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ABSTRACT

Middle Cambrian offshore deposits of the Marjum Formation, Utah, USA, are charac-
terized by four scales of superimposed cyclicity defined by varying fine siliciclastic versus
limestone abundances; these include limestone-marl couplets (rhythmites; 5-10 cm), which
are bundled into parasequences (1-2 m) and small-scale (5-10 m) and large-scale (20-40 m)
sequences. Time series analysis of SiO, and lithologic rank stratigraphic series reveal cycles
consistent with Milankovitch periods corresponding to Cambrian orbital eccentricity (20 m,
405 k.y.; 6 m, 110 k.y.), obliquity (1.8 m, 30 k.y.), climatic precession (1.15 m, 18 k.y.), and
half-precession (0.64 m, 7 k.y.). Astronomical calibration of the lithologic rank series indi-
cates that the main sub-Milankovitch cycle at 0.065 m represents ~1 Kk.y. and corresponds to
the basic rhythmite couplet. All scales of cyclicity are interpreted as the result of wet versus
dry monsoonal climate oscillations controlling the abundance of fine siliciclastic sediment
influx to the basin. A plausible millennial-scale climate driver is solar activity. These results
describe one of the oldest known geological candidates for solar-influenced climate change

modulated by Milankovitch forcing.

INTRODUCTION

Decades of deep-time (pre-Cenozoic)
paleoclimate research reveal that the dominant
building blocks of many Proterozoic through
Phanerozoic marine and terrestrial sedimen-
tary successions were generated by Milanko-
vitch cycles (20-400 k.y.; Hinnov, 2013). Rec-
ognition of these persistent and widespread
sedimentary cycles provides important insights
into Earth’s climate history, and such cycles
provide the basis for high-resolution refine-
ment of the geologic time scale (Hinnov,
2018; Huang, 2018; Westerhold et al., 2020;
Wu et al., 2023).

In some depositional settings with high sedi-
mentation rates and limited bioturbation (lakes,
glacial ice, speleothems), sub-Milankovitch-
scale cyclicity is preserved, offering high-reso-
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lution climate histories and chronometers (Neff
et al., 2001; Nederbragt and Thurow, 2005;
Steinhilber et al., 2012; Misra et al., 2020).
However, these settings are geographically and
temporally limited; their climate records are
challenging to apply in global studies, across
geologically long time intervals, or in assessing
potential relationships with concurrent Milanko-
vitch-scale climate drivers.

By contrast, offshore settings of epicon-
tinental seas typical of the Paleozoic—Meso-
zoic eras are geographically widespread and
geologically long lived, and have relatively
high sedimentation rates that can potentially
capture millennial-scale events. Indeed, mil-
lennial-scale cyclicity is well documented in
many offshore deposits, commonly expressed
as strikingly rhythmic interbeds of thin lime-
stone and shale or marl rhythmites (Garrison
and Fischer, 1969; Elrick and Hinnov, 2007,
Franco et al., 2012). Rhythmites have developed
across a wide range of climatic, tectonic, bio-

logic, eustatic, and seawater chemistry condi-
tions and are typically explained as the result of
millennial-scale wet versus dry climatic oscilla-
tions (Elrick and Hinnov, 2007). Many reports
documenting millennial-scale cyclicity in Pha-
nerozoic marine and terrestrial records (e.g.,
Anderson, 2011; Kochhann et al., 2020; Boulila
et al., 2022) have interpreted that this scale of
climate variability was externally driven and
thus a permanent feature of the Earth ocean-
atmosphere system; however, each system
needs to be assessed individually to ascertain
the validity of such interpretations.

Stratigraphic and geochemical data sets
collected from the middle Cambrian Marjum
Formation, Utah, USA, indicate that millennial-
scale climate variability forced the development
of the centimeter-scale rhythmites that form the
building blocks of superimposed cycles. This
study describes four scales of cyclicity in the
Marjum Formation, estimates the cycle dura-
tions, and discusses potential cycle origins and
relationships among the interpreted paleocli-
mate drivers.

GEOLOGICAL BACKGROUND

During the Cambrian, Laurentia was posi-
tioned in the southern paleo-tropics; its paleo—
western margin accumulated thick upper Pro-
terozoic—Devonian passive-margin deposits (see
Supplemental Material'). In the middle Cam-
brian, the House Range embayment study area
accumulated deep- then shallow-marine deposits
(Fig. 1A). The Marjum Formation (Drumian;
504.5 Ma to 500.5 Ma; Peng et al., 2020) oft-
shore deposits are composed of four super-
imposed scales of sedimentary cycles (Fig. 1;
Elrick and Snider, 2002; Brett et al. 2009):

ISupplemental Material. Methods, depositional model, Figures S1-S6, time series analysis scripts and data. Please visit https://doi.org/10.1130/GEOL.S.25760934
to access the supplemental material; contact editing @ geosociety.org with any questions.
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large-scale sequences (20—40 m), small-scale
sequences (5—10 m), parasequences (1-2 m),
and limestone-marl rhythmites (5-10 cm). All
cycle scales are defined by systematic variations
in fine siliciclastic versus limestone content (see
Supplemental Material).

