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ABSTRACT.  Solar cycles are important moderators of the Earth’s global climate
system. Although modern-day solar cycles are well known, they have been less studied
over geological time. High-resolution records such as varves have been previously
used for reconstructing solar cycles from the Paleoproterozoic through Quaternary.
In this paper, very fine (<1 mm) sedimentary laminations of the Early Cretaceous
Yixian Formation in Xiushui Basin were studied in Northern Liaoning Province,
North China. Two different microfacies of the striped shale in the Third Member of
the Yixian Formation were identified. These include the light-gray to gray siltstone
(Mf 1) and the gray to black organic-rich mudstone (Mf 2). Laminations of Mf 2 are
mainly made of biofilms. Sub-millimeter scaled couplets of biofilm and siliciclastic-
rich sublamina record seasonal growth and withering of microbial mats during the
warm season (summer) and cold season (winter), respectively. Evolutionary spectral
analyses of three binary rank series (the binary boxcar series, triangle series, and mid-
point-triangle series), varve couplet thickness and gray scale image data (gray data)
show multiple periodicities consistent with solar cycles, including the robust Schwabe
sunspot cycle (10.0-10.6 year) and solar Bruckner cycle (31.0—40.6 year), and relatively
weaker signals for the solar Hale cycle (21.9 year) and 16.5-year solar cycles that have
been linked to solar magnetic activity. Solar cycles recognized in this paper indicate the
total solar irradiance (TSI) influenced microbial mat growth in the Early Cretaceous in
North China. Further, we extend our new record with a compilation of varve-recorded
sunspot cycles throughout geological time to show that the 11-year Schwabe sunspot
cycle and the 22-year Hale cycle have persisted since the Paleoproterozoic.

Key words: Early Cretaceous, Yixian Formation, biofilm, sunspot cycle, lacustrine
varves

INTRODUCTION

The sun is the ultimate energy source to the Earth surface, and periodic changes
in solar radiation fundamentally control Earth's climate cycles (Lean and Rind, 2001;
Gray and others, 2010; Biktash, 2019,). The most prominent solar cycles are the 11-
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year Schwabe cycle (Schwabe, 1844), the 22-year Hale cycle (Hale, 1908; Hale and
others, 1919), and the 88-year Gleissberg cycle (Gleissberg, 1939), of which solar var-
iances are largely characterized by sunspots. Sunspots appear as dark patches on the
Sun where intense magnetic fields loop up through the surface from the deep interior
(Hathaway, 2015). The 11-year Schwabe sunspot cycle is characterized by the rise and
fall in the total number and surface area of sunspots (Schwabe, 1844), the 22-year
Hale cycle is characterized by the changing polarity of sunspots and the solar mag-
netic fields (Hale, 1908), while the 88-year Gleissberg cycle is a long-period fluctua-
tion of the number of sun-spots (Gleissberg, 1939). Other solar cycles, like the
Bruckner cycle, are less well known. When the Bruckner cycle was first discovered its
periodicity was defined as 34.820.7 years, but later work has modified its duration to
30 to 45 year (Sazonov, 1979). Raspopov and others (2000) interpreted this cycle to
be the result of the nonlinear effect of solar activity and variability on atmospheric
process.

Modern total solar irradiance (TSI) is considered to be the main cause of the so-
lar contribution to global climate change (Gray and others, 2010; Lockwood, 2012;
Solanki and others, 2013), and TSI is proved to be in-phase with sunspot cycles (Gray
and others, 2010; Solanki and others, 2013). Although the sunspot cycles are well
known, they have only been sporadically reported from the Proterozoic to Cenozoic,
primarily because high-resolution sedimentary records like varves (annually laminated
sediments) and fossilized tree rings are rare in sedimentary rocks (Thackeray, 2002;
Ojala and others, 2012; Zolitschka and others, 2015; Schimmelmann and others,
2016; Luthardt and RéBler, 2017), thus limiting our understanding of sunspot perio-
dicities and their persistence through geological time (Andrews and others, 2010;
Luthardt and RoBler, 2017; Li and others, 2018).

