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ARTICLE INFO ABSTRACT

Editor: Dr H Bao During the two Cryogenian snowball Earth glaciations, the Sturtian (ca. 717-658 Ma) and Marinoan (ca.

639-635 Ma), ice persisted in the tropics for millions of years. Previous analyses of varves deposited before and

Keywords: after these glaciations have revealed climate variability linked to solar, oceanic, and atmospheric dynamics.

vawes, However, to our knowledge, no evidence of sub-Milankovitch scale climatic variability has been documented

Eale“h’fﬂate during the glaciations themselves. The proposition of reduced solar luminosity in the Cryogenian, an attenuated
ryogenian

hydrological cycle, and an expected hiatus in atmosphere-ocean interactions due to ocean freezing, raises
questions regarding whether solar-ocean-atmospheric interactions continued during these glaciations. We
analyze a unit of 2,640 laminites within the Sturtian Port Askaig Formation on the Garvellach Islands, Scotland,
to better understand climate variability during a discrete interval of the Sturtian. Our study indicates the lam-
inites most likely represent annual varves, reflecting seasonal freeze-thaw cycles in a deep, quiescent waterbody.
Spectral analysis of laminae thickness reveals decadal and centennial periodicities consistent with present-day
Schwabe and Gleissberg solar cycles, alongside interannual periodicities, likely tied to ocean-atmospheric
climate modes, resembling the modern El-Nino Southern Oscillation. Our coupled Cryogenian climate simula-
tions under varying degrees of ice coverage produce similar interannual periodicities in surface temperatures
near the paleo-coordinates of the Garvellach Islands and in the tropics. This evidence reveals that solar-ocean-
atmospheric interactions generated a wider range of climatic variability than expected during snowball Earth
and hints at the possibility of transient unfrozen tropical waters during the Sturtian, or other yet unexplored
modes of internal climate variability.

Solar cycle
Climate cycle

1. Introduction

The degree to which Earth’s climate retained seasonality and ocean-
atmospheric coupling during the Cryogenian period remains uncertain.
Under snowball Earth conditions, one classic hypothesis envisions a
planet entirely encased in ice with a largely quiescent hydrological cycle
(Hoffman et al., 1998). However, other observational and modelling
constraints imply that open water persisted to some degree in the tro-
pics, which may permit ocean-atmospheric coupling and reconcile
photosynthetic survival with low-latitude glacial activity (Abbot et al.,
2011; Hyde et al., 2000; Le Heron et al., 2011). The Sturtian, the older
and longer of these glaciations, is documented worldwide by thick,
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glaciogenic successions. Field data (e.g., polygonal sand wedges and
freeze-thaw structures) and numerical modelling highlight the persis-
tence of strong seasonal temperature contrasts (Deynoux, 1982; Hoff-
man and Li, 2009; Spencer, 1971) as extreme continentality and low
thermal inertia may have amplified seasonality, especially at low pale-
olatitudes (Hoffman et al., 2017; Liu et al., 2020; Williams, 2008),
generating pronounced freeze-thaw cycles. Understanding how season-
ality and hydrological cycling operate under near-fully glaciated con-
ditions is an important climate question with key biological
implications.

Annually laminated, or varved (after De Geer, 1912), sediments offer
unique means of addressing these questions as they represent
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high-resolution records of paleoenvironmental change, capturing vari-
ations in climate-driven processes (Brauer, 2004). In glacial environ-
ments, varve thickness reflects a range of environmental controls that
drive seasonal variations in meltwater production, sediment supply and
hence varve thickness. These include both internal dynamics within the
glacio-hydrological system (Desloges and Gilbert, 1994) and external
forcing (e.g., climatically driven sediment flux variations) (De Geer,
1908; Zolitschka et al., 2015). Firstly, sediment flux and hence varve
thickness may be driven by intermittent sediment storage and release
within the glacio-hydrological system, generating natural variability in
sediment flux in the absence of external forcing. This means that varve
thickness may record the temporal variability in the ability of glacially
conditioned sediment to be mobilized and transported by ice and
meltwater (Antoniazza and Lane, 2021). However, in periglacial or
glacial environments, variations in ice extent are commonly driven by
climatic variability that influences glacier mass balance and
advance-retreat cycles (Palmer et al., 2019), allowing varve thickness to
be utilized as a paleoclimate proxy (De Geer, 1912; Ojala et al., 2012;
Zolitschka et al., 2015).

Alongside the annual cycle, the potential of varves to record inter-
annual to centennial climatic oscillations has been demonstrated (e.g.,
Dean et al., 2002; Hasegawa et al., 2022; Howe et al., 2016). Climate
drivers, such as solar irradiance, ocean-atmospheric circulation patterns
and aerosol-cloud interactions influence global temperature, precipita-
tion, wind patterns and weathering intensity. These modulate
freeze-thaw cycles and erosion, thereby controlling varve deposition
across short and long periods (Lafond et al., 2023). Over decadal to
centennial timescales, solar irradiance variations, for instance, the
Schwabe cycle (9-16 years; Miyake et al., 2013) and Gleissberg cycle
(60-150 years; Usoskin and Mursula, 2003) generate subtle variations in
global temperatures (Reid, 2000) that modulate glacial dynamics and
sedimentation. The Schwabe cycle is well documented in many proxies
over the Holocene and is the most common periodicity recorded in
varves throughout geological time, with minimal variability in period-
icity from the Quaternary (Amann et al., 2015; Lafond et al., 2023) to
the Proterozoic (Andrews et al., 2010; Howe et al., 2016; Hughes et al.,
2003; Shatsillo et al., 2019). Dust aerosol-cloud interactions can also
impact global climate on decadal timescales both independently and
through interactions with solar radiation. However, these complex at-
mospheric feedbacks remain large sources of uncertainty in estimates of
climate sensitivity (Van De Koot et al., 2025). Over shorter timescales,
well-documented multiannual climate oscillations such as the
Quasi-Biennial Oscillation (QBO) and El-Nino Southern Oscillation
(ENSO), cause a global redistribution of temperature, precipitation, and
ocean-atmospheric circulation patterns, with present day periodicities
of 2-3 years and 3-7 years, respectively (McPhaden et al., 2006). While
changes in paleogeography and global temperatures undoubtedly
caused the period and intensity of these oscillations to vary through
time, proxy and model evidence suggest ENSO has been robust for at
least the past several hundred millions of years (Gao et al., 2025; Huber
and Caballero, 2003; Li et al., 2024).

