), however, P recycling was likely
markedly suppressed due to drawdown in association with Fe minerals (Reinhard et al., 2016), which
would have exerted negative feedback on primary productivity (Song et al., 2023; Poulton, 2017). Our
data thus highlight a major controlling factor on microbially-induced Fe (oxyhydr)oxide precipitation
and hence fluctuations in the intensity of P drawdown, via changes in sunspot activity.

The patterns provide one of the earliest examples of short-term solar forcing of Earth’s shallow-
water iron cycle, which in turn would have contributed to short-term fluctuations in mid-Proterozoic

shallow-marine oxygenation. Thus, our results extend the perspective of Mesoproterozoic redox
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variability from the million-year scale (Hardisty et al., 2017; Shang et al., 2019) to high-frequency
fluctuations on decadal timescales, indicating that Proterozoic redox conditions varied across multiple
temporal scales. We further propose that, under low-oxygen Precambrian conditions, solar activity may
have modulated microbial mat productivity in ferruginous shallow marine environments, thereby
influencing Fe(Il) oxidation. Microbial mats acted as local sites of oxygen production and redox
regulation (Heard et al., 2022; Cafiadas et al., 2025), providing a biological link between solar-driven
climatic variability, iron cycling and shallow-water redox dynamics. Although the observed periodicities
and lamina stacking patterns are consistent with known solar cycles and a solar-forced sedimentary origin,
the precise transmission pathway from irradiance changes to lamina formation remains unresolved.

Future paleoclimate simulations could test how solar activity influenced Earth’s climate at ~1.3 Ga.

6. Conclusions

In order to better understand the potential influence of sunspot activity on Mesoproterozoic shallow
water oxygenation, red carbonate laminites from the ~1.3 Ga Luanshigou Formation in the Shennongjia
area, South China were studied through analyses of lithology, geochemistry and power spectra. The
following conclusions can be drawn.

(1) Red carbonate laminites of the Luanshigou Formation are composed of laminar couplets
characterized by alternating coarse and fine laminae. The coarse laminae represent inorganic, clast-rich
deposition during a wet and stormy season, while the fine laminae represent microbial mats formed
during a dry and calm season. The laminar couplet is annual in origin.

(2) In the red carbonate laminites, 11-yr-Schwabe, 22-yr-Hale, 35-yr Briickner climatic, and 70-90-
yr-Gleissberg cycles can be identified.

(3) Sunspot activity may have affected hydrodynamic conditions by regulating climate and the
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development and preservation of microbial mats, resulting in periodic changes in iron cycling, thereby
driving substantial short-term variability in shallow water redox conditions through the mid-Proterozoic.

(4) Combined with previously documented million-year-scale redox oscillations, our results reveal
pervasive redox dynamics from decadal to million-year timescales, further challenging the traditional

“Boring Billion” paradigm.

Acknowledgments

This research was supported by the National Natural Science Foundation of China (Nos. 42372233,
41930320), the "Deep-time Digital Earth" Science and Technology Leading Talents Team Funds for the
Central Universities for the Frontiers Science Center for Deep-time Digital Earth, China University of
Geosciences (Beijing) (2652023001), and the Chinese "111" Project (B20011). We thank Robert Riding
and Xiqiang Zhou for discussion; Hongwei Kuang, Yongqing Liu, Zhutong Ke, Lin Meng, Jinxin Chen,
Quan Zhong and Min Wang for assistance in fieldwork; Guangyao Liu for advice on XRD analysis;
Shaokun Wu and Mei Yang for pXRF analysis; Xiaoyu Zhang for assistance on Acycle; Lei Xu and
Chenming Wang for sample treatment. We thank the editor, Kurt Konhauser, for his guidance and support
during the review process, and Ross N. Mitchell and two anonymous reviewers for their constructive

comments.

Supplementary materials

Supplementary material, including all data, associated with this article can be found in the online

version, at XXX.

References



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

Abramoff, M.D., Magalhaes, P.J., Ram, S.J., 2004. Image processing with ImageJ. Biophotonics
International 11, 36-42.
Anderson, R.Y., 1992. Possible connection between surface winds, solar activity and the Earth's magnetic

field. Nature 358, 51-53. https://doi.org/10.1038/358051a0

Andrews, S.D., Trewin, N.H., Hartley, A.J., Weedon, G.P., 2010. Solar variance recorded in lacustrine
deposits from the Devonian and Proterozoic of Scotland. Journal of the Geological Society 167,

847-856. https://doi.org/10.1144/0016-76492009-105

Bekker, A., Planavsky, N.J., Krapez, B., Rasmussen, B., Hofmann, A., Slack, J.F., Rouxel, O.J.,
Konhauser, K.O., 2014. Iron formations: Their origins and implications for ancient seawater
chemistry. In: Holland, H.D., Turekian, K.K. (Eds.), Treatise on Geochemistry, 2nd ed., vol. 9.