Varves are annually deposited lamina in both terrestrial and marine settings
(Francus and others, 2013; Zolitschka and others, 2015; Schimmelmann and others,
2016) that can be categorized into four different types by the dominating sedimentary
component: i) clastic varves are composed of siliciclastic particles; ii) biogenic varves
result from biological production of organic matter (such as biofilm laminae) and bio-
mineralization; iii) endogenic (minerogenic) varves are formed via chemical precipi-
tation of minerals; and iv) mixed varves are combinations of clastic, biogenic and
endogenic sediments (Anderson and Dean, 1988, Zolitschka and others, 2015).
Sunspot cycles have been reported from varves in the Pre-Quaternary/deep-time (ta-
ble 1), including: Paleoproterozoic rhythmically deposited argillites from a glacial la-
custrine environment (Hughes and others, 2003); Mesoproterozoic marine carbonate
biolaminites (Tang and others, 2014) and lacustrine deposits (Andrews and others,
2010); Neoproterozoic laminated limestone (Korn, and Martin, 1951) and carbonate
biolaminites (Li and others, 2018), both marine in origin; Devonian non-glacial varves
(Andrews and others, 2010); Carboniferous biogenic marine varves (Algeo and
Woods, 1994) and glacial marine clastic varves (Milana and Lopez, 1998); as well as
other examples summarized by Li and others (2018). The Cretaceous Period is a criti-
cal time interval in Earth's history for shaping our understanding of climate variability
during past greenhouse conditions and our ability to forecast future climate change
(Wang and others, 2013; Tierney and others, 2020). Although sunspot related varve
records were reported from the Late Cretaceous Arctic Ocean (Davies and others,
2012), no similar work has been carried out in the Early Cretaceous in either terres-
trial or marine settings, and how solar cycles affect climate and ecosystems in green-
house states remains uncertain.

In the Early Cretaceous, multiple lacustrine basins developed in the modern
Liaoning Province of North China, in which the world-famous Jehol Biota is preserved
(Zhou and others, 2003; Chang and others, 2006; Sha, 2007; Jiang and others, 2012;
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Pan and others, 2012). Laminations have been well studied and varves have been
reported from the Early Cretaceous lacustrine deposits in adjacent areas (Zhang and
Sha, 2012; Hethke and others, 2013). Zhang and Sha (2012) recognized three differ-
ent kinds of laminations from the Sihetun Fossil site, these laminations exist in black
mudstone, gray-pale to gray-greenish mudstone and shale, respectively. Based on lami-
nation patterns (couplets or triplets), the average varve thicknesses are approximately
equal to the annual sedimentation calculated by other dating methods (Zhu and
others, 2007; Chang and others, 2009). Therefore, it has been proposed that most of
the laminations are varves (Zhang and Sha, 2012). After describing detailed sedimen-
tological characteristics of the laminations in the Sihetun paleolake, Hethke and
others (2013) summarized 6 different kinds of micro-lithofacies, including allochtho-
nous, siliciclastic laminae (Mf 1), chrysophycean cyst accumulations (Mf 2), tuffaceous
silt (Mf 3), lacustrine chemical precipitates (Mf 4), tuff (Mf 5) and normal graded,
sandy to silty siliciclastics (Mf 6), of which Mf 2 and Mf 4 are varves. However, spectral
analysis has not yet been conducted to determine the origin of the rhythms in these
varves.

Here we present a detailed sedimentological study of lacustrine laminations from
borehole sediments of the Early Cretaceous Yixian Formation in the Xiushui Basin,
Northern Liaoning Province, and demonstrate they are varves similar to those
reported by Zhang and Sha (2012) and Hethke and others (2013). We further carry
out power spectral analyses and discover periodicities consistent with solar activities
and interannual climate cycles. This paper discusses the paleoclimatic and paleoenvir-
onmental significance of the observed laminations and cycles with emphasis on the
persistence of solar cycles through geological history.

GEOLOGIC SETTING

The Xiushui Basin is located in the Northern Liaoning Province, North China. It
is a Mesozoic rift basin overlying the Precambrian basement. This basin is about 34
km long and 15 to 25 km wide, covering an area of 710 km? (fig. 1A; Ding and others,
2017). Geomagnetic data show that the paleolatitude of NE China during the Early
Cretaceous is similar to today (Zhu and others, 2002). Tectonic evolution of this basin
had 4 stages: initial basement formation, early extensional fault depression, volcanic
eruption, and differential uplift and erosion (Ding and others, 2019). From north to
south of the basin exits three depressions: the Woniushi sag, the Dengshibu sag and
the Dongsheshan sag (fig. 1A; Li and others, 2019b).

The Xiushui paleolake was a continental freshwater lake during the deposition of
the Early Cretaceous Yixian Formation (Li and others, 2019b). Permian-Jurassic gran-
ite from northeast and east of the basin contribute the majority of the sediment prove-
nance (Cao, ms, 2013, Li and others, 2019b). The sedimentary strata of the Yixian
Formation was formed during a period of intermittent volcanism (fig. 1C) and has
constituted the main target interval of oil and gas exploration (Ding and others,
2019). Based on spore-pollen assemblages, the upper part of the Yixian Formation
was roughly limited to Valanginian-Hauterivian (Ding and others, 2017). Previous
work demonstrates that deep and reduced lake environmental conditions promoted
deposition of the dark mudstone in the Third Member of the Yixian Formation (Li
and others, 2019b).