Although the mechanisms of climate variability are well documented
today, the number of records thought to reflect annual resolution de-
creases considerably with geological age, limiting understanding of past
climatic variability (Andrews et al., 2010). Whilst evidence from banded
iron formations suggests that Milankovitch-scale orbital forcing
remained a key driver of ice sheet dynamics during snowball Earth
(Mitchell et al., 2021), definitive evidence for interannual to (multi)
decadal climate variability, especially from internal climate modes
involving coupled ocean-atmospheric dynamics, remains undocu-
mented. Sunspot cyclicity has been inferred from varves both before
(Hughes et al., 2003; Li et al., 2018; Tang et al., 2014) and after
(Andrews et al., 2010; Korn and Martin, 1951) the Sturtian. Notwith-
standing this, external forcing mechanisms likely persisted during the
Cryogenian, but whether the effects of this surface forcing were damp-
ened by extensive ice cover remains uncertain. More critically, definitive
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evidence for internal climatic variability during snowball Earth remains
scarce. Ocean-atmospheric climate patterns analogous to the modern
day are contingent on the presence of open-ocean. As the extent of sea
ice throughout the Cryogenian remains uncertain, the existence and
degree of ocean-atmospheric coupling during the Sturtian is unresolved.
Consequently, questions remain regarding whether internal climate
cycles could operate during snowball Earth, and if so, what their
expression reveals about the extent of open-ocean and the dynamics of
the Cryogenian climate system.

Cryogenian deposits generally constitute chaotic glacial diamictites,
and varved sediments remain rare (Benn et al., 2015; Le Heron et al.,
2011). However, rhythmically laminated sediments of Sturtian age have
been described from the Port Askaig Formation on the Garvellach
Islands, Scotland (Fig. 1), and previously suggested to represent annual
varves (Spencer, 1971). Despite this, the origin of these laminites re-
mains uncertain, and periodicity in laminae thickness has not been
detected.

To investigate solar and climate cycles during the Sturtian, we con-
ducted sedimentological and spectral analyses of the D32 laminite bed
(hereafter, laminites for brevity), within the Port Askaig Formation. We
characterize these laminites, evaluate their depositional origin and infer
that deposition was strongly influenced by seasonal variations. Using
spectral analysis, we interpret thickness variations to reflect sedimen-
tological cyclicity linked to interannual to centennial solar and climate
oscillations. Our interpretation of the varve record is guided by com-
parison to our climate model simulations of the Sturtian glaciation under
three different ice coverage scenarios. Our findings suggest that these
laminites provide a rare and unique record of a sustained hydrological
cycle and climatic variability during this discrete interval of the Sturtian,
revealing that solar-climate coupling may have continued unabated
during this time interval either due to the existence of unfrozen tropical
water, or yet unexplored modes of internal climate variability.

2. Geological setting

The Port Askaig Formation is exposed across Scotland and Ireland,
notably on the Isle of Islay and the Garvellach Islands (Spencer, 1971)
(Fig. 1). The Formation marks the base of the Argyll Group within the
Dalradian Supergroup, deposited between the Tonian (~840 Ma) and
early Ordovician (~510 Ma) (Fairchild et al., 2018). The Port Askaig
Formation is assigned to the Sturtian glaciation based on lithostratig-
raphy as well as carbon and strontium isotope chemostratigraphy
(Fairchild et al., 2018). This is also consistent with maximum deposi-
tional U-Pb ages from detrital zircon grains throughout the formation
(Fig.1) (Rugen et al., 2024).

The Port Askaig Formation records a dynamic, low latitude, glacial
system during the Cryogenian, where at the time the Garvellach Islands
lay around 30°S. The Formation is subdivided into 5 members (Spencer,
1971), containing 48 discrete, numbered diamictite units interbedded
with sandstone, siltstone, and mudstone, documenting the repeated,
perhaps orbitally controlled, advance and retreat of ice throughout
deposition (Ali et al., 2018).

The laminite bed outcrops on Garbh Eileach (56.2°N, 5.6°W), within
Member 2 of the Port Askaig Formation and occurs 12 m above Dia-
mictite 32 (D32) and 350 m from the base of the Formation (Fig. 1).
Given the age of the Port Askaig Formation, the laminites represent a
discrete interval of the Sturtian, with a maximum depositional age of
687 + 10.3 Ma, constrained by a single detrital zircon U-Pb age (Rugen
et al., 2024).

3. Materials and methods
3.1. Field measurements

Field measurements of couplet thickness (light, coarse-grained and
dark, fine-grained laminae) were collected from the D32 laminites
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Fig. 1. Geological map of Garbh Eileach, the largest of the Garvellach Islands, with the location of the D32 laminites highlighted with a star. The laminites occur at
the top of Member 2 (M2) of the Port Askaig Formation, a glaciogenic succession within the Dalradian Supergroup. Age constraints derived from youngest detrital
zircon U-Pb ages are provided throughout the Port Askaig Formation (Rugen et al., 2024).

