
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/243957/

Version: Accepted Version

Article:

Liang, X., Tang, D., Sun, L. et al. (2026) Sunspot cycles drove decadal fluctuations in 
shallow water oxygenation in the Mesoproterozoic. Earth and Planetary Science Letters, 
692. 120268. ISSN: 0012-821X 

https://doi.org/10.1016/j.epsl.2026.120268

This is an author produced version of an article published in Earth and Planetary Science 
Letters, made available via the University of Leeds Research Outputs Policy under the 
terms of the Creative Commons Attribution License (CC-BY), which permits unrestricted 
use, distribution and reproduction in any medium, provided the original work is properly 
cited.

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.epsl.2026.120268
https://eprints.whiterose.ac.uk/id/eprint/243957/
https://eprints.whiterose.ac.uk/


 

Sunspot cycles drove decadal fluctuations in shallow water oxygenation in the Mesoproterozoic 1 

 2 

Xiyue Liang 1, 2, Dongjie Tang 1, 3*, Longfei Sun 2, Xiaoying Shi 1, 2, Mingsong Li 4, Kunfeng Qiu 2, 5, 3 

Baozeng Xie 2, Xinqiang Wang 2, and Simon W. Poulton 6 4 

 5 

1 State Key Laboratory of Geomicrobiology and Environmental Changes, Frontiers Science Center for 6 

Deep-time Digital Earth, China University of Geosciences (Beijing), Beijing 100083, China 7 

2 School of Earth Sciences and Resources, China University of Geosciences (Beijing), Beijing 100083, 8 

China 9 

3 Institute of Earth Sciences, China University of Geosciences (Beijing), Beijing 100083, China 10 

4 Key Laboratory of Orogenic Belts and Crustal Evolution, MOE, School of Earth and Space Sciences, 11 

Peking University, Beijing, 100871, China 12 

5 Frontiers Science Center for Deep-Time Digital Earth, State Key Laboratory of Geological Processes 13 

and Mineral Resources, China University of Geosciences (Beijing), Beijing 100083, China 14 

6 School of Earth, Environment and Sustainability, University of Leeds, Leeds LS2 9JT, UK 15 

 16 

*Corresponding author. E-mail: dongjtang@126.com (D. Tang) 17 

 18 

Abstract 19 

The mid-Proterozoic (~1.8–0.8 Ga) shallow ocean was dominantly anoxic and ferruginous, and has 20 

long been considered to have been redox-stable (the so-called “Boring Billion”), but recently recognized 21 
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million-year-scale redox variability raises the question of whether even higher-frequency fluctuations 22 

occurred. Decadal-scale solar cycles drive climate variability, yet their influence on iron cycling and 23 

associated redox dynamics in mid-Proterozoic shallow marine settings remains unexplored. Here, we 24 

report sunspot cycles recorded in ~1.3 Ga marine red beds of the Luanshigou Formation, South China. 25 

The studied carbonate laminites consist of alternating coarse, hematite-poor intraclastic laminae, and fine, 26 

hematite-rich microbial mat laminae, reflecting seasonal fluctuations in hydrodynamic energy and redox 27 

conditions driven by wet–dry seasonal variability. The preservation of tufted microbial mats indicative 28 

of months-long growth supports an annual origin for each couplet. Long-term sedimentation rates 29 

(~14.3–34.9 μm/yr) are lower than the annual rate inferred from mean couplet thickness (~206 μm/yr), 30 

consistent with accumulation-rate underestimation over longer, incomplete stratigraphic records. 31 

Spectral analysis of laminite thickness, grayscale and geochemical data (Al, Fe/Al, P/Al) reveals 32 

periodicities of 11-yr Schwabe, 22-yr Hale, 35-yr Brückner and 70–90-yr Gleissberg cycles. We thus 33 

propose that in anoxic and ferruginous shallow marine settings of the mid-Proterozoic, sunspot activity 34 

modulated climate and thereby the development of microbial mats. This, in turn, formed localized oxygen 35 

oases that mediated Fe(II) oxidation and drove substantial short-term redox variability, indicating 36 

pervasive dynamic fluctuations across decadal to million-year timescales and further challenging the 37 

traditional “Boring Billion” paradigm. 38 
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1. Introduction 43 

Understanding the drivers of climatic and environmental variability across different timescales is 44 



 

central to reconstructing Earth’s surface evolution. The Sun modulates its irradiance and solar wind, thus 45 

impacting Earth’s atmospheric circulation and magnetic field, as well as playing a pivotal role in climate 46 

dynamics (Gray et al., 2010; Ma et al., 2022). Solar cycles include the 11-year Schwabe, 22-year Hale, 47 

70-to-90-year Gleissberg, and 210-year Suess cycles (Usoskin, 2017). On Earth, these cycles are 48 

recorded in both lacustrine and marine sediments deposited since the Paleoproterozoic (Table S1). For 49 

example, power spectrum analyses of carbonate laminites from the early Mesoproterozoic Wumishan 50 

Formation (~1.5–1.45 Ga) of North China have revealed two stable periodicities consistent with the 51 

Schwabe and Hale sunspot cycles, suggesting that sunspot activity exerted influences on microbial 52 

growth and primary production through modulating illumination, precipitation and temperature (Tang et 53 

al., 2014). Thickness variations of aeolian sediment laminae in a Holocene glacial lake, exhibiting 22, 40 54 

to 50, and 200-year cycles, point to the influence of short-term solar activity on surface wind intensity 55 

and aeolian clay input (Anderson, 1992). Present-day variability in sunspot-related solar output induces 56 

climate change in a variety of ways. For instance, the late 17th century “Little Ice Age” has been attributed 57 

to the Maunder Minimum, a nearly 45-year period of minimal sunspot activity (Gray et al., 2010). 58 

Evidence suggests that solar activity has influenced Earth’s climate and environmental conditions 59 

significantly since the early Paleoproterozoic (Andrews et al., 2010; Ding et al., 2022). Most studies, 60 

however, have focused on the Phanerozoic, which is generally characterized by higher oxygen 61 

concentrations and lower dissolved Fe(II) in the oceans (Table S1; Mills et al., 2023). By contrast, anoxic 62 

and ferruginous oceans dominated in the Precambrian (Poulton and Canfield, 2011), resulting in intervals 63 

of widespread formation of marine red beds (Holland, 1984; Tang et al., 2020) and iron formations 64 

(Bekker et al., 2014). The formation of these deposits was likely closely linked to climate and associated 65 

redox variability, making them ideal sedimentary archives for identifying short-period climatic variations. 66 

One study suggests that the ~2 µm-scale laminites that occur in the ~2 Ga banded iron formations of the 67 



 

Weeli Wolli Formation record a 23.3-year cyclicity, potentially linked to environmental changes driven 68 

by the Hale cycle (Trendall, 1973). Another study identified an ~80-year Gleissberg cycle in ~2.47 69 

billion-year-old µm-scale banded iron formations, potentially resulting from the precipitation of iron 70 