LF-D1 borehole (fig. 1A) is the deepest and most comprehensive well in the
Dengshibu sag in Xiushui Basin (Li and others, 2019b). The Yixian Formation recov-
ered by LF-D1 borehole (fig. 1) is 1800 m and the core recovery was more than 98 %.
The sedimentary rocks of the core are mainly mudstone and siltstone, sandwiched
between igneous rocks. The total length of the sedimentary rocks of the Third
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Fig. 1. The Xiushui Basin of the Northern Liaoning, NE China, and its geographic extent (A) the
sketch of the Northeastern China showing the relative location of the LF-D1 and the Sihetun fossil site,
and the geological sketch map of the Xiushui basin and the sites of the LF-D1 boreholes in the basin; (B)
stratigraphic column of the Yixian Formation; (C) lithostratigraphic framework along the F-F' cross sec-
tion in A. Modified from Chen and others (2016), Ding and others (2017, 2020), Li and others (2017),
Jiang and others (2012), Yao and others (2018), and Zhang and Sha (2012).

Member of the Yixian Formation is 280 m thick, with dark-colored fine-grained sedi-
mentary rocks more than 128 m (fig. 2).

MATERIALS AND METHODS
Observations of the LF-D1 core drilled in the Xiushui basin, Northern Liaoning
(fig. 2) show that laminations are well preserved in the striped, fine-grained sedimen-
tary rocks/shales. Laminations can be observed by the naked eye. The most well-lami-
nated fine-grained sedimentary rocks of the cores are found within the Third
Member of the Yixian Formation (K;y°). For this study, samples of Ky’ from LF-D1
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Fig. 2. Sedimentary structures, and core photos of the striped shale from the Third Member of the
Yixian Formation. Red rectangles show the rough areas of figures 3, 4, and 5.

spanning depth of 181.04m to 182.06m (SS1) were continuously sampled, pasted,
carefully spliced and polished into core slabs to ensure complete sections and clear
surfaces (fig. 2). High quality photos of these core slabs were taken. All of the samples
were investigated with thin sections under optical microscope.

The well-laminated samples (fig. 2) were further studied using a Polarizing
Microscope, Scanning Electron Microscope (SEM), and Cathode Luminescence
(CL). Thin sections were used to study the micro-fabrics and components of the lami-
nations, with a Polarizing Microscope LV100N POL for high magnification. Thin sec-
tions were continually and seamlessly spliced together into a high-resolution photo
with Adobe Illustrator Program. Following this, gray scans were carried out in Image ]
(https://imagej.nih.gov/ij/download.html). Samples for SEM experiments were
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coated with ~10-nm-thick platinum for electric conduction before analysis. The SEM
measurements were carried out on a JEOL JSM-6700F SEM at KYKY Technology Co.,
LTD. Cathode Luminescence (CL) experiments of the laminations were conducted
with a CL 8200 MK5-2 at State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences (Beijing).

Of the 1.02 m sections described above, a 3.3 cm long varved interval (362 lami-
nar couplets, fig. 2) was selected and used for data acquisition and subsequent spec-
tral analysis. We established a high-resolution binary data series by assigning a “rank”
of 1 and 0 for the siliciclastic-rich sublamina and organic-rich sublamina, respectively.
Following this, binary data were further processed into triangle and mid-point triangle
series (detailed procedures are outlined in: Yao and others, 2015; Yao and Hinnov,
2019). We also measured the lamina thicknesses in thin sections and acquired gray
data with the same sample. Evolutionary spectral analysis of the data series were car-
ried out with the Acycle software (Li and others, 2019a), which provides reproducible
and objective methods for analyzing paleoclimate signals. Spectral analysis methods in
Acycle are similar to those described by others (Weedon, 2003; Meyers, 2014). Apart
from the binary rank series, the varve couplet thickness and the gray data set of the
3.3 cm lithology were also tested by Acycle to confirm the stability and robustness of
the main peak signals.

DESCRIPTION AND INTERPRETATION OF THE STRIPED SHALES

Based on rock color and composition, two different microfacies (Mfs) of the

striped shales (figs. 2 and 3) are recognized: i) light-gray to gray siltstone (Mf 1), and

ii) gray to black organic-rich mudstone (Mf 2). Figures 2 and 3 show the frequently

alternating thin layers of siltstone and mudstone that, together, comprise the striped
shales. Details of the two microfacies are described below.