(Fig. 18, Spencer, 1971) by marking the base of each lamina onto tracing
film directly from the outcrop. The tracing film documenting these
measurements and a scale bar were scanned and digitized in MATLAB,
generating a ~5.5 m thickness series, containing 2640 discrete laminae
(Fig. 2B). A sample was taken from the middle of the outcrop and made
into thin sections (Fig. 3 and 4), which were analyzed under both plane
and cross-polarized light using an Olympus BX-60 petrographic micro-
scope and imaged using a Canon-EOS-60D camera. Photomicrographs
were stitched together using Autopano Giga (Kolor ©) Software (Fig. 4).

3.2. Time series analysis

To determine the presence of sedimentological cyclicity within the
laminites, power spectral analysis was conducted in Acycle 2.8 (Li et al.,
2019). Firstly, the laminae thickness series was detrended to remove
excessive low frequency components, then the classic multi-taper
method (MTM) (Thomson, 1982) was used to obtain the spectrum.
This was conducted in the stratigraphic domain using a bed-number
series of laminae thickness, providing an interpolation-free depth se-
ries. The statistical significance of spectral peaks was tested relative to
the null hypothesis (e.g., no external forcing) of a red noise background,
using the classic AR(1) model, at confidence levels of 95 %, 99 % and
99.9 %. This produced a set of spectral peaks representing cycles per
laminae, which were converted into the time domain.

To determine the stationarity of the laminae thickness series, the

moving variance was computed using a sliding window of 500 laminae.
Subsections of time series are commonly used to mitigate distortions
caused by abrupt changes in sedimentation rate, thereby producing the
stationarity required to avoid spectral smearing and peak splitting
(Weedon et al., 2019). As the variance is high for the lowermost half of
the time series (Fig. 2B), MTM power spectra were computed for the full
laminae thickness series, alongside both halves of the thickness series (n
= 1320 laminae). Here, the upper 1320 laminae, where the mean and
variance of the data remain essentially constant, may be interpreted as a
more useful description of the time series (Weedon, 2003).

To investigate the stratigraphic changes in the occurrence of regular
cyclicity, an evolutionary power spectrum was used. The evolutionary
spectrum was generated in Acycle 2.8, using the MTM method, and was
calculated using a sliding window of 300 laminae. Here, contours of
high-power indicate stratigraphically persistent, regular cyclicity.

3.3. Uncertainty assessment

To reduce uncertainty during the measurements of varve thickness
from the outcrop, measurements were taken on a stepped transect
(Fig. 3A), to target faces consistently normal to bedding. As the dip of the
strata does not vary much over the ~5.5 m section, any apparent dip
effects would lead to systematic uncertainty in varve thickness over the
entire thickness series. Nevertheless, to account for random errors
associated with the interpretation and measurement of laminae
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Fig. 2. (A) Stratigraphic column showing 15 m of strata at the top of Member 2 (M2) of the Port Askaig Formation (Fig. 1). (B) D32 laminae thickness series and
moving variance of the thickness series (window = 500 laminae) (C) Schematic sedimentary log made from the sample and overlapping thin sections, showing the

representative characteristics of the laminae in part of the outcrop.

thickness, the recording of these onto paper and during the digitizing
process, 1000 different thickness series were generated, varying each
thickness by the estimated uncertainty of 1 mm using a beta distri-
bution. Power spectra were generated for each iteration for the full time
series and both halves of the thickness series. The average power of each
signal spike exceeding the 99 % confidence level over 1000 iterations
was calculated and compared to the power of the 99 % and 95 % con-
fidence levels at the signal periodicity to quantify the variability in
signal detectability (Supplementary Material; Fig. S1, Table S1).

3.4. Climate modelling

To understand the occurrence and operation of interannual climate
oscillations during the Sturtian, we perform simulations of 720 Ma
conditions using the Community Earth System Model (CESM) version
1.2.2 in a fully coupled atmosphere-ocean configuration. CESM uses the
Community Atmosphere Model version 5 (CAM5) as its atmospheric
component (Neale et al., 2012) and Parallel Ocean Program version 2 as
its ocean component (Danabasoglu et al., 2012).

The Neoproterozoic simulations used 720 Ma paleogeography from
the reconstruction of Merdith et al. (2021); the paleogeography was
manually modified to avoid small channels and bays which can lead to
numerical instability. A circular orbit with zero eccentricity and 23.5°

obliquity was used, and solar insolation was set to 94 % of the present
day. Trace gases were maintained at preindustrial levels. The resolution
of the model is 3.75° in the atmosphere and a nominal 3° in the ocean.

Three snowball Earth scenarios were evaluated using different
background CO; concentrations to understand how sea ice extent in-
fluences the frequencies present in the power spectra; no land ice is
present in the simulations. The three scenarios include: 5 ppm, repli-
cating a hard snowball Earth with 99 % sea ice coverage, 10 ppm,
replicating a scenario with a equatorial oasis with 85 % sea ice coverage,
and 100 ppm, replicating a waterbelt Earth allowing open water circu-
lation at the equator with 60 % sea ice coverage. The hard snowball
scenario uses a 50 m mixed layer ocean and no prescribed ocean heat
transport to ensure numerical stability. The other two scenarios were
run fully coupled with a dynamic ocean.

The 5 ppm, 10 ppm, and 100 ppm simulations were spun up for 100,
500, and 700 years respectively, until sea ice coverage and global energy
balance had equilibrated. They were then integrated for an additional
1000 years; the period that was used for our analysis. We output the
global distribution of annual-mean surface temperature over 1000 years
for each scenario, allowing the identification of annual to multidecadal
periodicities. Below, we present evidence supporting the interpretation
that these laminae most likely represent annual varves, hence the model
data was converted from its default monthly output to annual-mean
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Fig. 3. (A) Outcrop photograph of the D32 laminites locality showing the approximate location where the laminae were measured (white dashed line). (B) Field

photograph of the laminites (looking south).

surface temperatures to allow direct comparison to the laminite thick-
ness series.