(oxyhydr)oxides regulated by marine primary productivity (Ding et al., 2022).  71 

The mid-Proterozoic shallow ocean has long been considered persistently low in oxygen and 72 

relatively stable (the “Boring Billion”; Planavsky et al., 2014). By contrast, recent studies have 73 

documented pulsed oxygenation on million-year timescales (Hardisty et al., 2017; Shang et al., 2019), as 74 

well as ~10-kyr redox oscillations (Song et al., 2023). However, the influence of short-period solar cycles 75 

on shallow-marine iron cycling and redox dynamics during this interval remains unknown, particularly 76 

on decadal timescales. 77 

Here, we analyze well-preserved iron-rich carbonate laminites from the ~1.3 Ga Luanshigou 78 

Formation in the Shennongjia area of South China, which were deposited in a broadly anoxic, ferruginous 79 

shallow-marine environment. Our approach combines sedimentological, mineralogical, geochemical and 80 

time series analysis. These results provide new constraints on solar-scale modulation of shallow-water 81 

Fe cycling, thereby offering new insight into the drivers of short-term redox fluctuations in shallow mid-82 

Proterozoic seawater. 83 

 84 

2. Geological setting 85 

The study area is located in the Shennongjia Forestry District in northwestern Hubei Province, 86 

within the northern Yangtze sub-block (Figure 1a−b; Liu et al., 2024). The Yangtze Craton was formed 87 

by the collision and amalgamation of several microcontinents during the Paleoproterozoic (Tian et al., 88 

2022), after which the sedimentary environment remained relatively stable. Paleomagnetic study 89 

suggests that the area was located at ~30°N during the deposition of the Luanshigou Formation (Figure 90 



 

1a; Liu et al., 2024). This latitude corresponds to a climatically-sensitive boundary within the subtropical 91 

high-pressure belt, situated between the tropical (Hadley) and mid-latitude (Ferrel) atmospheric 92 

circulation cells (Mahlobo et al., 2024). 93 

The Shennongjia Forestry District (31°26'38.44'' N, 110°16'20.07'' E) contains good outcrops of the 94 

Mesoproterozoic succession (Figure 1c). The Shennongjia Group, the oldest strata in this area, is >10 km 95 

thick (Li et al., 2022). Its base is unexposed and its top is unconformably overlain by the Neoproterozoic 96 

Macaoyuan Group (Figure 1c; Li et al., 2013). The Shennongjia Group is divided into a lower subgroup 97 

(including the Yingwodong, Dayanping, Luanshigou, Dawokeng and Kuangshishan formations, in 98 

ascending order) and an upper subgroup (containing the Taizi, Yemahe, Wenshuihe, Shicaohe, 99 

Songziyuan and Wagangxi formations) (Li et al., 2022), and is primarily composed of shallow-marine 100 

carbonates, with some siliciclastic and minor volcaniclastic layers (Figure 1c; Li and Leng, 1991; Kuang 101 

et al., 2018). 102 

In the Shennongding section, the Luanshigou Formation mainly consists of argillaceous silty 103 

dolostone with abundant stromatolites and biolaminites (Figure 1d; Kuang et al., 2018). The base of the 104 

formation is not exposed, and the upper part is disconformably overlain by conglomerate of the 105 

Dawokeng Formation (Figure 2a). The studied interval (Figure 1d) is ~279 m thick in the upper part of 106 

the formation, and was deposited in a peritidal depositional setting on a carbonate platform (Kuang et al., 107 

2018). The lower unit (0−67 m) of the studied interval is dominated by grey, thick-bedded argillaceous 108 

silty dolostone, with chert nodules or bands (Figure 2b). The middle unit (67−258 m) consists mainly of 109 

red, medium-to-thick-bedded, densely laminated argillaceous silty dolostone (Figure 2c−e), with 110 

abundant centimeter-scale stromatolites (Figure 2f) and locally developed minor erosional surfaces 111 

(Figure 2e). The upper unit (258−279 m) is characterized by grey, thick-bedded argillaceous silty 112 

dolostone with some large columnar stromatolites. In this study, a well‑preserved and continuous red 113 



 

carbonate laminite showing no obvious sedimentary hiatuses was collected at a stratigraphic height of 114 

192 m (the middle unit; Figure 1d). 115 

No direct age constraints have yet been obtained for the Luanshigou Formation, but its age can be 116 

indirectly constrained from stratigraphic relationships (Figure 1c). A youngest detrital zircon U-Pb age 117 

of 1398 ± 20 Ma has been reported from the underlying Dayanping Formation, and a zircon U-Pb age of 118 

1215.8 ± 2.4 Ma was obtained from the overlying Yemahe Formation (Li et al., 2013). A dolomite U-Pb 119 

age of 1285.7 ± 66.6 Ma from the upper Kuangshishan Formation provides a broad age constraint for the 120 

lower Shennongjia Group (Jiang et al., 2024). A Re‑Os age of 1258.3 ± 8.5 Ma from black shale in the 121 

lower Taizi Formation has recently been reported in a conference abstract (Gao et al., 2024), while 122 

broadly consistent with this framework, it is cited here as supporting information pending peer review. 123 

Based on these, the age of the Luanshigou Formation can be roughly constrained at ~1.27 Ga (Liu et al., 124 

2024). 125 

 126 

3. Materials and methods 127 

Red carbonate laminites were collected from the upper part of the Luanshigou Formation (Figure 128 

1d) in the Shennongding section, South China. These sediments were deposited in a peritidal environment 129 

on a carbonate platform (Figure 2; Kuang et al., 2018). An ~30 cm interval of well-preserved laminites 130 

showing no signs of significant metamorphism or recrystallization was collected from an outcrop face 131 

(Figure 3a). In the laboratory, a slab was cut perpendicular to bedding with two parallel cuts. The central 132 

portion (a 177 mm-thick continuous section) was used to prepare polished slabs for cyclostratigraphic 133 

and geochemical analyses (Figure 3b), while the flanking portions were reserved for thin section 134 

preparation. To avoid kerf loss and to preserve fine lamination, no saw cuts were made along the 135 

stratigraphic direction. Instead, the flanking material was manually broken into ten consecutive 136 



 

fragments (~10 × 10 cm), which were then impregnated with epoxy and ground into large-format thin 137 

sections (Figure 3c and d), ensuring continuous stratigraphic coverage without gaps or overlap.  138 

Microscopic features were observed using a Stereo Discovery V20 microscope, a Zeiss Axio Scope 139 

A1 microscope, and a Zeiss Supra 55 Field Emission Scanning Electron Microscope (FESEM) at the 140 