RESULTS
Lithologic Cyclicity

In the study interval, 517 limestone (lime
mudstone)—marl couplets were identified, most
ranging in thickness from 3 to 7 cm (median
5 cm; Fig. S1 in the Supplemental Material).
Couplets vary from marl dominated (marl layers
>2x the thickness of adjacent limestone layers),
to limestone and marl layers of similar thick-
nesses, to limestone dominated (limestone lay-
ers >2x the thickness of adjacent marl layers).
The syn-sedimentary origin (versus diagenetic
origin; Munnecke and Samtleben, 1996) of the
limestone-marl couplets is supported by pre-
served sedimentary structures and trace fossils
in both types of layers (for details, see Elrick
and Hinnov, 1996, 2007).

Parasequences (1-2 m) occur throughout the
Marjum Formation and are defined by repeated
successions of limestone-dominated couplets at
parasequence bases, overlain by marl-dominated
couplets, and capped by limestone-dominated
couplets or a limestone bed (~20 cm) lacking
marl interbeds (Fig. 1C; Fig. S6; Elrick and
Snider, 2002). Small-scale sequences (5-10 m)
are identified by similar patterns as those for
parasequences but at a thicker scale, i.e., stacked
limestone-dominated parasequences followed
by marl-dominated parasequences, returning to
limestone-dominated parasequences (Fig. 1C).
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Large-scale sequences (20—40 m) are identified
by variations in marl content, with marl-rich
intervals weathering to slopes and limestone-
rich intervals forming cliffs; this lithologic
cyclicity is observed throughout the Marjum
and underlying Wheeler Formations (Fig. 1;
Langenburg, 2003; Brett et al., 2009).

Time Series Analysis

Chemostratigraphic profiles for typical
detrital proxies (SiO,, TiO,, Fe,0;, K,0O) show
increased abundances aligning with marl-rich
intervals, indicating that these proxies faithfully
track variations in terrigenous input (Fig. S2).
The SiO, stratigraphic series, with its enhanced
variability, reveals high spectral power at 20 m,
58m, 1.8 m, 1.15m, 0.64 m, and 0.3 m in
continuous wavelet transform (CWT) analysis
(Fig. 2A). The 10 cm sampling resolution does
not permit confident interpretation of cycles
thinner than 0.4 m (Martinez et al., 2016). CWT
analysis of the lithologic rank series shows the
presence of peaks at 20 m, 5.8 m, and 1.15 m
alongside a prominent 0.065 m peak (Fig. 2).

Modulation of couplet thicknesses was
assessed by filtering out the median couplet
thickness and applying spectral analysis on its
Hilbert transform (Fig. S3). The power spectrum
shows two main amplitude modulation frequen-
cies at 0.0097 cycles/cm (560 cm) and 0.0017
cycles/cm (105 cm) wavelengths. Bandpass fil-
ters centered on the main periodicities observed
in both SiO, and rank series are shown to visual-
ize the relationship between changes in SiO,—
rank series and potential astronomical cycles.
Code and data are available in the Supplemental
Material.

Figure 1. (A) Cambrian
stratigraphy at Marjum
Pass, House Range, Utah,
USA (from Elrick and
Snider, 2002). (B) Details
of typical limestone-domi-
nated rhythmites. (C) Field
photograph of a portion of
the studied Marjum For-
mation showing stacked
rhythmites, potential
half-precession (HP?),
precession (P), and short
eccentricity (E;,; see
details in Fig. S6 [see text
footnote 1]). (D) Cambrian
paleogeography of the
western USA showing the
location of the study area
within the House Range
embayment (Foster and
Gaines, 2016). L—Lejo-
pyge; P—Ptychagnostus.