Firstly, to quantify temperature variability at the study site, the co-
ordinates of the Garvellach Islands during the Sturtian glacial interval
(30.6S, 145.6E) were obtained using the reconstruction of Merdith et al.
(2021), and a time series of annual surface temperature was extracted
from this location for each simulation (Fig. S3; Supplementary Mate-
rial). To understand the sensitivity of the power spectra to paleogeo-
graphic location and to ensure the signals present at the study site are
representative per scenario, annual mean surface temperatures were
extracted from a 5 x 5 grid of cells (~600 km radius) around the co-
ordinates of the study site per scenario (Fig. S4; Supplementary mate-
rial). Secondly, to quantify interannual variability in the tropics driven
by ocean circulation patterns, a 60° longitude and 10° latitude box was
defined in an equatorial region containing open water in two of the
scenarios (5°S-5°N, 67.5°W-7.5°W). The mean annual surface temper-
ature in this region was calculated from 64 individual time series
(Fig. S3; Supplementary Material). Power spectral analysis was also
conducted in Acycle 2.8 (Li et al., 2019), using the same method as
applied to the laminite thickness series. Frequencies above the 95 %, 99
% and 99.9 % confidence levels were considered statistically significant.

4. Results
4.1. Characteristics of the laminites
In outcrop, the laminites are densely packed with a laterally

continuous, plane-parallel lamination structure; no variation in outcrop-
scale sedimentary structure was observed vertically or laterally across

the outcrop (Fig. 3A-B). In general, the laminae bases are sharp and
planar with no discernible evidence of erosive surfaces. The laminae
thicknesses range from 0.3 to 21 mm; the thickest laminae are in the
lowermost meter of the section, and laminae thickness decreases over
the first 2.5 m, after which the variability in laminae thickness reduces
(Fig. 2B).

Microscopically, the most pronounced feature is the consistent
presence of sharply defined light and dark colored laminae, where the
light laminae are consistently thicker than the dark laminae (Fig. 4A). A
weak internal lamination is evident halfway through some of the light
laminae. The light laminae are composed of well-sorted, subangular
grains which show normal grading from fine sand to silt. There is a sharp
but non-erosive upper contact to the thin, dark laminae, which are
composed of silt and clay and show no discernible grading. Medium to
coarse subangular grains (Fig. 4B), which are anomalously large in
relation to the matrix (0.5-1.5 mm diameter), are present throughout
the laminites. These larger grains are present in every lamina with
variable abundance (Fig. 4C), and generally mark the base of the light
laminae, displacing the dark laminae below. Coarse grains are rarely
found within the dark laminae (Fig. 4C); however, they can be found
sporadically at the sharp upper contact, often displacing the overlying
dark laminae.

4.2. Time series analysis of the laminites

Due to the change in variance throughout the time series, spectral
analysis was conducted on the entire thickness series (Fig. 5A), as well as
both halves of the thickness series (Fig. 5B-C). An evolutionary power
spectrum was plotted to assess the stationarity of identified cyclicity
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through the 5.5 m section (Fig. 5D).

Time series analysis of the complete thickness series of 2,640
laminae (Fig. 5A) reveals a range of prominent peaks between the 95 %
and 99.9 % confidence levels (Table 1). Above the 99.9 % confidence
level, prominent peaks at 2.1, 2.2, 3.1 and 4.2 laminae are evident. At
the 99 % confidence level, peaks are evident at 2.4, 2.5, 2.7, 5.2, 16.9, 48
and 138 laminae and at the 95 % confidence level, peaks at 3.2, 3.5,
4.2-4.5, 6.2-6.3, 9 and 11 laminae are evident.

In the evolutionary power spectrum (Fig. 5D), the most persistent
cycles are approximately 4-4.5, 9, 13.7-16.9 and 130-150 laminae,
with the cycles at 9 and 135-150 laminae exhibiting the highest
consistent power. The onset of these persistent cycles generally co-
incides with a marked reduction in variance at 0.5 m from the base of the
laminites (Fig.2B). Whilst frequencies in the range of 4-4.5, 8-9 and
17-13 laminae are evident in all three power spectra confirming their
persistence, the patterns evident in the evolutionary power spectrum are
best represented by the power spectrum of the top 1320 laminae
(Fig. 5B). Here, these persistent periodicities increase in detectability to
be evident at the 99-99.9 % confidence levels. This is likely because the
variance is very low, allowing strongly periodic components to be more
robustly identified. Periodicity between 2-4 laminae is also evident but
is less persistent throughout the entire section. Although non-stationary,
these frequencies are evident in all three power spectra above the 95 %
confidence level and occur in parts of the evolutionary power spectra
(0.25 - 1.25 m and 2.5 - 4 m) with significant power (Fig. 5D).

4.3. Time series analysis of modelled surface temperature

Simulated annual surface temperature at the paleo-coordinates of the
Garvellach Islands and in the tropics (defined by the 60° longitude and
10° latitude box) from all three modelled scenarios reveals a range of
prominent peaks between the 95 % and 99 % confidence levels (Fig. 6B-
D, Fig. 7; Table 1).