FESEM Laboratory of the China University of Geosciences (Beijing). Selected small slabs were polished 141 

by ion milling (GATAN Ilion 697) prior to FESEM analysis, which was performed at an accelerating 142 

voltage of 20 kV and a working distance of 15 mm. Secondary electron imaging detection was used to 143 

characterize topographic features, and an angle sensitive backscattered (AsB) detector was employed to 144 

reveal compositional differences. Element concentrations were semi-quantitatively analyzed by an 145 

Oxford energy-dispersive X-ray spectroscopy (EDS) connected to the FESEM. The spot diameter of 146 

signal acquisition area was about 2 μm. An Oxford NordlysNano Electron backscatter diffraction (EBSD) 147 

camera connected to the FESEM was used to collect the signal of the pre-tilted 70° samples. Diffraction 148 

patterns were collected and automatically indexed in real time using AZtec software from Oxford 149 

instrument HKL Technology. The fitting algorithm included six to eight Kikuchi bands. Only 150 

measurements with mean angular deviation values below 1.0° were accepted. 151 

A thick polished slab was selected for line scanning analysis to obtain variations in X-ray intensity 152 

for the elements Al, P and Fe (in counts per second; cps), using an M4 Tornado (Bruker, Germany) 153 

benchtop μXRF device at the China University of Geosciences (Beijing). The analysis was conducted 154 

under the following conditions: an acceleration voltage of 50 kV; a probe current of 300 μA, and a step 155 

size of 20 μm. In addition, grayscale profiles were extracted from the same polished slab using the ImageJ 156 

software package (Abràmoff et al., 2004). 157 

Power spectral and evolutionary Fast Fourier Transform (eFFT) analyses were conducted using 158 

Acycle v2.8 software (Li et al., 2019a; Li, 2026). The grayscale and geochemical series (Al, P/Al, Fe/Al) 159 



 

were first linearly interpolated to a uniform spacing using the “Interpolation Pro” function, with intervals 160 

set to the median sampling of the grayscale (0.0465 mm) and geochemical (0.02005 mm) datasets. The 161 

P/Al series was logarithmically transformed as y = log10(x + 0.1) to avoid taking the logarithm of zero 162 

values, and the Fe/Al series was transformed as y = log10x, both using the “Data Transformations” module. 163 

The grayscale and geochemical series were detrended by subtracting a 30% LOWESS (Locally Weighted 164 

Scatterplot Smoothing) trend, whereas the thickness series was detrended using a second-order 165 

polynomial due to its relatively short length, both via the “Detrending” function. Power spectra were 166 

computed using the Lomb-Scargle spectrum, with the spectral background estimated by Weedon’s 167 

smoothed window average (SWA) method (Weedon et al., 2019). The significance of spectral peaks was 168 

evaluated against noise using both χ2 confidence levels and false discovery rate (FDR) correction to 169 

reduce multiple-testing artifacts (Weedon et al., 2019). The parameters used for Acycle time-series 170 

analyses (Li, 2026) are provided in Table S2. To test whether the identified spectral peaks were primarily 171 

controlled by localized variations in couplet thickness, we further performed a segmented spectral 172 

robustness test using the front, middle, and last 70% of the grayscale, Al, P/Al and Fe/Al records. 173 

X-ray diffraction analysis was performed using a Rigaku Smart Lab diffractometer at the China 174 

University of Geosciences, Beijing. Approximately 500 mg of sample powder was extracted from a 175 

polished slab using a diamond micro-drill and then ground to 300 mesh in an agate mortar. Measurements 176 

were conducted with Cu Kα1 radiation (λ = 1.5406 Å) under the following conditions: 40 kV accelerating 177 

voltage, 200 mA current, scanning range of 3°–70° (2θ), and a scanning speed of 0.02°/s. Mineral 178 

identification was carried out using MDI Jade 4.5 software. 179 

I/(Ca+Mg) ratios were determined at the National Research Center for Geoanalysis, Beijing, China. 180 

Altogether, 19 samples were drilled from laminites with a diamond micro-drill. Each sample (~24 mg) 181 

was washed with Milli-Q water, dried, and digested in 4 mL of 3% HNO3 with 30-minute ultrasonication. 182 



 

After centrifugation, the supernatant was split for separate analyses. For iodine measurement, 1 mL of 183 

supernatant was treated with 1 mL of 3% tertiary amine solution to stabilize iodine, diluted 1:1000 with 184 

Milli-Q water, and analyzed within 48 h by ICP-MS/MS (Thermo iCAP TQ) to minimize iodine loss. 185 

Instrument sensitivity for iodine was maintained at ~50 kcps for 1 ppb standard. For Ca, Mg, Mn and Sr 186 

concentrations, another aliquot of supernatant was diluted 1:100,000 with 3% HNO3 and analyzed by 187 

ICP-MS/MS. Quality control was performed using dolomite reference material JDo-1, yielding 188 

uncertainties of 0.72% for I, and 0.71%, 0.53%, 1.43% and 0.72% for Ca, Mg, Mn and Sr, respectively 189 

(Tables S3 and S4). The method detection limit for I/(Ca+Mg) was below 0.1 μmol/mol. 190 

 191 

4. Results 192 

The red carbonate laminites consist of densely packed laminar couplets, each composed of 193 

alternating coarse (light) and fine (dark) laminae (Figure 4). Couplet thicknesses range from 74 to 736 194 

μm, but most values fall between 125 and 225 μm, with a mean of ~206 μm, a standard deviation of 108 195 

μm, a standard error of 5 μm, and a coefficient of variation of 52% (Figure 5a and b; Table S5). 196 

Approximately 11 such couplets group into a larger-scale couplet set (Figure 4a). Within each set, nearly 197 

half of the couplets are dominated by fine laminae, giving a darker overall appearance, while the other 198 

half are dominated by coarse laminae, resulting in a lighter appearance (Figure 4a). Microscopically, the 199 

laminites comprise abundant subangular dolomite intraclasts (10–100 μm) and minor terrigenous detritus, 200 

including irregular anhedral hematite, ilmenite and feldspar, within a matrix of sub-µm-scale authigenic 201 

hematite and intraclastic dolomite with subsidiary quartz and illite (Figure 4b). These components are 202 

organized differently in each laminar couplet. The coarse (light) laminae are characterized by coarse 203 

intraclastic dolomite, detrital quartz, feldspar, illite, and large (50–100 μm) irregular grains of ilmenite 204 

and hematite, containing only minor amounts of authigenic hematite (<1 μm; Figure 4c and d). By 205 



 

contrast, the fine (dark) laminae show greater bending and tortuosity, and are dominated by fine dolomite 206 

and abundant minute (<1 μm) authigenic hematite crystals (Figure 4e–h). Elemental mapping reveals 207 

lower Fe and Al concentrations in the coarse (lighter) laminae compared to the fine (darker) laminae 208 

(Figure 4i). The fine laminae also contain frequent microbial-related fabrics, such as near-vertical detrital 209 

ilmenite strips (Figure 4j; cf. Noffke et al., 2003) and tufted structures with ~0.3 mm relief (Figure 4k; 210 