MF 1. THE LIGHT-GRAY TO GRAY SILTSTONE

Description

Mf 1 (fig. 4) is primarily composed of siliciclastic layers characterized by light-
gray to gray siltstone in striped shale (fig. 2). It can be parallel laminated (fig. 3B),
cross laminated, and massive (fig. 2). It can also form weak normal graded siltstone
(fig. 2) and rhythmites (fig. 4A). The normal grading contains floating filamentous
organic matter (figs. 2 and 4A). Varying amounts of quartz (the main component)
and organic matter result in dark and light laminae (fig. 3B). Detrital quartz floating
in the muddy matrix, and the organic clasts are parallel to lamina surfaces. Different
directions of current ripples (fig. 4B) exist above the parallel laminations. Mf 1 and
MIf 2 are easy to distinguish because they have clear boundaries and appear as alternat-
ing, thin-layered mudstone and siltstone (fig. 3A), respectively.

Interpretation

We interpret this lithofacies as event layers, such as deposits from turbidity cur-
rents and storms. The existence of sharp or micro-erosional basal contacts (figs. 2 and
4) indicate strong hydrodynamic conditions, an observation very common in turbi-
dites (Bouma, 1964; Shanmugam, 2021). In turbidity currents, waning flows result in
weak normal grading (Bouma, 1964), and the hydrodynamic strength determines
whether there are basal erosional surfaces or floating objects (Bouma, 1964; Yang and
others, 2020; Shanmugam, 2021). Structureless or massive siltstone can be formed by
direct suspension fallout (Bouma, 1964). Parallel laminations and current ripples (fig.
4) are deposited by dilute turbidity currents and tend to be the products of traction
(Stow and Piper, 1984; Talling and others, 2012; Spychala and others, 2017). In sum,
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Fig. 3. Microfacies of the striped mudstone in LF-D1 (fig. 2). A) Macrophoto of the striped shales.
The red rectangles show the position of B and C; B) Laminated light-gray to gray siltstone (Mf 1), which
are mainly composed of terrigenous components, such as quartz, clay and amorphous organic matter
(algal debris?), crossed polarized. C) Thin sections of the laminated gray-black organic-rich mudstone (Mf
2). The laminae are horizontally continuous, silt lenses and floating terrigenous clasts are wrapped. Q:
Quartz; OM: Organic Matter.

these observations demonstrate that Mf 1 could not be deposited in a quiet water col-
umn, instead, it is most likely to be transported and deposited by turbidity currents.

MF 2: THE GRAY TO BLACK ORGANIC-RICH MUDSTONE

Description
Rhythmic laminations of the Mf 2 are stacks of laminar couplets of siliciclastic-
rich sublaminae and organic-rich sublaminae. Based on the regularity of the organic-
rich sublaminae, we found two different types of Mf 2: (1) the irregular laminated or-
ganicrich mudstone (Mf 2-1; fig. 3C), and (2) the regular laminated organic-rich
mudstone (Mf 2-2; fig. 5). The regularity of laminar couplets of Mf 2-2 makes it
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tous organic matter, micro-erosional surfaces, parallel lamination and normal grading; B) Macrophoto of
the Mf 1 showing even distributed silty organic matter, micro-erosional surfaces, parallel lamination, cur-
rent ripple and normal grading.

countable, and thus Mf 2-2 was used for further petrological and spectral analysis in
this paper.

Mf 2-1 is deposited as a gray, irregular laminated organic-rich mudstone (fig. 2).
It is characterized by slightly disturbed, very fine laminations (figs. 3C). Mf 2-1 is frag-
ile and present as interlayers in the striped shale. The organic laminae are wavy-
crinkled. The thickness and texture of the siliciclastic-rich sublaminae and organic-
rich sublaminae are very thin (58.6 pm, n=52) and irregular (fig. 3C). Mf 2-1 contains
lots of floating sand-sized quartz and silt lenses (fig. 3C).

Mf 2-2 is deposited as a brownish-gray to black, well laminated organic-rich mud-
stone (fig. 2). It is not easy to observe with magnifying glasses in the core (figs. 2 and
5A). However, viewed in thin sections (fig. 5), the laminae appear as densely packed
laminar couplets that consist of alternating dark colored organic-rich sublamina and
light colored siliciclastic-rich sublamina. Similar to Mf 2-1, the organic lamina of Mf 2-
2 contains organic matter with a filamentous network (fig. 5), however the organic-
rich laminae of Mf 2-2 include floating silty organic matter (figs. 5 and 6). The thick-
ness of the Mf 2-2 laminar couplets usually amounts to tens of micrometers, minor
couplets are hundreds of micrometers, with an average thickness of ~90.4 um
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Fig. 5. Cathode Luminescence (CL) of the gray to black organicrich mudstone (Mf 2). A)
Macrophoto of the Mf 2 showing laminations observable by naked eye, and the position of B; B) Mf 2
showing the couplet of siliciclastic-rich sublamina and organic-rich sublamina, and quartz (Q) and silt
lenses (SL) trapping, plane polarized light; C) Mf 2 showing filamentous features of organic matter (OM)
in the organic-rich sublamina, and silt lenses trapped, as well as the great relationship between gray data
and varve couplets, plane polarized light; D) Cathode Luminescence (CL) of C, the organic-rich sublami-
nae display yellow-green fluorescence, while the siliciclastic-rich sublaminae have no fluorescence.