At both the Garvellach Islands and in the tropics, all three scenarios
reveal peaks between 2 and 3 years above at least the 95 % confidence
level. In the tropics, both the hard snowball and waterbelt scenarios
contain peaks at the 99.9 % confidence level at 2.6 and 2.7 years. . At the
Garvellach Islands, the two scenarios with open-ocean contain fre-
quencies between 3.2 and 5.4 years at the 95 % and 99 % confidence
levels, but this large range of frequencies is not evident in the hard
snowball scenario, where only two peaks at 3 years and 4.3 years are
evident at the 95 % confidence level. In the tropics this is similar; the
hard snowball scenario shows spectral peaks at 3 and 3.3 years at the 95
% confidence level, and the equatorial oasis scenario shows spectral
peaks a 3 and 4.5 years at the 95 % confidence level. In the waterbelt
scenario, a much broader range of peaks between 3 and 5.6 years are
evident above at least the 95 % confidence level, and peaks at 4 and 4.8
years are evident at the 99.9 % confidence level. Finally, at the Gar-
vellach Islands, the hard snowball scenario exhibits a range of multi-
annual to multidecadal peaks between 6.6 and 28.5 years at the 95 % to
99 % confidence levels. The two scenarios with open-ocean exhibit less
spectral peaks at these frequencies. Spectral peak at 31.6 and 50 years
are evident in the equatorial oasis scenario at the 95 % confidence level
and spectral peaks at 19.3 and 26.3 years are evident in the waterbelt
scenario at the 95 % and 99 % confidence levels. In the tropics, the
multiannual to multidecadal peaks are less prolific, with the hard
snowball scenario showing a peak at 52 years, and the equatorial oasis
scenario shows a multidecadal peak of 23.5 years, both at the 99 %
confidence level.

5. Discussion

The D32 laminites, we believe, provide a rare window into interan-
nual to centennial climate dynamics during an interval of the Sturtian
glaciation. By integrating sedimentological observations with fully
coupled climate simulations, we develop a case below that the laminae
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Table 1
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Summary of the signals present within the field data and the three snowball Earth simulations, both at the paleo-coordinates of the Garvellach Islands, and in an

equatorial region with open tropical water.

Field measurements (Fig. 5)

Simulation outputs from the Garvellach islands (

Simulation outputs from the tropics (Fig. 7)

Fig. 6)
Full lamina Upper Bottom 1320 Hard Equatorial oasis Waterbelt Hard Equatorial Waterbelt
thickness 1320 laminae snowball scenario scenario snowball oasis scenario scenario
series laminae scenario scenario
99.9 % 2.1,2.2,3.1, 9, 147 2.1, 2.4 2.6, 2.7 2.6, 2.7, 4.0,
Confidence 4.2 4.8
Level
99 % 24,2527, 2.2,2.6, 2.2,2.3,24, 2.1, 25,37 2.2,23,3.2, 2.3,2.4,52 2.0, 23.5 3.0,3.4,44,5
Confidence 5.2,16.9, 48, 4.5,13.7, 2.6,12.8 5.2
Level 135 55
95 % 3.2, 3.5, 2.06, 2.4, 2.5, 2.9,3.1, 3.0, 4.3, 6.6, 2.4,2.7,3.2,4.2, 25,2.7,3.7, 2.1, 2.2, 3.0, 2.2,2.4,25, 2.05, 2.1, 2.3,
Confidence 4.2-2.5, 2.7,3.1, 3.5,4.2,5.2, 7.7,8.7,285  5.0,5.4, 6.0, 19.3, 26.3 3.3 3.0, 4.5 2.4,3.6,5.3,
Level 6.2-6.3,9, 11 5.5 8,16.9 31.6, 50 5.6
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Fig. 6. Power spectra generated using the multi-taper method from simulated time series of annual surface temperature over 1000 years extracted from the paleo-
coordinates of the Garvellach Islands (red dot on maps; 30.6°S, 145.6°E) for three different snowball Earth scenarios. Images above the panels denote the continental
configuration (grey) and the location of ice (white) and open ocean (blue) in each scenario. (A) Power spectra from the full series of D32 laminite thickness
measurements n = 2,640 laminae. (B-D) Power spectra of modelled annual temperature from the paleo-coordinates of the Garvellach Islands. (B) Hard snowball (99

% sea ice); (C) Equatorial oasis (85 % sea ice); (D) Waterbelt (60 % sea ice).

most plausibly represent annual varves deposited within a seasonally
dynamic, ice-influenced glacio-lacustrine system. The strong corre-
spondence between frequencies present in the field data and those from
modelled snowball Earth climate supports the interpretation of pre-
served annual cyclicity modulated by solar and internal climate
variability.

5.1. Origin of the laminites

Rhythmically laminated sediments can represent glacio-marine,
glacio-lacustrine, sub-ice shelf or sub-glacial environments. Whilst

conclusively differentiating the origin, and hence duration, of laminae
can be difficult—especially in the Precambrian, (Howe et al., 2016;
Livingstone et al., 2012)—several lines of evidence strongly suggest an
approximately annual, ice-influenced glacio-lacustrine sedimentation
pattern.

The texturally distinct light-dark couplets display plane-parallel
stratification and show consistency in thicknesses throughout the
outcrop (Fig. 2). Together, these two features strongly suggest formation
from deposition within a conditionally motionless waterbody. Whilst
differentiating tidal signatures from annual or non-annual laminations
in the Precambrian record is difficult, systematic thickness variations
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producing pronounced bundles of laminae typical of tidalites (e.g.,
Myrow et al., 2018) were not observed. Complete tidal rhythmites
should record a symmetrical, continuous thick-thin alternation, with a
phase flip once during each neap-spring tidal cycle (Mazumder and
Arima, 2005). A lack of evidence for this persistent rhythm over the
entire section leads us to infer that the individual laminae do not form
part of a larger sedimentation pattern (Fig. 2B). Furthermore, whilst
spectral analysis alone cannot be used to determine the origin of the
laminites, the frequencies present in the field data (Fig. 5) do not align
with those expected from tidal forcing (13 and 30 laminae; representing
the fortnightly and monthly neap-spring tide cycle in the Neoproterozoic
(Williams, 1989)), supporting a lack of tidal influence. Additionally, we
do not observe sedimentary structures consistent with a marine envi-
ronment or tidal influence, for example wave ripples, herringbone
cross-stratification, flaser bedding, or reactivation surfaces. Whilst we
acknowledge that these tidally generated sedimentary structures are not
always evident, this combined with a laterally and vertically consistent
lamination structure indicates an environment sheltered from wave
action.