Elsevier, pp. 561-628. https://doi.org/10.1016/B978-0-08-095975-7.00821-1

Bergaya, F., Jaber, J.-F.M., 2011. Clays and clay minerals. In: Rubber—Clay Nanocomposites: Science,
Technology, and  Applications. Green Chemistry, Cambridge, pp. 3-44.

https://doi.ore/10.1002/9781118092866.chl

Bosence, D., 2005. A genetic classification of carbonate platforms based on their basinal and tectonic
settings in the Cenozoic. Sedimentary Geology 175, 49-72.

https://doi.org/10.1016/.sedge0.2004.12.030

Briickner, E., 1890. Klimaschwankungen seit 1700: Nebst Bemerkungen iiber die Klimaschwankungen

der Diluvialzeit; mit zahlreichen Tabellen. E. Holzel, Wien.


https://doi.org/10.1038/358051a0
https://doi.org/10.1144/0016-76492009-105
https://doi.org/10.1016/B978-0-08-095975-7.00821-1
https://doi.org/10.1002/9781118092866.ch1
https://doi.org/10.1016/j.sedgeo.2004.12.030

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Canadas, F., Guilbaud, R., Fralick, P., Xiong, Y., Poulton, S.W., Martin-Redondo, M.P., Fairén, A.G.,
2025. Archaean oxygen oases driven by pulses of enhanced phosphorus recycling in the ocean.

Nature Geoscience 18, 430-435. https://doi.org/10.1038/s41561-025-01678-4

Clayton, H.H., 1923. World weather: including a discussion of the influence of variations of solar
radiation on the weather and of the meteorology of the sun. Macmillan.
Cubasch, U., Voss, R., 2000. The influence of total solar irradiance on climate. Space Science Reviews

94, 185-198. https://doi.org/10.1023/A:1026719322987

Davis, R.A., 2012. Tidal signatures and their preservation potential in stratigraphic sequences. In: Davis,
R.A., Dalrymple, R.W. (Eds.), Principles of Tidal Sedimentology. Springer, Dordrecht, pp. 35-60.

https://doi.org/10.1007/978-94-007-0123-6 3

Ding, A., Hofmann, A., Li, Y.L., 2022. 2470 million-year-old banded iron formation reveals a climatic
oscillation consistent with the Gleissberg solar cycle. Communications Earth & Environment 3, 45.

https://doi.org/10.1038/s43247-022-00378-w

Du, Q., Wang, Z., Wang, J., Deng, Q., Yang, F., 2016. Geochronology and geochemistry of tuff beds from
the Shicaohe Formation of the Shennongjia Group and tectonic evolution in the northern Yangtze
Block, South China. International Journal of Earth Sciences 105, 521-535.

https://doi.org/10.1007/s00531-015-1182-2

Einsele, G., 2013. Sedimentary basins: evolution, facies, and sediment budget. Springer.


https://doi.org/10.1038/s41561-025-01678-4
https://doi.org/10.1023/A:1026719322987
https://doi.org/10.1007/978-94-007-0123-6_3
https://doi.org/10.1038/s43247-022-00378-w
https://doi.org/10.1007/s00531-015-1182-2

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

Gao, B., Chu, Z., Xu, J., 2024. Re-Os ages for organic sedimentary rock from the Shennongjia Group in
China. In: Proceedings of the 6th International Conference of Palacogeography, Nanjing, China
(poster).

Gao, Y., Tian, X., Hu, Y., Li, X., Cai, W., Qin, J., Guo, J., Du, X., Kukla, T., Ibarra, D.E., Huang, H., Wu,
L., Wang, C., 2026. Active El Nifio—Southern Oscillation—like interannual variability 120 million

years ago. Geology 54, 3-8. https://doi.org/10.1130/G53646.1

Gerdes, G., Klenke, T., 2007. States of biogenic bedding as records of the interplay of ecologic time and

environment (a case study of modern siliciclastic sediments, Mellum Island, southern North Sea).