DISCUSSION
Cycle Durations

The CWT spectral peaks in the SiO, strati-
graphic series have similar ratios to calculated
Cambrian Milankovitch periods (Fig. 2A;
Waltham, 2015). These results suggest that the
20 m, 5.8 m, 1.8 m, 1.15 m, and 0.64 m peaks
correspond to long orbital eccentricity (405 k.y.),
short orbital eccentricity (110 k.y.), obliquity
(30 k.y.), climatic precession (18.5 k.y.), and
half-precession (7 k.y.), respectively, which is
supported by integrated biostratigraphic and
sediment accumulation rate (SAR) constraints
(Fig. 2; Supplemental Material). CWT analysis
of the lithologic rank series shows ratios simi-
lar to those expected for long and short orbital
eccentricity and climatic precession, suggest-
ing that the systematic variation of limestone
versus marl layer thicknesses was modulated
by Milankovitch forcing. The lack of a 1.8 m
cycle in the lithologic rank series compared with
the X-ray fluorescence—measured SiO, series is
presumably because the latter is more sensitive
than subjective field observations of lithologic
changes.

The relationship between marl- versus lime-
stone-dominated intervals is explicit when plot-
ting the short orbital eccentricity filter output
against the stratigraphy (Fig. 2B). This supports
the interpretation that parasequences identified
by field observations of varying rhythmite types
and the lithologic rank series represent preces-
sion-driven (and possibly also obliquity-driven)
sedimentary cycles and that the small-scale
sequences represent a short orbital eccentricity
signal. Although we can identify only portions
of two large-scale sequences in the stratigraphy,
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the occurrence of a 20 m cycle in the SiO, and
lithologic rank power spectra may represent a
long orbital eccentricity signal.

Assuming that Milankovitch cycles influ-
enced parasequence and sequence formation,
we use the interpreted short orbital eccentricity
period (110 k.y.) to calibrate the SiO, and the
lithologic rank series (Fig. S5). The SiO, series
indicates a 668.75 k.y. duration, and the litho-
logic rank series represents 680 k.y.; the tem-
poral similarity between the two independent
data sets strengthens the Milankovitch forcing
interpretation and provides an estimated average
SAR of 5.25 cm/k.y. for the study interval, simi-
lar to previous studies of the Marjum Forma-
tion (Elrick and Hinnov, 2007). Using this SAR,
the median ~5-cm-thick couplets represent 0.95
k.y., and the average 6.5-cm-thick couplets rep-
resent ~1.2 k.y. Importantly, this average ~1
k.y. duration for couplets is consistent with the
occurrence of 16—19 rhythmites composing
each climatic precession—forced parasequence
(Fig. S6). The astronomically calibrated records
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reveal distinct peak power corresponding to long
and short (calibrated) orbital eccentricity and
elevated power at obliquity and climatic preces-
sion periods, which would be expected when
tuning to a single astronomical frequency (“min-
imal tuning”; Muller and MacDonald, 2000).
High power in sub-Milankovitch bands at 7 k.y.,
3 k.y., and 1 k.y. is recorded in the lithologic
rank series (Fig. S5).

Cycle Origins

The millennial-scale rhythmites are the pri-
mary building blocks of all scales of Marjum
Formation cyclicity. Changes in siliciclastic
content are attributed to millennial-scale cli-
mate oscillations, with relatively wet conditions
associated with increased continental weather-
ing and transport of siliciclastics to offshore set-
tings followed by relatively dry climates with
increased limestone accumulation. In our dep-
ositional model in the Supplemental Material,
rhythmite couplets are considered “dilution”
cycles (see De Vleeschouwer et al. [2024] for a
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Continuous wavelet trans-
form (CWT) analysis (Arts,
2023) with corresponding
peak power at 20 m,5.8 m,
1.15m, and 0.3 m. O—
obliquity; P—precession;
HP—half-precession.
(B) Left: Lithologic rank
stratigraphic series with
110 k.y. (red line) and
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Right: CWT analysis with
the corresponding peak
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1.15 m, and 0.065 m. Hori-
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review of the different origins of marl-limestone
alternation).

Similar climatic interpretations have been
made for other Phanerozoic marine and ter-
restrial successions (Nederbragt and Thurow,
2005; Franco et al., 2012; Kochhann et al.,
2020). Holocene ice cores, deep-sea sediment
cores, tree rings, and speleothem records suggest
that solar activity cycles in the range of Eddy
cycle periodicity (~900-1050 yr; Scafetta and
Bianchini, 2022) influenced monsoon intensity,
based on a strong correlation between speleo-
them or ice §'*O (precipitation) and tree ring
AMC (solar activity; Stuiver et al., 1998). The
Eddy solar cycle offers a possible explanation
for the ~1 k.y. couplet cycle. Although varia-
tions in solar irradiance are small, modeling
indicates that oceanic and atmospheric responses
can amplify the climatic impact globally (e.g.,
Riechelson et al., 2023).