Instead, the laminations likely reflect glacio-lacustrine sedimenta-
tion in a proglacial or periglacial setting with floating ice, where they
record seasonal varve formation. The occurrence of annual varves dur-
ing the Cryogenian is not unreasonable due to suspected enhanced
seasonality at all latitudes (Hoffman et al., 2017; Liu et al., 2020; Wil-
liams, 2008), governed by the low thermal inertia of the globally solid
surface (Pierrehumbert, 2005). A sub-glacial, and therefore non-annual,
origin was also considered, however in general, much thicker, coarser
laminations would be expected in a directly ice-influenced location.
Also, and importantly, these laminae would likely not show the vertical
and lateral consistency present in the outcrop (Fig. 3). Instead, the
laminae may exhibit irregular thickness in both the dark and fine layers,
punctuated by erosional bases, event beds or deformation structures
related to episodic drainage and pressurization events within the sub-
glacial hydrological system (Livingstone et al., 2015, 2012)—reflecting
event-driven rather than stable, predictable, annual deposition (cf.
modern Antarctica; Campbell et al., 2025; Siegfried et al., 2023).

The regularity of the laminae and the presence of a dark, silt-clay
layer with characteristic sharp contact with the overlying light, coarse
layer is a characteristic feature of varves. This structure, paired with the
variable thickness of the light layers in contrast to the independent
thickness of the dark layers, forms the first basis for a varve interpre-
tation (Palmer et al., 2019; Shatsillo et al., 2019). The lighter, coarser
layers with normal grading likely represent the distal products of sea-
sonal, quasi-continuous, sediment laden currents during the melt sea-
son, where weak internal lamination in some varves may suggest
sub-seasonal currents. The thickness of the light layers therefore re-
flects interannual variability in melt intensity and run-off volume,
driven by climatic fluctuations. In contrast, the darker, finer layers
indicate uninterrupted settling of suspended loads during the non-melt
season, resulting in a consistent thickness independent of summer
conditions.

Further, the coarse quartz grains, which are anomalously large in
relation to the host sediment and are dominant within the sand fraction
of the laminae (Fig. 4, Fig. S2) are best interpreted as ice rafted debris
(IRD). Whilst a solely aeolian source of these grains was considered, the
sub-angularity of the grains alongside a lack of outsized sediment within
the finer fraction of the laminae suggests detritus, perhaps including
cryoconite (Hoffman, 2016), wind-blown onto and trapped within
floating ice during the non-melt season and subsequently released dur-
ing partial thawing. This is supported by the distinctive layers of
outsized grains at the base of the melt-season laminae, suggestive of
deposition immediately after spring thaw.

Finally, considering the underlying stratigraphy of Member 2 of the
Port Askaig Formation (Fig. 1), the highly distinctive laminites form the
upper unit of a 20 m sequence above an erosional incision composed of a
basal conglomerate, cross-stratified sandstones, a laterally impersistent
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diamictite (D32) and sandstone. This sequence may reflect a periglacial
incised valley fill (B. Levell, pers. comm), infilled by non-glacial terres-
trial deposits subjected to freezing conditions—where D32 is interpreted
as a non-glacial mass flow deposit—and eventually flooded by low en-
ergy standing water with floating ice (i.e., the D32 laminites). Polygonal
sand wedges preserved in Member 2 of the Port Askaig Formation
(Spencer, 1971) and in the top of the D32 laminites may also provide
alternative geological evidence for periglacial conditions during the
Sturtian. This facies sequence supports our interpretation that the lam-
inites represent a deep, distal, ice influenced, quiet water embayment
sheltered from wave action.

Taken together, the millimeter scale laminations are consistent with
modern varves deposited in an intermediate to distal proglacial or per-
iglacial lake setting, subjected to intense annual freeze-thaw events (c.f.,
Palmer et al., 2019). We acknowledge that other depositional rhythms
could be present, or the laminae may not strictly represent annual
sedimentation; for example, laminae could represent sedimentation of
periods greater than one year, be absent acyclicly or may have been
partially or fully eroded from the record. Whilst stratigraphic incom-
pleteness is impossible to fully account for, sedimentation patterns
radically different from an annual or other consistent pattern would
present difficulties for explaining the observed regularity of the laminae
or the consistency between the field data, our snowball Earth simula-
tions (Figs. 6 and 7) and with geological observations through time
(Fig. 8). Collectively, this set of constraints strengthens our confidence
that the laminites record annual cyclicity.

5.2. Evidence of solar-climate interactions

The striking resemblance between the field data and the results of
our new climate simulations using the paleo-location of the Garvellach
Islands (Fig. 6) makes it difficult to explain the observed outcrop and
spectral patterns without invoking climate influence. Whilst autocy-
clicity can strongly mimic external forcing, spectral analysis reveals
several periodicities at the 95-99.9 % confidence levels (Fig. 5), which
are consistently present even when accounting for uncertainty by
applying realistic variance on the absolute thickness measurements
(Fig. S1). Hence, we are confident that these represent interannual,
decadal and centennial cycles reminiscent of known solar/climate os-
cillations. Whilst we infer a glaciolacustrine origin, we acknowledge that
climatic forcing can modulate sedimentation in a variety of glacial en-
vironments capable of generating rhythmically laminated sediments.
Hence, the laminites likely provide a unique, albeit transient, record of
the influence of sub-Milankovitch scale forcing on glacial dynamics,
irrespective of their specific depositional setting.