Noffke et al., 2013). All of these features are associated with organic matter, as evidenced by faint 211 

orange-red autofluorescence exhibited by the fine laminae (Figure 4l). 212 

Five proxies were analyzed to determine periodicity: grayscale (primarily reflecting hematite 213 

content), Fe/Al and P/Al ratios (dominantly reflecting Fe (oxyhydr)oxides and associated P 214 

sequestration), Al contents (indicating terrigenous detrital deposition), and thickness (reflecting 215 

sedimentation rate) (Tables S5–S7; Figures 5–8). To reconstruct iron content variations, continuous 216 

spectral analysis was conducted on a 177.7-mm-thick polished slab (Figure 3b). Cycle lengths in laminar 217 

couplets, expressed as the number of couplets per cycle, were calculated as follows: for the grayscale 218 

and geochemical series, cycle length = 1 ÷ frequency (cycles/mm) ÷ mean laminar couplet thickness 219 

(0.206 mm); for the laminar couplet thickness series, cycle length = 1 ÷ frequency (cycles/LC). Power 220 

spectra of the detrended thickness, grayscale, Al, Fe/Al and P/Al series reveal prominent peaks, with the 221 

most significant at ~77 laminar couplets in grayscale (exceeding the 5% false discovery rate threshold, 222 

Figure 7a). Additional peaks exceeding the 95% χ2 confidence level are identified at ~67, ~13, ~5, ~3 223 

and ~2 laminar couplets in thickness (Figure 5c–e); ~40, ~15, ~8, ~5, ~4, ~3, ~2 and ~1 laminar couplet(s) 224 

in the grayscale; ~79, ~36, ~12, ~8, ~3, ~2 and ~1 laminar couplet(s) in Al; ~73, ~36, ~22, ~12, ~3, ~2 225 

and ~1 laminar couplet(s) in P/Al and ~68, ~35, ~22, ~13, ~11, ~8, ~4, ~3, ~2 and ~1 laminar couplet(s) 226 

in Fe/Al (Figures 7 and 8) . However, evolutionary Fast Fourier Transform (eFFT) indicates that only 227 

the ~70, ~35, ~22 and ∼11 couplet cycles persist throughout the dataset, whereas other spectral peaks 228 



 

show limited persistence and may represent stochastic signals or non-stationary processes (Figures 5–8). 229 

Segmented spectral analysis further confirms that these dominant cycles recur consistently in different 230 

parts of the record (Figure S1). 231 

The I/(Ca+Mg) ratios of the red carbonate laminites are consistently low, with a mean value of 0.20 232 

± 0.04 μmol/mol (n = 19; Table S8). This value falls below the established Precambrian baseline of 233 

0.5 μmol/mol, suggesting an anoxic marine setting (Lu et al., 2017). These samples also have elevated 234 

Mn/Sr (11 ± 3 ppm/ppm) and Mg/Ca ratios (1.01 ± 0.03 mol/mol). No significant correlation is observed 235 

between I/(Ca+Mg) and either Mn/Sr (R2 = 0.07, p = 0.26) or Mg/Ca (R2 = 0.07, p = 0.27) (Table S8). 236 

 237 

5. Discussion 238 

5.1. Duration of Each Laminar Couplet 239 

The formation of lamination is commonly controlled by periodic factors, but the duration of each 240 

laminar couplet can vary widely, from a day (Okumura et al., 2011) to a month (Davis, 2012) or a year 241 

(Gao et al., 2026). Geochronological and cyclostratigraphic constraints provide first-order estimates of 242 

long-term sedimentation rate. Detrital zircon U-Pb dating of the underlying Dayanping Formation yields 243 

a youngest age of 1398 ± 20 Ma (Li et al., 2013), and Re-Os dating of black shale from the overlying 244 

lower Taizi Formation gives 1258.3  ±  8.5 Ma (Gao et al., 2024). These constraints imply that ~2000 m 245 

of strata were deposited over 140 Myr, corresponding to a rate of >14.3 μm/yr. Based on the ages of the 246 

overlying Yemahe Formation (1215.8  ±  2.4  Ma; zircon U-Pb age by LA-MC-ICP-MS; Li et al., 2013) 247 

and Taizi Formation, ~1500  m of sediment was deposited over ~43 Myr, yielding a rate of ~34.9 μm/yr. 248 

Because the Re-Os age of the Taizi Formation has not yet been formally peer-reviewed, we further 249 

calculated an estimate independent of that age. The published constraints from the Dayanping and 250 

Yemahe formations indicate ~3500 m of strata deposited over 182 Myr, corresponding to a rate 251 



 

of >19.2 μm/yr. Cyclostratigraphic analysis of the Yemahe Formation independently indicates a rate of 252 

~17.9 μm/yr (Zhou et al., 2024).  253 

In the study interval, 434 laminar couplets were measured, constituting a continuous and 254 

well‑preserved depositional succession (Figure 5a) that reflects relatively stable sedimentation. If the 255 

laminar couplets represent one year, the implied sedimentation rate (~206 μm/yr) exceeds all three long-256 

term estimates (~14.3–34.9 μm/yr) by roughly an order of magnitude. Although this discrepancy might 257 

initially suggest a decadal origin for each couplet, an annual interpretation is better supported by 258 

sedimentological and microbial-mat evidence. First, microbial mats can enhance sediment trapping, 259 

binding and early cementation, thereby amplifying apparent lamina thickness (Figure 4j–l; Noffke et al., 260 

2013). Second, the mean annual lamina thickness records local gross accumulation within a short, 261 

well‑preserved interval, whereas the long‑term estimates represent time‑averaged net accumulation over 262 

millions of years and inevitably include the cumulative effects of hiatuses, erosion and condensation, 263 

consistent with the Sadler effect (Sadler, 1981). This stratigraphic incompleteness is evidenced by a 264 

regional disconformity between the Kuangshishan and Taizi Formations (Figure 1c; Li et al., 2013), and 265 

by frequent erosional surfaces within the Luanshigou Formation (Figure 2e). The Sadler effect is further 266 

supported by well‑constrained modern compilations, such as the time‑interval synthesis of sediment 267 

accumulation rates across the Mississippi Delta, which shows a clear negative scaling between calculated 268 

accumulation rate and measurement timescale even over intervals of days to millennia (Jenkins, 2018). 269 

Additionally, the mean couplet thickness of ~206 μm falls well within the range documented for annual 270 

microbial laminites (102–103 μm; Table S1). For example, Mesoproterozoic carbonate biolaminites in the 271 

Wumishan Formation (North China) have an average annual couplet thickness of ~528 μm (Tang et al., 272 

2014), and biogenic carbonate varves in Holocene Lake Soppensee (Switzerland) exhibit couplet 273 

thicknesses of 250–700 μm (Livingstone and Hajdas, 2001). While these comparative examples come 274 