Senckenbergiana Maritima 37, 129—144. https://doi.org/10.1007/BF03043697
Gerdes, G., Klenke, T., Noffke, N., 2000. Microbial signatures in peritidal siliciclastic sediments: A

catalogue. Sedimentology 47, 279-308. https://doi.org/10.1046/].1365-3091.2000.00284.x

Gray, L.J., Beer, J., Geller, M., Haigh, J.D., Lockwood, M., Matthes, K., Cubasch, U., Fleitmann, D.,
Harrison, G., Hood, L., Luterbacher, J., Meehl, G.A., Shindell, D., van Geel, B., White, W., 2010.
Solar influences on climate. Reviews of Geophysics 48, RG4001.

https://doi.org/10.1029/2009RG000282

Haigh, J.D., Winning, A.R., Toumi, R., Harder, J.W., 2010. An influence of solar spectral variations on

radiative forcing of climate. Nature 467, 696—699. https://doi.org/10.1038/nature09426

Hardisty, D.S., Lu, Z., Bekker, A., Diamond, C.W., Gill, B.C., Jiang, G., Kah, L.C., Knoll, A.H., Loyd,

S.J., Osburn, M.R., Planavsky, N.J., Wang, C., Zhou, X., Lyons, T.W., 2017. Perspectives on


https://doi.org/10.1130/G53646.1
https://doi.org/10.1007/BF03043697
https://doi.org/10.1046/j.1365-3091.2000.00284.x
https://doi.org/10.1029/2009RG000282
https://doi.org/10.1038/nature09426

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

Proterozoic surface ocean redox from iodine contents in ancient and recent carbonate. Earth and

Planetary Science Letters 463, 159—170. https://doi.org/10.1016/j.epsl.2017.01.032

Heard, A.W., Bekker, A., Kovalick, A., Tsikos, H., Ireland, T., Dauphas, N., 2022. Oxygen production
and rapid iron oxidation in stromatolites immediately predating the Great Oxidation Event. Earth

and Planetary Science Letters 582, 117416. https://doi.org/10.1016/1.epsl.2022.117416

Holland, H.D., 1984. The Chemical Evolution of the Atmosphere and Oceans. Princeton University Press,
Princeton, NJ, 582 pp.

Jenkins, C., 2018. Sediment accumulation rates for the Mississippi Delta region: A time-interval

synthesis. Journal of Sedimentary Research 88, 301-309. https://doi.org/10.2110/jsr.2018.15
Ji, K., Zhu, E., Chu, G., Aquino-Ldépez, M.A., Hou, J., 2021. A record of late Holocene precipitation on
the central Tibetan Plateau inferred from varved lake sediments. Journal of Paleolimnology 66, 439—

452. https://doi.org/10.1007/s10933-021-00215-8

Jiang, Y., Hohl, S. V., Huang, X., Yang, S., 2024. Proterozoic to Phanerozoic case studies of laser ablation
microanalysis for microbial carbonate U-Pb geochronology. Geoscience Frontiers 15, 101736.

https://doi.org/10.1016/1.¢sf.2023.101736

Kaufman, A.J., Knoll, A.H., 1995. Neoproterozoic variations in the C-isotopic composition of seawater:
stratigraphic and  biogeochemical implications. Precambrian Research 73, 27-49.

https://doi.org/10.1016/0301-9268(94)00070-8

Kuang, H.-W., Liu, Y.-Q., Fan, Z.-X., Peng, N., Geng, Y.-S., Zhu, Z.-C., Xu, H., An, W., Wang, N.-S.,

Xia, X.-X., Wang, Y.-C., 2018. Sedimentary characteristics of the Mesoproterozoic Shennongjia


https://doi.org/10.1016/j.epsl.2017.01.032
https://doi.org/10.1016/j.epsl.2022.117416
https://doi.org/10.2110/jsr.2018.15
https://doi.org/10.1007/s10933-021-00215-8
https://doi.org/10.1016/j.gsf.2023.101736
https://doi.org/10.1016/0301-9268(94)00070-8

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

Group in the northern margin of the Yangtze Craton. Journal of Palacogeography 20, 523-544.

https://doi.org/10.7605/gd1xb.2018.04.039

Lean, J., Rind, D., 2001. Earth's response to a variable Sun. Science 292, 234-236.

https://doi.org/10.1126/science. 1060082

Lepp, H., Goldich, S.S., 1964. Origin of Precambrian iron formations. Economic Geology 59, 1025—

1060. https://doi.org/10.2113/gseconge0.59.6.1025

Li, D., Luo, G., Yang, H., She, Z., Papineau, D., Li, C., 2022. Characteristics of the carbon cycle in the
late Mesoproterozoic: Evidence from carbon isotope compositions of paired carbonate and organic

matter from the Shennongjia Group, South China. Precambrian Research 377, 106726.

https://doi.org/10.1016/j.precamres.2022.106726

Li, HK., Zhang, C.L., Xiang, Z.Q., Lu, S.N., Zhang, J., Geng, J.Z., Qu, L.S., Wang, Z.X., 2013. Zircon
and baddeleyite U-Pb geochronology of the Shennongjia Group in the Yangtze Craton and its

tectonic significance. Acta Petrologica Sinica 29, 497-513. https://doi.org/10.3969/].issn.1000-

0569.2013.02.011

Li, M., 2026. Acycle: Enhanced time-series analysis software for geoscience research and education.