5.2.1. Solar cycles

The most consistent peaks within the evolutionary power spectrum
occur at 9 and 130-150 laminae (Fig. 5D); such periodicities can be
attributed to solar forcing, namely the decadal (c. 9-11 year) Schwabe
cycle and the centennial (c. 60-150 year) Gleissberg cycle. The Schwabe
cycle has been consistently documented from the Paleoproterozoic to
the Holocene, with little variance in periodicity (Fig. 8). Whilst the
Gleissberg cycle has been found less consistently (Tang et al., 2014),
mainly due to a lack of varved records spanning multiple centuries, the
long (>2600 years) varved record of the D32 laminites potentially
documents ~20 Gleissberg-like cycles. The persistence and strength of
these frequencies in the evolutionary power spectrum can therefore
provide evidence for solar-cryosphere interactions that controlled
glacial dynamics during this interval of the Sturtian.

5.2.2. Solar-climate cycles

A consistent peak within the evolutionary power spectrum also oc-
curs at 13-16 years. Spectral peaks of 13.9, 14.3 and 17.1 laminae have
been documented from varves deposited before the Sturtian and are
attributed to either a long Schwabe cycle (Andrews et al., 2010) or
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periodic rainfall and temperature fluctuations (Hughes et al., 2003).
Numerous origins for this periodicity could be explored, but the lack of
similar frequencies in our climate simulations—which are run with
constant solar forcing—could implicate a solar influence. The
13-16-year periodicity could be linked to the Schwabe cycle, which can
increase up to 16 years during grand solar minima (Miyake et al., 2013),
and may have increased due to the low solar luminosity during snowball
Earth (Crowley and Baum, 1993). However, the consistency of the
9-11-year cycles reported before the Sturtian (Fig. 8), in our evolutive
power spectra (Fig. 5) and in modern varves, suggest that these in-
teractions have remained unchanged for the last ~1.2 Ga. The consistent
presence of both 8-9-year and 13-16 year periodicity in the laminite

10

thickness series may suggest the amplification of climate signals by the
interaction of solar, ocean and/or atmospheric processes (Olafsdéttir
etal., 2013). Solar-ocean-atmospheric interactions can generate climatic
oscillations across all frequencies (Kuroda et al., 2022), influencing
global temperature and precipitation, thereby modulating sediment
deposition. During snowball Earth, seasonal melting of ice sheets would
have been modulated at decadal scales by solar-induced oceanographic
processes (e.g., heated surface water inflow), generating dynamic
ocean-atmospheric circulation patterns (Stewart et al., 2019). On the
other hand, dust-cloud-surface radiation interactions can reduce surface
albedo and hence drive glacial melting and increase global surface
temperatures (Chen et al., 2022). Thus, these decadal cycles could
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directly relate to solar-driven ocean temperature oscillations and/or
wind-driven atmospheric processes, forced by
solar-cryospheric-atmospheric oscillations, on decadal timescales. This
suggests that solar, ocean and/or atmospheric coupling remained at
least partially stable during this interval and modulated glacial dy-
namics and sedimentation.

5.2.3. Ocean-atmospheric climate cycles

Spectral peaks between 2 and 5 laminae appear consistently within
all three power spectra but the only consistent frequency in the evolu-
tionary power spectrum is at 4-4.5 years (Fig. 5). Therefore, these non-
coherent spectral peaks may arise from short-lived, strongly periodic
noise generated by stochastic sedimentation. However, spectral peaks
between 2 and 6 years have been routinely documented from varves
through geological time including the Precambrian (Howe et al., 2016;
Hughes et al., 2003; Lafond et al., 2023; Larsen et al., 2011; Milana and
Lopez, 1998; Olafsdéttir et al., 2013; Rioja et al., 2002) (Fig. 8).

Our climate simulations from the Garvellach Islands location
(Fig. 6B-D) provide evidence for spectral peaks of 2-3 years within all
three climate scenarios suggesting that the non-coherent spectral peaks
in the field data could arise from internal climate dynamics. Whilst the
power spectra from all three scenarios display peaks between 3-6 years,
the two scenarios with open-ocean display a broad range of spectral
peaks above both the 95 % and 99 % confidence levels, more akin to the
field data. The signals present in the power spectra from the paleo-
location of the Garvellach Islands strongly agree with those from the
wider ~600 km region, highlighting that the signals at this locality are
unlikely to be random fluctuations (Figure S3; Supplementary Material).

In the tropics (see Fig. 7), the 4-4.5-year periodicity evident in the
evolutionary power spectrum of the field data starts to emerge in the two
scenarios containing open-ocean (Fig. 7). Notably, 4 year and 4.8-year
periodicity is detectable at the 99.9 % confidence level in the water-
belt scenario, where full tropical ocean circulation can occur (Fig. 7C).
Therefore, the tropical simulations support the view that if open-ocean
existed at any time during snowball Earth, ocean-atmosphere pro-
cesses similar to those of the present day were likely operating. The
strong similarity between our field data, the simulations from the paleo-
location of the Garvellach Islands and the simulations from the tropics
suggest that the deposits may nonetheless preserve episodic manifesta-
tions of this variability. This is especially highlighted by the consistent 4-
year periodicity evident in the evolutionary power spectrum and in the
simulated power spectra of the tropics. Hence, these non-stationary,
interannual signals could be intrinsic to snowball Earth climate dy-
namics and may arise from QBO-like and ENSO-like oscillations which
both exhibit clear signatures in temperature and pressure, influencing
the intensity and duration of ice melt (Baldwin et al., 2001). As the
average periodicity of the modern ENSO is ~4 years, the consistency of
the 4 and 16-year periodicities may further indicate the presence of both
the high and low frequency components of climate modes (c.f. the Pa-
cific Decadal Oscillation; a prolonged ENSO-like pattern). Together,
these observations hint at an interval of dynamic interannual climate
variability during the Sturtian that is reminiscent of other periods of
Earth history (Davies et al., 2011; Gao et al., 2025)