 

from different depositional settings, they demonstrate that annual microbial laminites of comparable 275 

thickness are widely documented. 276 

The fine laminae exhibit distinct orange-red autofluorescence under UV light (Figure 4l), indicating 277 

the presence of kerogen derived from organic matter (Gerdes et al., 2000; Tang et al., 2013). In addition 278 

to this organic signature, the presence of well-preserved tufts, in the form of vertical growth structures 279 

formed by filamentous cyanobacteria, provides key evidence for the development of a mature, cohesive 280 

microbial mat (Figure 4k; Gerdes et al., 2000; Noffke et al., 2013). The formation of such structures 281 

requires sustained microbial growth and sediment stabilization over months, far exceeding a diurnal 282 

timescale (Gerdes and Klenke, 2007). This interpretation is further supported by the common occurrence 283 

of near-vertical, strip-shaped particles trapped within the laminae, which attest to the sediment-binding 284 

capacity of the original filamentous microbial networks (Figure 4j; Gerdes et al., 2000; Noffke et al., 285 

2003). Collectively, the co-occurrence of kerogen, mat growth structures and trapped particles indicates 286 

that the dark laminae represent an extended period of seasonal microbial development under 287 

hydrologically quiescent conditions. Consequently, the repetitive alternation of these organic-rich layers 288 

with coarse, intraclast-dominated light laminae supports an annual, rather than diurnal, origin for the 289 

laminar couplets. 290 

The Luanshigou laminites are characterized by rhythmic alternations of coarse, hematite-poor 291 

intraclastic laminae, and fine, hematite-rich microbial mat-derived laminae (Figure 4). This repetitive 292 

lamination reflects seasonal fluctuations in hydrodynamic energy, consistent with deposition on a low-293 

latitude carbonate platform that was frequently influenced by storm events and strong currents (Bosence, 294 

2005). During wet seasons, corresponding to enhanced high-energy runoff, storm-induced 295 

hydrodynamics not only suppressed microbial mat development but also fragmented and reworked intra-296 

basinal carbonate sediments, leading to the accumulation of coarse intraclast-dominated laminae; 297 



 

whereas during dry seasons, stabilized water conditions favoured microbial mat proliferation, facilitating 298 

hematite precipitation and the formation of fine, iron-rich laminae (Figure 9a; Li et al., 2018). Structurally 299 

and genetically, these laminites closely resemble seasonal varve couplets documented in the late 300 

Holocene deposits of Jiang Co Lake, providing a robust modern counterpart that strongly supports the 301 

interpretation of the Luanshigou laminites as seasonally-controlled, annual deposits (Ji et al., 2021). 302 

 303 

5.2. Solar Cycles Recorded in the Red Beds 304 

The Luanshigou laminites are well preserved, and their chemical signals remain unaffected by later 305 

diagenetic alteration. Microscopic observations reveal that these finely laminated structures have been 306 

well preserved since deposition, and exhibit minimal deformation or evidence of metamorphism (Figure 307 

4). Furthermore, hematite in the red beds preserves primary paleomagnetic information, accurately 308 

recording paleolatitude, consistent with an origin from dehydration of precursor ferric mineral phases 309 

during burial diagenesis, rather than later stage alteration (Liu et al., 2024). Relatively high δ18O values 310 

(> −10‰) in the Luanshigou carbonates (Li et al., 2022) suggest limited late-stage alteration, given the 311 

sensitivity of δ18O to diagenetic resetting by meteoric or hydrothermal fluids (Kaufman and Knoll, 1995). 312 

Furthermore, laser Raman analysis of organic matter in the adjacent Taizi Formation suggests a low 313 

metamorphic temperature (~280°C; Li et al., 2022), pointing to a weak regional thermal overprinting. 314 

Collectively, these lines of evidence indicate that the elemental variations in the Luanshigou laminar 315 

couplets were only minimally affected by post-depositional processes, and can therefore be reasonably 316 

interpreted to reflect primary environmental conditions. 317 

In the studied laminites, darker laminae exhibit higher iron concentrations, consistent with the use 318 

of rock color (including grayscale) as a qualitative paleoclimate proxy (Li et al., 2019b). In ferruginous 319 

environments, iron and phosphorus are closely coupled, as phosphorus released during organic matter 320 



 

decomposition may be efficiently scavenged and co-precipitated with Fe (oxyhydr)oxides, resulting in a 321 

positive sediment correlation (Table S7; März et al., 2018). Aluminum, which is primarily hosted in clay 322 

minerals such as kaolinite and illite, making its content a reliable tracer of lithological variation, has 323 

higher values in fine-grained sediments (Bergaya and Jaber, 2011). Fe/Al and P/Al ratios are therefore 324 

used, rather than absolute concentrations, to minimize the influence of detrital input. 325 

Power spectral and evolutionary Fast Fourier Transform (eFFT) analyses of the lamina thickness, 326 

grayscale and geochemical series (Al, P/Al and Fe/Al) were used to isolate periodicities that robustly 327 

reflect environmental forcing. To this end, three selection criteria were applied: (1) the spectral peak 328 

should exceed the 95% χ2 confidence level; (2) the cycle should be recorded by multiple independent 329 

proxies, and (3) the cycle should exhibit persistent power throughout the dataset in eFFT. After applying 330 

these criteria, a dominant periodicity of ~77 laminar couplets in the grayscale record (<5% FDR), 331 

together with additional persistent cycles at 67–79, 35–40, ~22 and 11–15 laminar couplets (>95% CL), 332 

is identified (Figures 5–8; Table S9). Given the annual origin for each laminar couplet, these stratigraphic 333 

rhythms can be translated into temporal cycles, and are interpreted to represent the 70 to 90-yr Gleissberg, 334 

~35-yr climatic Brückner, 22-yr Hale, and 11-yr Schwabe cycles (Brückner, 1890; Usoskin, 2017).  335 

Independent spectral analysis of the couplet‑thickness series and segmented robustness tests confirm 336 

that the principal periodicities are stable against variations in individual couplet thickness; further 337 

discussion and supporting data are provided in the Supplementary Materials. Among these, the relatively 338 

less well-recognized ~35-yr climatic Brückner cycle is captured in this study, possibly due to 339 

amplification associated with the paleogeographic setting at ~30°N. This location lies within the 340 

subtropical high-pressure belt, where small-scale climatic forcing can be amplified into pronounced wet–341 

dry variability (e.g., Xu and Yang, 1993). The cyclic fluctuations in grayscale and Fe/Al ratios, which are 342 

primarily controlled by variations in hematite abundance, may thus preserve a high-fidelity record of 343 



 

Fe(II) oxidation dynamics in Mesoproterozoic shallow marine environments. High-frequency cycles of 344 