Science China Earth Sciences 69, 1066—1071. https://doi.org/10.1007/s11430-025-1848-7

Li, M., Hinnov, L., Kump, L., 2019a. Acycle: Time-series analysis software for paleoclimate research

and education. Computers & Geosciences 127, 12-22. https://doi.org/10.1016/j.cage0.2019.02.011



https://doi.org/10.7605/gdlxb.2018.04.039
https://doi.org/10.1126/science.1060082
https://doi.org/10.2113/gsecongeo.59.6.1025
https://doi.org/10.1016/j.precamres.2022.106726
https://doi.org/10.3969/j.issn.1000-0569.2013.02.011
https://doi.org/10.3969/j.issn.1000-0569.2013.02.011
https://doi.org/10.1007/s11430-025-1848-7
https://doi.org/10.1016/j.cageo.2019.02.011

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

Li, M., Huang, C., Ogg, J., Zhang, Y., Hinnov, L., Wu, H., Chen, Z., Zou, Z., 2019b. Paleoclimate proxies
for cyclostratigraphy: Comparative analysis using a Lower Triassic marine section in South China.

Earth-Science Reviews 189, 125-146. https://doi.org/10.1016/j.earscirev.2019.01.011

Li, P, Tang, D., Shi, X., Jiang, G., Zhao, X., Zhou, X., Wang, X., Chen, X., 2018. Sunspot cycles recorded
in siliciclastic biolaminites at the dawn of the Neoproterozoic Sturtian glaciation in South China.

Precambrian Research 315, 75-91. https://doi.org/10.1016/j.precamres.2018.07.018

Li, Q., Leng, J., 1991. The Upper Precambrian in the Shennongjia Region. Science and Technology
Publishing House, Tianjin, 565 pp.

Liu, J., Hardisty, D.S., Kasting, J.F., Fakhraee, M., Planavsky, N.J., 2025. Evolution of the iodine cycle
and the late stabilization of the Earth’s ozone layer. Proceedings of the National Academy of

Sciences 122, €2412898121. https://doi.org/10.1073/pnas.2412898121

Liu, Y., Zhang, S., Li, H., Yang, K., Zhang, N., Li, H.,, Wang, Z., Yang, T., Wu, H., 2024. New
paleomagnetic results from the late Mesoproterozoic Luanshigou Formation, Shennongjia Group,
South China, and implications for pre-Grenvillian connections between South China blocks and
southwestern Laurentia. Journal of Geophysical Research: Solid Earth 129, €2023JB027411.

https://doi.org/10.1029/2023JB027411

Livingstone, D.M., Hajdas, 1., 2001. Climatically relevant periodicities in the thickness of biogenic
carbonate varves in Soppensee, Switzerland (9740-6870 calendar yr BP). Journal of

Paleolimnology 25, 17-24. https://doi.org/10.1023/A:1008131815116



https://doi.org/10.1016/j.earscirev.2019.01.011
https://doi.org/10.1016/j.precamres.2018.07.018
https://doi.org/10.1073/pnas.2412898121
https://doi.org/10.1029/2023JB027411
https://doi.org/10.1023/A:1008131815116

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

Lu, W., Worndle, S., Halverson, G.P., Zhou, X., Bekker, A., Rainbird, R.H., Hardisty, D.S., Lyons, TW.,
Lu, Z., 2017. lodine proxy evidence for increased ocean oxygenation during the Bitter Springs

Anomaly. Geochemical Perspectives Letters 5, 53—57. https://doi.org/10.7185/geochemlet. 1746

Lu, Z., Jenkyns, H.C., Rickaby, R.E.M., 2010. Iodine to calcium ratios in marine carbonate as a paleo-
redox proxy during oceanic anoxic events. Geology 38, 1107-1110.

https://doi.org/10.1130/G31145.1

Ma, C., Hinnov, L.A., Eldrett, J.S., Meyers, S.R., Bergman, S.C., Minisini, D., Lutz, B., 2022.
Centennial- to millennial-scale variability of greenhouse climate across the mid-Cenomanian event.

Geology 50, 227-231. https://doi.org/10.1130/G48734.1

Mahlobo, D., Engelbrecht, F., Ndarana, T., Abubakar, H. B., Olabanji, M. F., Ncongwane, K., 2024.
Analysis of the Hadley cell, subtropical anticyclones and their effect on South African rainfall.