Fig. 6. Scanning electron microscope (SEM) of the regular laminated organicrich mudstone (Mf 2-2),
showing floating silty organic matter. O: Organic rich sublamina, S: Siliciclastic-rich sublamina.



1296 X. Tian and others—Early Cretaceous solar cycles recorded

(n=362). The siliciclastic-rich sublaminae are usually thinner than the organic-rich
sublaminae. Mf 2-2 also contains numerous floating sand-sized quartz and silt lenses,
which are composed of quartz and organic matter (fig. 5D).

Interpretation

The presence of filamentous network structures of the organic-rich sublaminae
(figs. 3C and 5), quartz, silt lenses trapping or bundling (figs. 3C, 5, and 6), and me-
chanical destruction of filamentous organic matters (figs. 2 and 4A) provide robust
evidence for a microbial mats origin for Mf 2, as these features are commonly associ-
ated with cyanobacterial mats (Schieber, 1986; Schieber and others, 2007; Noffke,
2010; Li and others, 2018). Modern and historical microbial mats occur mostly in
intertidal and subtidal environments (Schieber, 1986; Schieber and others, 2007;
Noftke, 2010; Li and others, 2018). We found no evidence for exposure to the surface
(for example, mudcracks), so it is likely that the biofilms analyzed in this paper were
deposited under subtidal environments or deeper.

As shown in figure 2, Mf 2-1 tends to be preserved in the lower part of the sample,
with more intervals of light-gray to gray siltstone (Mf 1), while Mf 2-2 in the upper
part has greater mud content (fig. 2), suggesting that Mf 2-2 may be deposited in
deeper water. The organic matter in Mf 2-2 is sometimes filamentous, but most lami-
nae are dotted (figs. 5 and 6). The ‘rainy’ organic matter (figs. 5 and 6) is likely depos-
ited by accumulation of organic matter through fragments of previous in situ
microbial mats swept into the quiet basin (Schieber, 1986; Schieber and others,
2007). In sum, the biofilms in Mf 2-1 were dominated by benthic microbial mats, while
Mf 2-2 may be deposited mainly by suspension in a deeper water column.

LAMINA DURATION AND SEDIMENTARY MODEL OF THE STRIPED SHALE

Determing the duration of each lamina is critical for interpreting the laminae perio-
dicities. Despite a long history of varve research (Gilbert, 1895; de Geer, 1912), the duration
of lamina or laminar couplets is still ambiguous because the formation may be responding
to differentorder, periodic and non-periodic changes (Arenas and Jones, 2017). Several
lines of evidences here point to an annual nature of the laminar couplets in Mf 2-2.

First, Mf 2-2 laminations are thin (90.4 pm) and rhythmic, consistent with peri-
odic deposition and in contrast with the event layer deposits of Mf 1 that indicate sto-
chastic deposition (Tang and others, 2014; Li and others, 2018). The average
thickness of Mf 2-2 is 90.4 um (characterized by 362 laminar couplets in a 3.3 cm-long
interval). According to previous lacustrine varve databases (Ojala and others, 2012;
Zolitschka and others, 2015), the average thicknesses of different lacustrine varves
varies from 70 to 27300 pm, and over 65 % of the varve thickness falls into 0 to 1500
pm.

Second, biofilm growth tends to vary seasonally with changes in total solar irradi-
ance and temperature (Villbrandt and others, 1991; Pinckney and others, 1995;
Hawes and others, 2014; Ma and others, 2017). The laminar couplets of Mf 2-2 consist
of similar biofilms such that one couplet likely reflects one year (a warm and a cold
season). Studies of modern microbial mats support this notion. For example, over 3
years of observation, Villbrandt and others (1991) found that nitrogen fixation and
photosynthetic activities of cyanobacterial mats were highest in spring and summer,
and biofilms/microbial mats initiated in higher irradiance and warmer years tend to
be thicker than those from lower irradiance and colder years (Villbrandt and others,
1991; Hawes and others, 2001; Sutherland and Hawes, 2009; Hawes and others, 2016).
Further, the total solar irradiance and temperature vary abruptly between summer
and winter in the mid-latitudes (Howard and others, 1998; Sutherland and Hawes,
2009; Hawes and others, 2016). In modern summertime, solar irradiance and
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Fig. 7. Depositional model of the striped shale. A) The deposition of couplet from gray to black or-
ganic-rich mudstone (Mf 2), from which the organic-rich sublamina (biofilm dominated) are tend to de-
posit in warm seasons (for example, summer) with more solar radiation; B) While the siliciclastic-rich
sublamina are tend to deposit in cold seasons (for example, winter) with less solar radiation; C) The depo-
sition of light-gray to gray siltstone (Mf 1) tend to be event layer.

