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Abstract

Sedimentary couplets that are generated by astronomical forcing are common in pelagic and
hemipelagic depositional settings. This study disentangles the time scales (sedimentation rates) of
the two lithofacies that contribute to such astronomically-forced couplets, by introducing the Alpha
method. This new method can be applied to precession or obliquity-forced sedimentary records,
and compares the frequency modulation of an astronomical cycle model with the thicknesses of
the couplets. The method is demonstrated on a synthetic model of a precession index-forced
succession of limestone-marlstone couplets. Finally, the methods is applied to two case studies:
for the Middle Cenomanian Eagle Ford Formation (Iona-1 core, Texas), sedimentation rates are
estimated as 0.85-1.02 cm/kyr for the marlstone and 4.70-5.65 cm/kyr for the limestone; for the
Middle Eocene IODP Expedition 342 Site U1408, sedimentation rates are 1.70-1.84 cm/kyr for
the white nannofossil ooze and 2.54-2.75 cm/kyr for the greenish nannofossil-rich clay. More
generally, studies of paleoclimate and geochemical evolution at the sub-Milankovitch scale can

benefit from this method.

Keywords

Alpha method, Milankovitch cycles, Eagle Ford Formation, Cretaceous, IODP U1408, Eocene

1. Introduction

Climatically driven rhythmic sedimentary bedding is found in strata throughout the Phanerozoic
strata. An important source of such rhythms are the Milankovitch cycles, associated with
astronomical variations in the orbits of the planets in the Solar System (recent reviews in Hinnov,

2013, 2018). The three major astronomical parameters affecting the Milankovitch cycles are the
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Earth’s precession index, obliquity and orbital eccentricity (Laskar et al., 2004), involving multiple
components with periodicities ranging from ~20 kiloyears (kyr) to ~2,400 kyr (Laskar et al., 2004).
These parameters control the seasonal and latitudinal distribution of incoming solar radiation
(insolation) received by the Earth, which affects the climate and subsequently the sedimentary

environment.

A common sedimentary cycle is a couplet composed of two lithofacies, typically limestone and
marlstone or shale, which are often generated by precession index forcing (Fischer 1986; Hilgen
et al., 2014). Couplets interpreted as precession cycles have been documented in the Miocene of
the Mediterranean (Krijgsman et al., 1995; Hilgen et al., 1995; Hilgen et al., 2014), Miocene
continental (lacustrine) sections in Spain (Abels et al. 2009a,b), Miocene sediments of Ocean
Drilling Program (ODP) Site 154 at Ceara Rise, the Cretaceous-Paleocene Zumaia section of the
Basque basin in Spain (e.g., Dinares-Turell et al., 2003; Kuiper et al., 2008; Batenburg et al., 2016),
and in many of other pelagic and hemipelagic systems (e.g., Fischer 1986; Westphal and
Munnecke, 2003; Westphal et al., 2008). The Research On Cretaceous Cycles Group (ROCC)
(1986) identified four processes responsible for the development of rhythmic sedimentary
couplets: (1) carbonate productivity, (2) terrigenous dilution, (3) redox conditions, and (4) bottom

currents.

Ma et al. (2014) studied astronomically-driven sedimentation associated with Oceanic Anoxic
Event 2 (OAE2) in the Western Interior Basin and observed precession and obliquity-forced
lithologic couplets composed of carbonate-rich (“limestone”) and carbonate-poor (“marlstone”)

hemicycles. Similar precession-forced couplets are found in the Cenomanian-Turonian strata of
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Italy (Batenburg et al., 2016) and USA (e.g., Donovan et al., 2012; Eldrett et al., 2015a,b;
Lehrmann et al., 2019). Variations in sediment and geochemistry within the couplet lithofacies are
indications of signals at sub-astronomical time scales. Such signals offer the opportunity for
studying potential diagenetic origin of the cyclicity and paleoclimate change from millennial to
decadal scale (Davies et al., 2009; Westphal et al. 2010). An understanding of the time represented

by the two lithofacies of the couplets is needed to reveal such an evolution and its rate(s).

In the present study, we describe a new approach to evaluate facies-specific sedimentation rates in
astronomically-forced lithologic couplets, building on prior work. Previously, a linear inverse
method known as the Gamma method (Kominz and Bond 1990, 1992; Kominz 1996) was
developed to evaluate facies-dependent sedimentation rates in sequences of stratigraphic cycles.
For example, consider the case where each cycle contains the same facies, and the sedimentation
rate of a facies is assumed to be the same for all of the cycles. If the period of the stratigraphic
cycles is constant, and the thickness of every facies in all cycles are known, then the sedimentation
rates for each facies can be estimated (Kominz and Bond, 1990, 1992; Kominz, 1996). However,
the Milankovitch cycles are quasi-periodic, with high frequency cycles (e.g., the precession index)
modulated in frequency and amplitude by low frequency cycles (orbital eccentricity). This means
that the constant period of the stratigraphic cycles assumed in the Gamma method does not strictly
hold. Hinnov and Park (1998) explored the frequency modulation (FM) of Jurassic limestone-shale
couplets. They found that the thickness of limestone or shale, or the couplets in their entirety, were
influenced by the FM of the precession index by orbital eccentricity. But the FM method has not
been applied to accurately resolve the distribution of time (sedimentation rates) between the two

lithofacies in couplets.
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Inspired by the above studies, we have designed an approach that we call the “Alpha method”,
which is a linear inverse approach that accounts for the FM of astronomical cycles to reconstruct
the time represented by the two lithofacies in precession or obliquity driven couplets. We illustrate
the method with a synthetic data and model (Section 2), and then apply it to two case studies: (1)
the precession-dominated Middle Cenomanian Eagle Ford Formation (Section 3), and (2) the

obliquity-dominated Middle Eocene of Expedition 342, Site U1408 (Section 4).