Theoretical and Applied Climatology 155, 1035-1054. https://doi.org/10.1007/s00704-023-04674-

IN

Marsh, N., Svensmark, H., 2000. Cosmic rays, clouds, and climate. Space Science Reviews 94, 215-230.

https://doi.org/10.1023/A:1026723423896

Mirz, C., Riedinger, N., Sena, C., Kasten, S., 2018. Phosphorus dynamics around the sulphate—methane
transition in continental margin sediments: Authigenic apatite and Fe(II) phosphates. Marine

Geology 404, 84-96. https://doi.org/10.1016/].margeo.2018.07.010



https://doi.org/10.7185/geochemlet.1746
https://doi.org/10.1130/G31145.1
https://doi.org/10.1130/G48734.1
https://doi.org/10.1007/s00704-023-04674-z
https://doi.org/10.1007/s00704-023-04674-z
https://doi.org/10.1023/A:1026723423896
https://doi.org/10.1016/j.margeo.2018.07.010

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

Mills, B.J.W., Krause, A.J., Jarvis, 1., Cramer, B.D., 2023. Evolution of atmospheric O: through the
Phanerozoic, revisited. Annual Review of Earth and Planetary Sciences 51, 253-276.

https://doi.org/10.1146/annurev-earth-032320-095425

Noftke, N., 2000. Extensive microbial mats and their influences on the erosional and depositional
dynamics of a siliciclastic cold-water environment (Lower Arenigian, Montagne Noire, France).

Sedimentary Geology 136, 207-215. https://doi.org/10.1016/S0037-0738(00)00098-1

Noffke, N., Christian, D., Wacey, D., Hazen, R.M., 2013. Microbially induced sedimentary structures
recording an ancient ecosystem in the ca. 3.48 billion-year-old Dresser Formation, Pilbara, Western

Australia. Astrobiology 13, 1103—1124. https://doi.org/10.1089/ast.2013.1030

Noffke, N., Gerdes, G., Klenke, T., 2003. Benthic cyanobacteria and their influence on the sedimentary
dynamics of peritidal depositional systems (siliciclastic, evaporitic salty, and evaporitic carbonatic).

Earth-Science Reviews 62, 163—176. https://doi.org/10.1016/S0012-8252(02)00158-7

Okumura, T., Takashima, C., Shiraishi, F., Nishida, S., Yukimura, K., Naganuma, T., Koike, H., Arp, G.,
Kano, A., 2011. Microbial processes forming daily lamination in an aragonite travertine, Nagano-
yu hot spring, southwest Japan. Geomicrobiology  Journal 28,  135-148.

https://doi.org/10.1080/01490451003743275

Planavsky, N., Rouxel, O., Bekker, A., Shapiro, R., Fralick, P., Knudsen, A., 2009. Iron-oxidizing
microbial ecosystems thrived in late Paleoproterozoic redox-stratified oceans. Earth and Planetary

Science Letters 286, 230-242. https://doi.org/10.1016/j.epsl.2009.06.033



https://doi.org/10.1146/annurev-earth-032320-095425
https://doi.org/10.1016/S0037-0738(00)00098-1
https://doi.org/10.1089/ast.2013.1030
https://doi.org/10.1016/S0012-8252(02)00158-7
https://doi.org/10.1080/01490451003743275
https://doi.org/10.1016/j.epsl.2009.06.033

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

Planavsky, N.J., Reinhard, C.T., Wang, X., Thomson, D., McGoldrick, P., Reinhard, R.H., Johnson, T.,
Fischer, W.W., Lyons, T.W., 2014. Low Mid-Proterozoic atmospheric oxygen levels and the delayed

rise of animals. Science 346, 635—-638. https://doi.org/10.1126/science.1258410

Poulton, S.W., 2017. Early phosphorus redigested. Nature Geoscience 10, 75-76.

https://doi.org/10.1038/nge02884

Poulton, S.W., Canfield, D.E., 2011. Ferruginous conditions: A dominant feature of the ocean through

Earth’s history. Elements 7, 107—-112. https://doi.org/10.2113/gselements.7.2.107

Reinhard, C.T., Planavsky, N.J., Gill, B.C., Ozaki, K., Robbins, L.J., Lyons, T.W., Fischer, W.W., Wang,
C., Cole, D.B., Konhauser, K.O., 2016. Evolution of the global phosphorus cycle. Nature 541, 386—

389. https://doi.org/10.1038/nature20772

Sadler, P. M., 1981. Sediment accumulation rates and the completeness of stratigraphic sections. The

Journal of Geology 89, 569—584. https://doi.org/10.1086/628623

Schlesinger, W.H., Bernhardt, E.S., 2013. The global cycles of nitrogen and phosphorus. In: Schlesinger,
W.H., Bernhardt, E.S. (Eds.), Biogeochemistry. Academic Press, pp. 445—467.