temperature is larger than that in winter in the Northern Hemisphere, and benthic
microbial mats flourish during summer and are easy to wither in winter (Schieber and
others, 2007; Ma and others, 2017). We propose that this could happen in the Early
Cretaceous following the same processes (figs. 7A and 7B).

Third, the sedimentation rates may also support our varve explanation. For the
sedimentation rates of the Yixian Formation, Smith and others proposed that the rate
of sedimentation was as high as 500 to 2000 pm/year (Smith and others, 1995). Zhu
and others suggested the lacustrine sedimentary rate is no less than 20 pm/year (Zhu
and others, 2007). Chang and others argued that the rate of accumulation to be 22 to
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250 pm/year (Chang and others, 2009). Zhang and Sha found the average varve thick-
ness varies from 200 to 700 pm (Zhang and Sha, 2012). Finally, according to Hethke
and others (2013), the varve thickness in Sihetun is from 37 to 383 pm/year. These
indicate that the sedimentation rate of the majority of the mudstones and shales in
the Yixian Formation is approximately 20 to 2000 pm/year, which means if we assume
the lowerbound sedimentation rate (20 um/yr) and the upperbound (2000 um/yr), the
3.3 cm varved interval (362 varve couplets) in this paper could comprise 1650 and 17
varve couplets, respectively.

As for the depositional environment, we suggest that Mf 2 likely formed under
subtidal environments or deeper in the euphotic zone. Even though most varves are
formed in quiet, deep or restricted environments, some studies also found varves de-
posited in more energetic conditions (Tang and others, 2014; Li and others, 2018).
The well-preserved original morphology (figs. 3 and 5) of the biofilms suggests that
the organic matter mainly originates from #n situ burial and reworked suspension of
the benthic microbial mats. Further, it appears that biofilm protection and early dia-
genetic processes were the most important factors for preserving these sediments
(particle trapping or binding). Sometimes the microbial mats (figs. 7A and 7B, Mf 2)
would be burried by a sudden influx of sediments (fig. 7C, Mf 1), causing a temporary
interruption of mat growth. Following this, when the environment reaches a balance,
biofilms will begin to flourish again, and such reciprocating deposition can then lead
to ‘striped shales' with alternating mat and event layers (Schieber and others, 2007).

LAMINA PERIODICITIES

Assuming the annual origin of the laminar couplets of Mf 2-2 in this study, power
spectral analyses of the binary rank series (the binary boxcar series, triangle series and
midpoint-triangle series) exhibit a periodicity of 13.8, 10.0 to 10.6, and ENSO-like sig-
nals (2-7 yrs) (fig. 8). Even though obtaining binary rank series is the most accurate
reconstruction that exactly follows the field observations, it imposes strong artifacts
and interference in the spectral analysis (Yao and Hinnov, 2019). From fig. 8, the bi-
nary series can artificially weaken or remove lower-frequency signals. Therefore, the
gray data series and the varve thicknesses (fig. 9) of the same sample are also used to
verify the results of the binary rank series. As shown in fig. 9, we found similar perio-
dicities consistent with Schwabe sunspot cycles (10.0-10.6 year; red shaded areas), so-
lar Hale cycles (21.9 year; green shaded areas), unknown cycles (16.5 year; blue
shaded areas), which may reveal solar-like magnetic activity found by others (Qian
and others, 2007), and solar Bruckner cycles (31.0-40.6 year; yellow shaded areas)
(Sazonov, 1979; Raspopov and others, 2000).

Although the periods recorded by each data series are slightly different, they all
record very robust quasi-decadal (~11 year) bands (figs. 8 and 9), and the ~11 yr
filthering of the binary series also correspond well with the varve thickness (fig. 10).
The coexistence of the inter-decadal bands (21.9 yr), multi-decadal bands (31-40.6
yr), and the decadal bands (10 to 10.6 yr) tend to be solar cycles (figs. 91 and 9]).
Further, the Schwabe sunspot cycle (~11 yr) has fluctuated slightly in a range of
10.44 to 11.16 year during the last four centuries (Kane, 2002; Li and others, 2004),
and in a wider range of 8.6 to 14.7 year over Earth's history (table 1). Within error,
the strongest 10.0 to 10.6 to year cycles in this study are therefore proposed to be
Early Cretaceous Schwabe sunspot cycles.