The 3 k.y. SiO, peak could be attributed
to the Hallstatt solar cycle (~2100-2500 yr).
Similar periodicities of ~2.4 k.y. are reported



from Lower Devonian (Da Silva et al., 2018)
and Permian marine (Franco et al., 2012) and
restricted marine records (Anderson, 2011).
The 7 k.y. spectral peak falls in the range of
the half-precession cycle, which is related to
the twice-annual migration of the Intertropi-
cal Convergence Zone (ITCZ) over the equator
(Fig. 3). The paleotropical position of the study
area and a similar half-precession signal in the
lower Cambrian of South China (Zhang et al.,
2022) supports this interpretation. The lithologic
rank time series lacks both the 3 k.y. (15 cm) and
7 k.y. (64 cm) peaks, and the reasons for their
absence remain unclear.

The parasequences are interpreted as the
result of Milankovitch-forced variations in
monsoon-related wet versus dry climates and
eustatic sea-level changes and are considered
both carbonate “transport” (or carbonate produc-
tivity) and “dilution” cycles (see the Supplemen-
tal Material). Limestone-dominated couplets at
the base of a parasequence reflect drier millen-
nial-scale climate cycles (and rising sea level),
followed by marl-dominated couplets represent-
ing wetter phases (highstand), and finally, at the
top, a return to drier climates (and falling or
lowstand sea levels) and limestone-dominated
couplets. Small-scale sequences, formed by
stacked successions of limestone- versus marl-
dominated parasequences, mirror changes in
monsoon intensity and sea level attributed to
short orbital eccentricity. Large-scale sequences
(20 m, 405 k.y.) are not entirely resolved in the
study interval (which only spans ~680 k.y.),
but they have been observed previously in the
Marjum Formation (Elrick and Snider, 2002),
Wheeler Formation (Langenburg, 2003; Brett
etal., 2009), and coeval shallow-marine depos-
its across western Laurentia (Bond et al., 1991;
Montaiiez and Osleger, 1993) and have been
interpreted as Milankovitch-forced sea-level
variations based on interpreted water-depth
fluctuations and facies stacking patterns. Sea-

level variations occurred in tandem with cli-
mate change: high sea levels align with wetter
climates and deeper-water facies rich in silici-
clastics, while low sea levels align with drier
climates and shallower-water facies character-
ized by limestone-dominated facies.

In sum, all scales of cyclicity of the Marjum
Formation are interpreted as the result of dry
versus wet climate oscillations from monsoons
forced by solar activity at millennial time scales
and modulated by Milankovitch forcing. Dur-
ing the Cambrian, the combination of a tropical
paleolatitude and the large continental area of
Laurentia strengthened monsoonal intensity at
both time scales, driven by the migration dynam-
ics of the ITCZ (Fig. 3).

CONCLUSIONS

Four scales of stratigraphic cyclicity are
observed in the middle Cambrian (Drumian)
Marjum Formation of western Laurentia: lime-
stone-marl couplets (5-10 cm) bundled into para-
sequences (1-2 m) and small-scale (5-10 m) and
large-scale (20 m) sequences. All cycle scales are
defined by variations in fine siliciclastics versus
limestone. Time series analysis of a 35.5-m-long
Si0, stratigraphic series (detrital proxy) and a
lithologic rank stratigraphic series based on field
observations reveals peak power consistent with
Cambrian long orbital eccentricity (20 m, 405
k.y.), short orbital eccentricity (6 m, 110 k.y.),
obliquity (1.8 m, 30 k.y.), climatic precession
(1.15 m, 18 k.y.), and half-precession (0.64 m,
7k.y.). The main spectral power in the lithologic
rank series occurs at a 0.065 m wavelength rep-
resenting ~1 k.y. (millennial) couplets. Strati-
graphic data combined with spectral analysis
supports the interpretation that both millennial
and Milankovitch cycles were controlled by wet
versus dry monsoonal climate oscillations influ-
encing siliciclastic influx to the marine basin. A
plausible millennial-scale climate driver for the
centimeter-scale couplets is solar activity related

Figure 3. Conceptual
model showing the inter-
preted seasonal shifts
of the middle Cambrian
Intertropical Convergence
Zone (ITCZ) (red dashed
line). Red dot shows loca-
tion of the study area.
Paleogeographic maps
©2023 Colorado Plateau
Geosystems Inc. Used
with permission.

to Eddy and Hallstatt solar cycles. These results
provide one of the oldest known records of solar-
influenced climate change and support the idea
that solar activity and Milankovitch forcing
are permanent features affecting paleoclimate
variability.
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