5.2.4. Constraints from previous and new climate models

Crucially, under a totally ice-covered scenario, it is unlikely that
climatic variations dependent on air-sea interactions over large sections
of open ocean (e.g., ENSO) would continue to operate. Modelling studies
have shown that in a hard snowball scenario, geothermal heat flux and
surface ice melting can generate vigorous ocean circulation patterns at
many frequencies (Ashkenazy et al., 2014; Ashkenazy and Tziperman,
2016), but it is unlikely that an expression of this ocean variability
would be seen above kilometer-thick ice. This makes the inferences of
snowball Earth climatic variability at interannual timescales found in
this study particularly surprising.

Comparison of annual surface temperature in the tropics in the
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simulated scenarios (Fig. 7) may provide evidence that the interannual
oscillations can be attributed to, and hence document the operation of,
climate modes similar to those of the modern day in the Cryogenian. The
consistency of 2-3-year frequencies in all three modelled scenarios al-
lows the inference of a QBO-like climate mode, which does not require
air-sea interaction and hence would be expected to continue even under
hard snowball Earth conditions. In our models, climatic variability in the
hard snowball scenario is dominated by biennial oscillations (Fig. 7A),
which due to a near entirely frozen ocean, is likely the only climate
mode (besides solar forcing) able to operate and influence glacial
dynamics.

In the tropics, the waterbelt scenario (Fig. 7C) strongly documents
the familiar quasi-periodic 3-7-year frequencies reminiscent of the
modern ENSO. Whilst the intensity of air-sea interactions undoubtedly
varied due to paleogeographic changes, the extent of ice coverage, and
much colder global temperatures, these periodicities are similar to those
of the modern day. Any Earth climate state with some degree of open-
ocean should generate air-sea interactions over interannual timescales,
as previously documented in the modern icehouse and previous green-
house climates (Gao et al., 2025). The evolutionary power spectrum of
our field data supports the existence of a 4-4.5-year periodicity, which is
evident in the tropics in both scenarios containing partially open-ocean
(Fig. 7). The apparent increased strength of the 4-4.5-year periodicity in
the tropics as the amount of open-ocean increases (Figs. 7B and C) may
document more established air-sea interactions on snowball Earth as the
scale of ocean circulation increases. Hence, our simulations point to-
wards the existence of these interactions in snowball Earth states that
contain over 1 % open-ocean. Whilst the hard snowball scenario does
contain peaks at 3 and 3.3 years, the broad range of peaks documenting
the non-stationarity of this signal is not present—particularly the ~4
year periodicity observed in our field data and in the two open-ocean
scenarios. Therefore, these periodicities are likely linked either to sto-
chastic noise or to the upper limit of the QBO-like oscillation.

Comparison of the power spectra of our field data to those from our
climate simulations (Figs. 6 and 7) point towards an interval of dynamic
climate variability driven by solar-ocean-atmospheric exchanges, only
viable in a scenario lacking a completely sealed snowball ocean. Given
the evidence that the signals in the field data reflect genuine climate
variability, our simulations favor a transient “slushball” or “waterbelt”
scenario. This interpretation implies the existence of localized, ice-free
topical waters during this discrete ~2500-year interval of the Sturtian
glaciation. Intriguingly, several lines of evidence suggest that a partially
ice-free ocean existed for a similar phase of the Sturtian (Lan et al., 2022
and references therein). Hence, these laminites may provide further
sedimentological evidence for remarkably transient open-ocean condi-
tions during this interval. Moreover, the scarcity of laminated rhyth-
mites across most of the Cryogenian Period may even support the
existence of a largely “hard” long-lived Sturtian snowball Earth. Irre-
spective of the mechanism driving such conditions, our simulations
indicate that even restricted open-water regions can permit
solar-ocean-atmospheric interactions, generating a much wider range of
climatic variability than expected under snowball Earth conditions.

6. Conclusions

The D32 laminites in the Port Askaig Formation are interpreted as
annual varves, recording seasonal freeze-thaw processes in a low energy,
standing water body with floating ice, sheltered from wave action. This
interpretation supports the existence of an active hydrological cycle
during at least part of the Sturtian. Assuming annual sedimentation,
spectral analysis reveals the stability and persistence of interannual to
centennial climatic variability, with similar periodicities to modern
solar and climatic oscillations, which have not been documented pre-
viously during the Cryogenian. Decadal to centennial periodicities of
strong similarity to solar phenomena, and interannual periodicities
similar to modern ocean-atmospheric climate patterns, suggest either a
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discrete interval of open tropical water during the Sturtian or yet un-
explored mechanisms of interannual variability on icy worlds. Such
findings are consistent with new fully coupled snowball Earth climate
simulations in which open water is present in the tropics during the
Sturtian glaciation. The persistence of both solar and climatic oscilla-
tions could hint that solar-induced oceanographic processes influenced
regional climates, surface temperatures and seasonal melting of ice
sheets on timescales akin to the present day. Our findings may indicate a
climatic episode during the Sturtian, during which transient open-ocean
conditions occurred, pointing to a wider range of climatic variability
than previously envisaged during snowball Earth.
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