Shang, M., Tang, D., Shi, X., Zhou, L., Zhou, X., Song, H., Jiang, G., 2019. A pulse of oxygen increase
in the early Mesoproterozoic ocean at ca. 1.57-1.56 Ga. Earth and Planetary Science Letters 527,

115797. https://doi.org/10.1016/1.epsl.2019.115797

Song, H., Jiang, G., Poulton, S.W., Wignall, P.B., Tong, J., Song, H., An, Z., Chu, D., Tian, L., She, Z.,
Wang, C., 2017. The onset of widespread marine red beds and the evolution of ferruginous oceans.

Nature Communications 8, 399. https://doi.org/10.1038/s41467-017-00502-x



https://doi.org/10.1126/science.1258410
https://doi.org/10.1038/ngeo2884
https://doi.org/10.2113/gselements.7.2.107
https://doi.org/10.1038/nature20772
https://doi.org/10.1086/628623
https://doi.org/10.1016/j.epsl.2019.115797
https://doi.org/10.1038/s41467-017-00502-x

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Song, Y., Bowyer, F.T., Mills, B.J.W., Merdith, A.S., Wignall, P.B., Peakall, J., Zhang, S., Wang, X.,
Wang, H., Canfield, D.E., Shields, G.A., Poulton, S.W., 2023. Dynamic redox and nutrient cycling
response to climate forcing in the Mesoproterozoic ocean. Nature Communications 14, 6640.

https://doi.org/10.1038/s41467-023-41901-7

Tang, D., Ma, J., Shi, X., Lechte, M., Zhou, X., 2020. The formation of marine red beds and iron cycling
on the Mesoproterozoic North China Platform. American Mineralogist 105, 1412-1423.

https://doi.org/10.2138/am-2020-7406

Tang, D., Shi, X., Jiang, G., 2014. Sunspot cycles recorded in Mesoproterozoic carbonate biolaminites.

Precambrian Research 248, 1-16. https://doi.org/10.1016/j.precamres.2014.04.009

Tang, D., Shi, X., Jiang, G., Zhang, W., 2013. Microfabrics in Mesoproterozoic microdigitate
stromatolites: Evidence of biogenicity and organomineralization at micron and nanometer scales.

Palaios 28, 178—194. https://doi.org/10.2110/palo.2012.p12-113r

Tian, Y., Wang, W., Jin, W., Wu, Y., Wang, J., Deng, X., Huang, S., 2022. Neoarchean granitic rocks from
the Jiamiao area of the Dabie orogen: Implications for the formation and early evolution of the

Yangtze Craton. Science China Earth Sciences 65, 1568—1585. https://doi.org/10.1007/s11430-021-

9935-5

Trenberth, K. E., Branstator, G. W., Karoly, D., Kumar, A., Lau, N.-C., Ropelewski, C., 1998. Progress
during TOGA in understanding and modeling global teleconnections associated with tropical sea
surface  temperatures.  Journal of  Geophysical = Research 103,  14291-14324.

https://doi.oreg/10.1029/97JC01444



https://doi.org/10.1038/s41467-023-41901-7
https://doi.org/10.2138/am-2020-7406
https://doi.org/10.1016/j.precamres.2014.04.009
https://doi.org/10.2110/palo.2012.p12-113r
https://doi.org/10.1007/s11430-021-9935-5
https://doi.org/10.1007/s11430-021-9935-5
https://doi.org/10.1029/97JC01444

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Trendall, A.F., 1973. Varve cycles in the Weeli Wolli Formation of the Precambrian Hamersley Group,
Western Australia. Economic Geology 68, 1089-1097.

https://doi.org/10.2113/gsecongeo.68.7.1089

Usoskin, I.G., 2017. A history of solar activity over millennia. Living Reviews in Solar Physics 14, 3.

https://doi.org/10.1007/s41116-017-0006-9

Wang, Y., Cheng, H., Edwards, R. L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M., Dykoski, C. A., Li, X.,
2005. The Holocene Asian monsoon: links to solar changes and North Atlantic climate. Science 308,

854—857. https://doi.org/10.1126/science.1106296

Weedon, G.P., Page, K.N., Jenkyns, H.C., 2019. Cyclostratigraphy, stratigraphic gaps and the duration of
the Hettangian Stage (Jurassic): Insights from the Blue Lias Formation of southern Britain.