~2–8 laminar couplets commonly satisfy criteria (1) and (2), but fail criterion (3). In eFFT they appear 345 

only intermittently, primarily occupying low-power (blue) zones in the grayscale record and lacking 346 

continuity across the entire dataset (Figure 8). The ~11-couplet bundling (Figure 4a), together with the 347 

paleolatitudinal setting of the study area at ~30°N near the subtropical high-pressure belt where ENSO 348 

teleconnections are indirect and unstable (Figure 1a; Trenberth et al., 1998), points to solar-scale 349 

modulation as the more likely driver of wet–dry variability and hematite formation. This does not exclude 350 

the possibility that some of these higher-frequency signals carry an ENSO-like signature, but the 2–8-351 

year band does not represent the dominant cyclicity.  352 

 353 

5.3. Response of Laminite Cyclicities to Solar Activity 354 

Sedimentary cyclicity records suggest that solar activity may have modulated Earth's climate during 355 

the Mesoproterozoic through multiple coupled pathways. Total solar irradiance variations can directly 356 

influence surface temperatures (Cubasch and Voss, 2000), while galactic cosmic rays modulate cloud 357 

cover via changes in atmospheric ionization (Marsh and Svensmark, 2000). Solar UV irradiance modifies 358 

the thermal structure of the middle atmosphere (Haigh et al., 2010), and in the Mesoproterozoic, this 359 

pathway may have been amplified: geological iodine records indicate that ozone levels were likely very 360 

low (Liu et al., 2025), which would have allowed enhanced UV penetration to the surface and a more 361 

direct climatic influence than at present. These mechanisms are not mutually exclusive and likely 362 

operated together, collectively linking solar variability to the shallow-marine depositional system. 363 

The impact of sunspot activity on shallow marine iron cycling may vary depending on the origin of 364 

the hematite in the red laminites. Proposed genetic pathways for hematite formation can be broadly 365 

divided into terrigenous detrital input (e.g., Lepp and Goldich, 1964) and authigenic origins, which 366 



 

include oxidation of ferruginous water at the redoxcline, with subsequent diagenetic dehydration of 367 

primary Fe hydroxides to hematite (Song et al., 2017; Tang et al., 2020), and iron oxidation mediated by 368 

oxygenic cyanobacteria or microaerophilic iron-oxidizing bacteria (Planavsky et al., 2009). In our case, 369 

microscopic observations reveal that ilmenite and hematite in the coarse (lighter) laminae occur as larger 370 

(up to 50−100 μm), sub-angular detrital grains with only minor fine-grained authigenic hematite (<1 μm; 371 

Figure 4c and d). By contrast, hematite in the fine (darker) laminae is predominantly composed of sub-372 

micrometer-sized, euhedral hexagonal crystals closely associated with microbial mats (Figure 4e–h), 373 

supporting an authigenic origin (Tang et al., 2020). 374 

Enrichment in authigenic hematite within microbial mat laminae indicates that iron oxidation was 375 

closely associated with microbial activity rather than direct seawater oxidation (Heard et al., 2022). This 376 

inference is also supported by low carbonate I/(Ca+Mg) values in our samples (0.20 ± 0.04 μmol/mol; 377 

Table S8), below the Precambrian baseline (0.5 μmol/mol) (Lu et al., 2010). This could be a result of 378 

diagenetic dolomitization (Hardisty et al., 2017) and/or low seawater oxygen levels (Lu et al., 2010). The 379 

absence of correlation between I/(Ca+Mg) and both Mn/Sr (R2 = 0.07, p = 0.26) and Mg/Ca (R2 = 0.07, 380 

p = 0.27) suggests a limited influence of diagenetic dolomitization on the I/(Ca+Mg) values. Thus, the 381 

low I/(Ca+Mg) in the Luanshigou laminites likely reflects low seawater oxygen levels, suggesting that 382 

oxygen availability was likely not sufficient to completely oxidize Fe(II), and hence microbial activity 383 

would have played a role in hematite precipitation (Heard et al., 2022). 384 

The development and preservation of microbial mats, as well as the formation of intraclast 385 

carbonates, are both strongly controlled by hydrodynamic conditions (Noffke, 2000; Einsele, 2013). 386 

Microbial mats initiate through the secretion of extracellular polymeric substances, which bind sediment 387 

grains and stabilize the substrate (Gerdes et al., 2000). Under elevated hydrodynamic energy, however, 388 

nascent microbial mats are readily eroded, and even mature mats can be disrupted or removed once a 389 



 

critical shear stress threshold is exceeded (Noffke, 2000). As a result, persistent mat preservation requires 390 

prolonged intervals of low-energy conditions. In addition, the Luanshigou Formation is dominated by 391 

intraclast carbonates, and its formation was primarily controlled by hydrodynamic processes (e.g., wave 392 

and storm activity) that drove sediment fragmentation and reworking (Einsele, 2013). This interpretation 393 

is further supported by the microstructural characteristics of ~11 laminar couplet sets (Figure 4a), 394 

indicating a strong hydrodynamic control on their deposition. Within a single sunspot cycle, the 395 

succession shifts from inorganic coarse laminae to fine, microbially-rich laminae (Figure 4a), which may 396 

reflect a climatic transition from wet to dry conditions under the influence of solar variability. 397 

During periods of high sunspot activity, increased total solar irradiance (only ~0.1% of total solar 398 

output; Lean and Rind, 2001) and enhanced UV radiation lead to surface warming (Cubasch and Voss, 399 

2000; Haigh et al., 2010). Although oceanic thermal inertia limits the direct temperature response to no 400 

more than ~0.1°C (Gray et al., 2010), the more consequential climatic effects operate through 401 

atmospheric circulation. Specifically, enhanced radiation modifies the stratospheric thermal structure, 402 

driving a poleward expansion of the Hadley circulation and a corresponding poleward shift of the 403 

subtropical arid zone, thereby suppressing precipitation at around 30° latitude (Clayton, 1923; Wang et 404 

al., 2005). Meanwhile, the stronger solar wind reduces the influx of galactic cosmic rays, resulting in 405 

decreased cloud cover and higher cloud altitudes (Andrews et al., 2010). As a result, lower precipitation, 406 

and reduced storm frequency and wave energy under these dry conditions, would have favored the 407 

settling and preservation of fine-grained sediment, which led to: (1) deposition of fine clay minerals, as 408 

reflected by Al variations; (2) sustained microbial mat growth; (3) enhanced Fe oxidation and enrichment; 409 

and (4) increased phosphate uptake by Fe (oxyhydr)oxides. Together, these processes facilitated the 410 

formation of fine-laminae-dominated couplet sets (Figure 9b; upper yellow interval in Figure 9c). By 411 

contrast, during periods of low sunspot activity, increased precipitation and storm frequency would have 412 



 

suppressed microbial mat development through physical disturbance, thus limiting Fe(II) oxidation and 413 

favoring the deposition of coarse-laminae-dominated couplet sets (Figure 9d; lower yellow interval in 414 