DEEP-TIME SOLAR CYCLES PRESERVED IN VARVES

It is well known that modern-day decadal periodic climate variations are related
to solar activity (for example, Haigh, 1996; Lockwood, 2012; Solanki and others, 2013;
Hathaway, 2015). Numerous solar cycles have been recognized, such as the most
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Fig. 8. Comparison of the boxcar, triangle, and midpoint-triangle series. A) Binary boxcar series, tri-
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gle series and E) midpoint-triangle series, respectively. The 2r MTM with a red noise model are computed
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couplet thickness of 90.4 pm). The shaded area in B, C and D are the filter passbands of sunspot tuning
in B and fig. 9 for the three binary series. Triangle series (green curve) is phase-shifted for every cycle by a
factor of m/2.

fundamental solar cycles [11-year Schwabe sunspot cycle (Schwabe, 1844), 22-year
Hale cycle (Hale, 1908; Hale and others, 1919), 88-year Gleissberg cycle (Gleissberg,
1939)], as well as other solar cycles (for example, 30 to 45-year Bruckner cycle;
Bruckner, 1890) introduced before. However, whether solar cycles have been persis-
tent throughout the geological time remains uncertain. Here, to compare to our
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results and look at the consistency of sunspot cycles reported in the geologic record,
we report a new compilation of solar cycle studies for deep-time varves since the
Paleoproterozoic (fig. 11).

Five varved records have been identified as solar cycles in the Precambrian (fig.
11). These include: Hughes and others (2003) who recognized 9.9 to 10.7 year
Schwabe sunspot cycles in rhythmically deposited argillites of a glacial lake in the
Early Paleoproterozoic; Tang and others (2014) who found the first reported 9.0 to
11.7 year Schwabe sunspot cycles and 19.7 to 21.4 year Hale cycles in Mesoproterozoic
marine carbonates; and Li and others (2018) who found 10 to 11.4 year Schwabe sun-
spot cycles and 18.9 to 25.6 Hale cycles in Neoproterozoic marine carbonate biolamin-
ites. These solar cycles indicate that the solar activity did not change significantly
during the Proterozoic Era.

At least four varve records for solar cycles have been discovered in the Paleozoic.
This includes, the 8.6 to 13.7 year Schwabe sunspot cycles and 19.6 to 22.7 year Hale
cycles from the Devonian (¢. 388 Ma) low latitudes non-glacial varves (Andrews and
others, 2010), the 12 year Schwabe sunspot cycles and 24 to 26 year Hale cycles in the
Late Carboniferous glacial marine clastic varves (Milana and Lopez, 1998), and the
12.4 year Schwabe sunspot cycles and 24.4 year Hale cycles in the Late
Carboniferous/Early Permian glacial marine clastic varves (Ernesto and Pacca, 1981).

For the Mesozoic and the Cenozoic period before the Quaternary, eight varved
records for solar cycles are documented, including the 13 year Schwabe sunspot cycle,
20 year Hale cycle, 88-year Gleissberg cycle, 179 and 235 year Suess/De Vries cycles in
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Fig. 10. Sunspot cycle filtering of the box, triangle and mid-point triangle series. A) Box, triangle and
mid-point triangle series show a 5045-um-long part, as shown in B; B) Filtered sunspot signals of the box
(red curve), triangle series (green curve) that is phase-shifted for every cycle by a factor of n/2 (Li and
others, 2018) and the mid-point triangle series (blue curve).

the Early Jurassic non-marine limestone varves (Anderson and Kirkland, 1960;
Heydari and others, 1997; Dmitriev and others, 2016), the 10.3 to 10.8 year Schwabe
sunspot cycles in the Late Cretaceous laminated Marca Shale of California (Davies



1302 X. Tian and others—Early Cretaceous solar cycles recorded

100 100
91 91
81 11 $ Es1
71

61

St Modern Hale cycle line

I EEEFErEr
L]
T
~
N

41

. (21.9 yr) -
31 = 31
16 4 12 110y s 7 \6 4 2
-
21 -1 L D . 777777777777777777777777777777777 . 77777777777 Moo i——. 77777 W I———. 21
Rt
5 - L
- 17 16 15 1413 12 0 9 8 7 o 5 4
e & B [ [ -, - o LA A Imei—i1

Schwabe sunspot cycle in this article
(10.0-10.6 yr) i

Paleo-Pro[ Meso-Pro[ Neo-Pro

2500 500 400 300 200 100 0
Age (Ma)