Geological Magazine 156, 1469—1509. https://doi.org/10.1017/S0016756818000808

Xu, Q., Yang, Q., 1993. Response of the intensity of subtropical high in the northern hemisphere to solar

activity. Advances in Atmospheric Sciences 10, 325-334. https://doi.org/10.1007/BF02658138

Zhou, M., Wu, H., Hinnov, L. A., Fang, Q., Zhang, S., Yang, T., Shi, M., 2024. Earth-Moon dynamics
from cyclostratigraphy reveals possible ocean tide resonance in the Mesoproterozoic era. Science

Advances 10, eadn7674. https://doi.org/10.1126/sciadv.adn7674

Figure Captions
Figure 1. Geological setting and stratigraphy of the study area. (a) Global paleogeographic

reconstruction at ~1.3 Ga, showing the location of the study area relative to major continental blocks
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(modified from Liu et al., 2024). The study area is located on the northern margin of the Yangtze Block.
(b) Geological map illustrating the distribution of the Shennongjia Group and the location of the studied
section (modified after Li and Leng, 1991). The upper left inset shows the major tectonic subdivisions of
China. (c) Stratigraphic column of the Mesoproterozoic Shennongjia Group (modified after Li et al.,
2022). U-Pb ages from baddeleyite in mafic dikes and zircon in tuff layers, and Re-Os ages from black
shales, are from: (1) Li et al. (2013); (2) Du et al. (2016); (3) Li et al. (2013); (4) Gao et al. (2024); (5)
Jiang et al. (2024); (6) Li et al. (2013). (d) Stratigraphic column of the studied interval, indicating the

sampling horizon (red arrow).

Figure 2. Carbonate laminites and associated lithofacies from the study section, interpreted as peritidal
deposits (Kuang et al., 2018). (a) Basal conglomerate of the overlying Dawokeng Formation. (b)
Luanshigou Formation dolostone with thin chert bands (arrows). (c) Reddish silty dolostone
characterized by densely spaced laminar couplets. (d) Reddish laminated argillaceous dolostone
exhibiting a weakly developed domal structure (arrows). (e) Reddish argillaceous carbonate laminite,
exhibiting frequent small-scale erosional surfaces (arrows). (f) Columnar stromatolite developed in

dolostone.

Figure 3. Field sampling, a 177.7-mm-thick polished slab, and continuous large thin-section acquisition
from the Luanshigou Formation. (a) Field outcrop of laminated argillaceous dolostone showing

continuous laminar couplets. Dashed box indicates the sampled interval. (b) Polished slab (~177.7 mm
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thick) extracted from the outcrop, showing well-developed sub-millimeter-scale laminae. (¢ and d)
Continuous large thin section from the ~177.7 mm-thick polished slab, showing straight, continuous, and

well-preserved laminae.

Figure 4. Microscopic and mineralogical features of the red carbonate laminites from the Luanshigou
Formation, Shennongjia area. (a) Photomicrograph of the carbonate laminites, illustrating a
representative ~11-couplet cyclicity. Lcs = laminar couplets. Red arrows indicate the dark laminae within
each couplet, with each marking one laminar couplet. (b) Representative X-ray diffraction (XRD) pattern
indicating dolomite, quartz, hematite, ilmenite, illite and feldspar. (c and d) BSE image of a coarse lamina
composed of abundant intraclastic dolomite (Dol), large, irregularly shaped terrigenous detrital hematite
(D-Hem), ilmenite (Ilm) and feldspar (Fsp), within a fine-grained matrix of dolomite and authigenic
hematite (A-Hem). (e) High-magnification BSE image of fine laminae showing flaky hematite with face-
to-edge contacts and euhedral hexagonal hematite crystals. (f) Higher-magnification BSE image of a fine
lamina displaying a euhedral hexagonal hematite crystal. (g) Electron backscatter diffraction (EBSD)
pattern of the hexagonal hematite grain marked in panel (f) with a “+” symbol. (h) BSE image and
corresponding EDS elemental line scans of Fe, O and Si. Higher Fe and O, and lower Si concentrations
occur in the authigenic hematite relative to the matrix. (i) BSE image and corresponding EDS elemental
map scans of Fe and Al. Higher Fe and Al concentrations occur in the fine laminae (FL) relative to the
coarse laminae (CL). (j) BSE image showing a vertically preserved detrital ilmenite (Ilm) grain within a

lamina. (k) Plane-polarized light photomicrograph illustrating wavy, organic-rich dark laminae (arrows)
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and small tufted structures (lower left arrows). (1) Fluorescence photomicrograph of the area boxed in

panel (k), showing orange-red autofluorescence from organic matter in the fine laminae.