Figure 9c). 415 

An alternative hypothesis suggests that sunspot activity may have influenced continental 416 

phosphorus fluxes into the ocean, thereby stimulating microbial mat development and promoting Fe(II) 417 

oxidation in shallow seawater. However, this mechanism appears internally inconsistent, since although 418 

enhanced rainfall during low sunspot activity would elevate terrestrial phosphorus inputs from 419 

continental weathering (potentially stimulating microbial growth and oxygenic photosynthesis), the 420 

concurrent intensification of storm activity would disrupt mat establishment and preservation. A more 421 

coherent model is that sunspot activity primarily regulated microbial mat development, which in turn 422 

drove iron redox cycling and subsequently influenced phosphorus uptake. This interpretation is supported 423 

by the positive correlation between P/Al and Fe/Al (r = 0.69, R2 = 0.47, p < 0.01; Table S7), indicating 424 

coupled Fe–P behavior.  425 

This coupled Fe‒P behavior is fundamentally different to phosphorus cycling in modern oceans, 426 

where regeneration from organic matter predominates (Schlesinger and Bernhardt, 2013). In the anoxic 427 

and ferruginous Proterozoic deep ocean (Poulton and Canfield, 2011), however, P recycling was likely 428 

markedly suppressed due to drawdown in association with Fe minerals (Reinhard et al., 2016), which 429 

would have exerted negative feedback on primary productivity (Song et al., 2023; Poulton, 2017). Our 430 

data thus highlight a major controlling factor on microbially-induced Fe (oxyhydr)oxide precipitation 431 

and hence fluctuations in the intensity of P drawdown, via changes in sunspot activity. 432 

The patterns provide one of the earliest examples of short-term solar forcing of Earth’s shallow-433 

water iron cycle, which in turn would have contributed to short-term fluctuations in mid-Proterozoic 434 

shallow-marine oxygenation. Thus, our results extend the perspective of Mesoproterozoic redox 435 



 

variability from the million-year scale (Hardisty et al., 2017; Shang et al., 2019) to high-frequency 436 

fluctuations on decadal timescales, indicating that Proterozoic redox conditions varied across multiple 437 

temporal scales. We further propose that, under low-oxygen Precambrian conditions, solar activity may 438 

have modulated microbial mat productivity in ferruginous shallow marine environments, thereby 439 

influencing Fe(II) oxidation. Microbial mats acted as local sites of oxygen production and redox 440 

regulation (Heard et al., 2022; Cañadas et al., 2025), providing a biological link between solar-driven 441 

climatic variability, iron cycling and shallow-water redox dynamics. Although the observed periodicities 442 

and lamina stacking patterns are consistent with known solar cycles and a solar-forced sedimentary origin, 443 

the precise transmission pathway from irradiance changes to lamina formation remains unresolved. 444 

Future paleoclimate simulations could test how solar activity influenced Earth’s climate at ~1.3 Ga. 445 

 446 

6. Conclusions 447 

In order to better understand the potential influence of sunspot activity on Mesoproterozoic shallow 448 

water oxygenation, red carbonate laminites from the ~1.3 Ga Luanshigou Formation in the Shennongjia 449 

area, South China were studied through analyses of lithology, geochemistry and power spectra. The 450 

following conclusions can be drawn. 451 

(1) Red carbonate laminites of the Luanshigou Formation are composed of laminar couplets 452 

characterized by alternating coarse and fine laminae. The coarse laminae represent inorganic, clast-rich 453 

deposition during a wet and stormy season, while the fine laminae represent microbial mats formed 454 

during a dry and calm season. The laminar couplet is annual in origin. 455 

(2) In the red carbonate laminites, 11-yr-Schwabe, 22-yr-Hale, 35-yr Brückner climatic, and 70–90-456 

yr-Gleissberg cycles can be identified.  457 

(3) Sunspot activity may have affected hydrodynamic conditions by regulating climate and the 458 



 

development and preservation of microbial mats, resulting in periodic changes in iron cycling, thereby 459 

driving substantial short-term variability in shallow water redox conditions through the mid-Proterozoic. 460 

(4) Combined with previously documented million-year-scale redox oscillations, our results reveal 461 

pervasive redox dynamics from decadal to million-year timescales, further challenging the traditional 462 

“Boring Billion” paradigm. 463 
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Figure Captions 689 

Figure 1. Geological setting and stratigraphy of the study area. (a) Global paleogeographic 690 

reconstruction at ~1.3 Ga, showing the location of the study area relative to major continental blocks 691 
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(modified from Liu et al., 2024). The study area is located on the northern margin of the Yangtze Block. 692 

(b) Geological map illustrating the distribution of the Shennongjia Group and the location of the studied 693 

section (modified after Li and Leng, 1991). The upper left inset shows the major tectonic subdivisions of 694 

China. (c) Stratigraphic column of the Mesoproterozoic Shennongjia Group (modified after Li et al., 695 

2022). U-Pb ages from baddeleyite in mafic dikes and zircon in tuff layers, and Re-Os ages from black 696 

shales, are from: (1) Li et al. (2013); (2) Du et al. (2016); (3) Li et al. (2013); (4) Gao et al. (2024); (5) 697 

Jiang et al. (2024); (6) Li et al. (2013). (d) Stratigraphic column of the studied interval, indicating the 698 

sampling horizon (red arrow). 699 

 700 

Figure 2. Carbonate laminites and associated lithofacies from the study section, interpreted as peritidal 701 

deposits (Kuang et al., 2018). (a) Basal conglomerate of the overlying Dawokeng Formation. (b) 702 

Luanshigou Formation dolostone with thin chert bands (arrows). (c) Reddish silty dolostone 703 

characterized by densely spaced laminar couplets. (d) Reddish laminated argillaceous dolostone 704 

exhibiting a weakly developed domal structure (arrows). (e) Reddish argillaceous carbonate laminite, 705 

exhibiting frequent small-scale erosional surfaces (arrows). (f) Columnar stromatolite developed in 706 

dolostone. 707 

 708 

Figure 3. Field sampling, a 177.7-mm-thick polished slab, and continuous large thin-section acquisition 709 

from the Luanshigou Formation. (a) Field outcrop of laminated argillaceous dolostone showing 710 

continuous laminar couplets. Dashed box indicates the sampled interval. (b) Polished slab (~177.7 mm 711 



 

thick) extracted from the outcrop, showing well-developed sub-millimeter-scale laminae. (c and d) 712 

Continuous large thin section from the ~177.7 mm-thick polished slab, showing straight, continuous, and 713 

well-preserved laminae. 714 

 715 

Figure 4. Microscopic and mineralogical features of the red carbonate laminites from the Luanshigou 716 

Formation, Shennongjia area. (a) Photomicrograph of the carbonate laminites, illustrating a 717 

representative ~11-couplet cyclicity. Lcs = laminar couplets. Red arrows indicate the dark laminae within 718 

each couplet, with each marking one laminar couplet. (b) Representative X-ray diffraction (XRD) pattern 719 

indicating dolomite, quartz, hematite, ilmenite, illite and feldspar. (c and d) BSE image of a coarse lamina 720 

composed of abundant intraclastic dolomite (Dol), large, irregularly shaped terrigenous detrital hematite 721 