Fig. 11. Schwabe sunspot cycles, solar Hale cycles and Gleissberg cycles recorded in the Pre-
Quaternary/deep-time varves and this study. The small colored rectangle in the picture represents rough
time span of its periodicities and its approximate location in the geological time scale, numbers above the
respective columns are connected with the citations given in table 1.

and others, 2012), the 10 year Schwabe sunspot cycle in the latest Messinian
(Miocene) marine mixed varves (Cosentino and others, 2005), the 12 year Schwabe
sunspot cycle and 24 year Hale cycles in the latest Miocene and earliest Pliocene sink-
hole lake clastic varves (Shunk and others, 2009), and the 12 year Schwabe sunspot
cycles in lacustrine biogenic varves from the Pliocene Villarroya Pliocene Basin
(Spain) (Munoz and others, 2002; Gauthier and Munoz, 2009). From the varve data
base created by previous work (Ojala and others, 2012; Zolitschka and others, 2015;
Ramisch and others, 2020), it has been demonstrated that Quaternary varves are
abundant in high and low latitude areas across continents and oceans, and the great
wealth of varve records about solar cycles attest to the stability of the solar cycles dur-
ing the Quaternary.

This research reports the first continental varve recorded solar cycles in Asia in
the Early Cretaceous and fills the gap during this greenhouse interval (fig. 11). We
consider that mat growth in Early Cretaceous Northern Liaoning was potentially
affected by seasonally fluctuating climates, and it was also affected by changes in TSI
caused by variance of sunspots in a longer term (11 year). Seasonally changing water
depths corresponding to fluctuations in light intensities can trigger the stacked
buildup of sets of dark/light laminae (Schieber and others, 2007), and modulation of
the radiation reaching different hemispheres of Earth could also directly cause the mi-
crobial mats change seasonally. The modern, observational records show that TSI is in
phase with monthly mean sunspot numbers (Solanki and others, 2013). Since the
small changes in energy output over 11 year sunspot cycle can be amplified to a level
sufficient to produce changes in weather and climate (Cubasch and Voss, 2000;
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Higginson and others, 2004; Moore and others, 2006; Gray and others, 2010;
Lockwood, 2012; Solanki and others, 2013), it can be theorized that more sunspot
means more TSI acts on Earth's ecosystem, thereby enhancing biological photosynthe-
sis, and finally producing thicker biofilms, while less sunspots lead to thinner biofilms.
This notion is further verified by an ~11-year cycle in the laminar couplets of Mf 2
with thicker biofilms tending to occur in the middle of the phase of the ~11-year fil-
tered wave (fig. 10).

Although there are missing examples of solar cycles in the Cambrian, Ordovician,
Silurian, and Triassic periods, combined with previously published records and the
results of this study, it can be inferred that the Schwabe sunspot cycles and the solar Hale
cycles are likely persistent throughout geological time (fig. 11). This further proves that
solar variance could have been an important factor in regulating the photosystem
(Hawes and others, 2001; Hawes and others, 2014; Hawes and others, 2016) and affecting
the Earth's climate (Reid, 2000; Lean and Rind, 2001; Haigh, 2003; Biktash, 2019)
throughout geological time (table 1). The stable phases of solar cycles supports the pre-
sumption that solar variability will continue to influence earth's climate in the future
(Lean and Rind, 1999; Bond and others, 2001; Lean, 2010).

CONCLUSIONS

Based on detailed petrological analysis, we proposed a depositional model for the
striped shale of the Third Member of the Yixian Formation in Xiushui Basin, NE
China. The laminations are presented as rhythmical couplets of biofilms and siliciclas-
tic-rich sublaminae are varves and represent annual laminations. The changes from si-
liciclastic-rich sublamina to biofilms indicate seasonal growth and withering of the
microbial mats during the warm season (for example, summer) and cold season (for
example, winter), respectively.

Power spectral analyses of the binary rank series (the binary boxcar series, trian-
gle series and midpoint-triangle series), the gray data series and varve thickness of a
well laminated mudstone interval (~3.3 cm in length) showed bands consistent with
solar cycles, such as the Schwabe sunspot cycles (10.0-10.6 year), the solar Hale cycles
(21.9 year) and solar Bruckner cycles (31.0-40.6 year). The Schwabe sunspot cycles
(10.0-10.6 year; figs. 8 and 9) are very robust, indicating solar activity has influenced
the growth of biofilms. We postulate that, like today, solar activity may have influenced
Earth's climate through total solar irradiance (TSI) in the Early Cretaceous. In this
conceptual model, less sunspots can cause less TSI, resulting in thinner biofilms and
thicker siliciclastic-rich sublaminae. Although the records are still incomplete through
geologic history, emerging evidence suggests that the periodicities of the Schwabe
sunspot cycles and solar Hale cycles have been persistent through much of the last 1
billion years or longer.
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