Figure 5. Statistical analyses and time-series of laminar couplet thickness in the Luanshigou Formation.
(a) Photomicrograph of Figure 3c. (b) Variations and statistics of annual laminar couplet thickness in
panel (a). (c¢) Data shown include the original thickness (blue), their second-order polynomial trend
(yellow), and the corresponding detrended residuals (orange). Negative residual values indicate
deviations below the fitted second-order polynomial trend and do not represent negative physical
measurements. (d) Power spectra (black curves) of the detrended thickness series shown in panel (c).
Bold labels indicate cycle lengths in laminar couplets (LC), calculated as 1 + frequency (cycles/LC),
whereas the numbers below in normal font denote frequencies (x-axis values). 1 LC corresponds to 1 yr.
Thus the ~67 and ~13 LC cycles correspond to the Gleissberg (G; 70-90 yr) and Schwabe solar cycles
(S; ~11 yr), respectively, whereas the ~2, ~3 and ~5 LC cycle falls within the ENSO-like band (2—7 yr).

(e) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the thickness.

Figure 6. Grayscale and X-ray fluorescence (XRF) records from the thick polished slab in Figure 3b.
The arrow indicates the line-scanning track. Data shown include the original grayscale, Al, P/Al and
Fe/Al series (blue), their 30% LOWESS trends (yellow), and the corresponding detrended residuals

(orange). Negative values represent deviations below the fitted LOWESS trend and do not indicate
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negative physical measurements. To better visualize the variations in P/Al and Fe/Al, a logarithmic (log)

scale is applied to the y-axis.

Figure 7. Time series analysis of the grayscale and element records from the Luanshigou laminites at 0—
0.5 cycles/mm. (a—d) Power spectra (black curves) of the detrended grayscale (a), Al (b), P/Al (c), and
Fe/Al (d) series, derived from the thick polished slab shown in Figure 3b. Bold labels indicate cycle
lengths in laminar couplets (LC), calculated as 1 + frequency (cycles/mm) + average laminar couplet
thickness (0.206 mm), whereas the numbers below in normal font denote frequencies (x-axis values). 1
LC corresponds to 1 yr. Thus the 68—79, 3540, ~22, and 11-15 LC cycles correspond to the Gleissberg
(G; 7090 yr), Briickner climatic (B; ~35 yr), Hale (H; ~22 yr), and Schwabe solar cycles (S; ~11 yr),
respectively. (e—h) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the grayscale (e), Al (f),

P/Al (g), and Fe/Al (h) series.

Figure 8. Time series analysis of the grayscale and elemental records from the Luanshigou laminites at
an expanded frequency range (0-5 cycles/mm). (a—d) Power spectra (black curves) of the detrended
grayscale (a), Al (b), P/Al (¢), and Fe/Al (d) series, derived from the thick polished slab shown in Figure
3b. Compared to the low-frequency analysis (0-0.5 cycles/mm; Figure 7), this range highlights shorter-
wavelength variability. Cycle lengths are expressed in laminar couplets (LC) using the same conversion

as in Figure 7. 1 LC corresponds to 1 yr. Thus the 2—8 LC cycle falls within the ENSO-like band (2—-7
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yr). (e-h) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the grayscale (e), Al (f), P/Al (g),

and Fe/Al (h) series.

Figure 9. Sedimentary fabric and proposed solar-climate coupling model for the Luanshigou laminites.
(a) Seasonal formation model of the two lamina types: coarse, hematite-poor silt-sand laminae deposited
during high-energy wet seasons, and fine, hematite-rich argillaceous laminae associated with microbial
mats developed during low-energy dry seasons. (b) Proposed climatic response during solar maxima:
enhanced solar UV irradiance drives a poleward expansion of the Hadley circulation and shifts the
subtropical arid zone, suppressing precipitation at ~30°N; combined with increased total solar irradiance
and reduced GCR flux, this decreases cloudiness and storm frequency. The resulting stable hydrodynamic
conditions promote microbial mat growth, Fe(Il) oxidation, and deposition of fine-laminae-dominated
couplets. (c) Representative thin section photograph showing variations in lamina character across a solar
cycle: finer particles, well-developed microbial mats, and higher authigenic hematite content during drier
intervals (darker couplet set), and coarser particles with reduced mats and hematite during wetter
intervals (lighter couplet set). FL = Fine lamina; CL = Coarse lamina; HC = Hydrodynamic condition;
SC = Solar cycle; Cli. = Climate. (d) Proposed climatic response during solar minima: reduced solar UV
irradiance and lower total solar irradiance, combined with an enhanced galactic cosmic ray (GCR) influx
increases cloud cover and precipitation. The resulting higher hydrodynamic energy suppresses microbial
mat development and Fe(Il) oxidation, thereby favoring deposition of coarse-laminae-dominated

couplets.