(D-Hem), ilmenite (Ilm) and feldspar (Fsp), within a fine-grained matrix of dolomite and authigenic 722 

hematite (A-Hem). (e) High-magnification BSE image of fine laminae showing flaky hematite with face-723 

to-edge contacts and euhedral hexagonal hematite crystals. (f) Higher-magnification BSE image of a fine 724 

lamina displaying a euhedral hexagonal hematite crystal. (g) Electron backscatter diffraction (EBSD) 725 

pattern of the hexagonal hematite grain marked in panel (f) with a “+” symbol. (h) BSE image and 726 

corresponding EDS elemental line scans of Fe, O and Si. Higher Fe and O, and lower Si concentrations 727 

occur in the authigenic hematite relative to the matrix. (i) BSE image and corresponding EDS elemental 728 

map scans of Fe and Al. Higher Fe and Al concentrations occur in the fine laminae (FL) relative to the 729 

coarse laminae (CL). (j) BSE image showing a vertically preserved detrital ilmenite (Ilm) grain within a 730 

lamina. (k) Plane-polarized light photomicrograph illustrating wavy, organic-rich dark laminae (arrows) 731 



 

and small tufted structures (lower left arrows). (l) Fluorescence photomicrograph of the area boxed in 732 

panel (k), showing orange-red autofluorescence from organic matter in the fine laminae. 733 

 734 

Figure 5. Statistical analyses and time-series of laminar couplet thickness in the Luanshigou Formation. 735 

(a) Photomicrograph of Figure 3c. (b) Variations and statistics of annual laminar couplet thickness in 736 

panel (a). (c) Data shown include the original thickness (blue), their second-order polynomial trend 737 

(yellow), and the corresponding detrended residuals (orange). Negative residual values indicate 738 

deviations below the fitted second-order polynomial trend and do not represent negative physical 739 

measurements. (d) Power spectra (black curves) of the detrended thickness series shown in panel (c). 740 

Bold labels indicate cycle lengths in laminar couplets (LC), calculated as 1 ÷ frequency (cycles/LC), 741 

whereas the numbers below in normal font denote frequencies (x-axis values). 1 LC corresponds to 1 yr. 742 

Thus the ~67 and ~13 LC cycles correspond to the Gleissberg (G; 70–90 yr) and Schwabe solar cycles 743 

(S; ~11 yr), respectively, whereas the ~2, ~3 and ~5 LC cycle falls within the ENSO-like band (2–7 yr). 744 

(e) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the thickness. 745 

 746 

Figure 6. Grayscale and X-ray fluorescence (XRF) records from the thick polished slab in Figure 3b. 747 

The arrow indicates the line-scanning track. Data shown include the original grayscale, Al, P/Al and 748 

Fe/Al series (blue), their 30% LOWESS trends (yellow), and the corresponding detrended residuals 749 

(orange). Negative values represent deviations below the fitted LOWESS trend and do not indicate 750 



 

negative physical measurements. To better visualize the variations in P/Al and Fe/Al, a logarithmic (log) 751 

scale is applied to the y-axis.  752 

 753 

Figure 7. Time series analysis of the grayscale and element records from the Luanshigou laminites at 0–754 

0.5 cycles/mm. (a–d) Power spectra (black curves) of the detrended grayscale (a), Al (b), P/Al (c), and 755 

Fe/Al (d) series, derived from the thick polished slab shown in Figure 3b. Bold labels indicate cycle 756 

lengths in laminar couplets (LC), calculated as 1 ÷ frequency (cycles/mm) ÷ average laminar couplet 757 

thickness (0.206 mm), whereas the numbers below in normal font denote frequencies (x-axis values). 1 758 

LC corresponds to 1 yr. Thus the 68–79, 35–40, ~22, and 11–15 LC cycles correspond to the Gleissberg 759 

(G; 70–90 yr), Brückner climatic (B; ~35 yr), Hale (H; ~22 yr), and Schwabe solar cycles (S; ~11 yr), 760 

respectively. (e–h) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the grayscale (e), Al (f), 761 

P/Al (g), and Fe/Al (h) series.  762 

 763 

Figure 8. Time series analysis of the grayscale and elemental records from the Luanshigou laminites at 764 

an expanded frequency range (0–5 cycles/mm). (a–d) Power spectra (black curves) of the detrended 765 

grayscale (a), Al (b), P/Al (c), and Fe/Al (d) series, derived from the thick polished slab shown in Figure 766 

3b. Compared to the low-frequency analysis (0–0.5 cycles/mm; Figure 7), this range highlights shorter-767 

wavelength variability. Cycle lengths are expressed in laminar couplets (LC) using the same conversion 768 

as in Figure 7. 1 LC corresponds to 1 yr. Thus the 2–8 LC cycle falls within the ENSO-like band (2–7 769 



 

yr). (e–h) Evolutionary Fast Fourier Transform (eFFT) spectrograms of the grayscale (e), Al (f), P/Al (g), 770 

and Fe/Al (h) series. 771 

 772 

Figure 9. Sedimentary fabric and proposed solar-climate coupling model for the Luanshigou laminites. 773 

(a) Seasonal formation model of the two lamina types: coarse, hematite-poor silt-sand laminae deposited 774 

during high-energy wet seasons, and fine, hematite-rich argillaceous laminae associated with microbial 775 

mats developed during low-energy dry seasons. (b) Proposed climatic response during solar maxima: 776 

enhanced solar UV irradiance drives a poleward expansion of the Hadley circulation and shifts the 777 

subtropical arid zone, suppressing precipitation at ~30°N; combined with increased total solar irradiance 778 

and reduced GCR flux, this decreases cloudiness and storm frequency. The resulting stable hydrodynamic 779 

conditions promote microbial mat growth, Fe(II) oxidation, and deposition of fine-laminae-dominated 780 

couplets. (c) Representative thin section photograph showing variations in lamina character across a solar 781 

cycle: finer particles, well-developed microbial mats, and higher authigenic hematite content during drier 782 

intervals (darker couplet set), and coarser particles with reduced mats and hematite during wetter 783 

intervals (lighter couplet set). FL = Fine lamina; CL = Coarse lamina; HC = Hydrodynamic condition; 784 

SC = Solar cycle; Cli. = Climate. (d) Proposed climatic response during solar minima: reduced solar UV 785 

irradiance and lower total solar irradiance, combined with an enhanced galactic cosmic ray (GCR) influx 786 

increases cloud cover and precipitation. The resulting higher hydrodynamic energy suppresses microbial 787 

mat development and Fe(II) oxidation, thereby favoring deposition of coarse-laminae-dominated 788 

couplets. 789 