2. The Alpha Method

2.1 Assumptions and prior knowledge

The Alpha method is built on three fundamental assumptions: (1) There are no substantial
discontinuities or hiatuses in the study interval; (2) facies-specific sedimentation rates are
approximately constant across all couplets investigated, and (3) the general properties of the
theoretical astronomical solution (e.g., Laskar et al., 2004) are valid for application in the study

interval, even if a detailed understanding of the theoretical phase and amplitude are not known.

The following prior knowledge items must be known: (1) The sedimentary couplets are influenced
by precession or obliquity forcing. (2) A range of plausible sedimentation rates for the facies has
been determined. (3) The time constraints for each couplet (duration, related to precession or
obliquity forcing) is known. (4) Age constraints of the studied interval are available to anchor the
floating astronomical time scale, based on prior dating. (5) Furthermore, ideally the phase
relationship is known between lithology and astronomical forcing parameter; as this is typically

not known, all possible phase relationship should be evaluated (see section 2).
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2.2 General steps of the Alpha method

The Alpha method involves two steps (Figure 1):

Step 1. Determination of the range of plausible sedimentation rate ratios (R) between the
individual sedimentary facies 1 (e.g. marlstone, M in Figure 2b) and sedimentary facies 2 (e.g.
limestone, L in Figure 2b). Given sedimentation rates of Sy and St for the two sedimentary facies,
the ratio R is defined as S»/St. Then R can be constrained based on assumptions 1, 2, and prior

knowledge 2 (see Section 2.1).

Step 2. Prior knowledge 1 and 4 (see Section 2.1) are used in this step. Assuming that the couplets
have been correctly attributed to precession (or obliquity) forcing, they should preserve the
frequency modulation that is characteristic of the theoretical precession (or obliquity). We seek to
evaluate the match between the predicted and observed frequency modulation, given the range of
plausible R values identified in Step 1. This evaluation is conducted in the time domain with a
sliding window that sequentially moves the time-calibrated record of the sequence of sedimentary
couplets with facies 1 and 2 (for a given R) across the theoretical template, to test whether the
expected frequency modulation is preserved. That is, a grid search is conducted across all plausible
R values (from Step 1), while also evaluating all possible placements of the time-calibrated record
on the target precession template. A number of metrics are used to identify the best fit R value:
(Method 1) the maximum Pearson correlation between a time-calibrated record and target template
and (Method 2) minimization of the standard deviation of Sy across all facies 1 layers to meet
assumption 2. At the same time, the second metric will minimize the standard deviation of S¢

because Sy =S * R. A combined factor (Alpha factor, Method 3), the ratio between the Pearson
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correlation and standard deviation of Su, is developed to optimize both criteria simultaneously.
We name this factor the ‘alpha factor’. Thus maximizing the alpha factor optimizes R and the

starting precession cycle (j).

This approach builds upon principles from the Gamma method of Kominz and Bond (1990, 1992)
and FM analysis (Herbert 1994; Hinnov and Park, 1998). An added merit of this approach is the
evaluation of a statistical sampling of the couplets (e.g., 11 couplets, see Section 3), that allows an
assessment of the consistency and variance observed in the sample set (e.g., similar number of

laminae in couplets, etc.; see Section 3 and Table 3).

2.3 Model simulation

To test the performance of the Alpha method, a simulation with controlled parameters was
conducted by assigning known sedimentation rates to marlstone and limestones, with cycling
sedimentation according to the precession index model from the La2004 astronomical solution
(Laskar et al, 2004). The Alpha method was applied to this synthetic model to determine its success

in reconstructing the defined facies-specific sedimentation rates.

2.3.1 Synthetic data

The standardized precession index model (e‘sinw) of the La2004 solution was extracted from
96.27-96.85 Ma of the etp function in the astrochron R package (Meyers 2014) (Figure 2a), the
same interval as the Eagle Ford Formation case study (Section 3). While theoretical astronomical
solutions are not valid in detail for such ancient records, general properties of the solutions are
assumed to apply, specifically, the FM of the precession index by the orbital eccentricity. Errors

in precession frequency k results in an uncertainty in the reconstructed sedimentation duration in
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the case studies (Sections 3 and 4). For this first synthetic case study, however, we assume no

uncertainty in k as defined by Laskar et al. (2004).

In the synthetic model, limestones are set to form during precession index minima (troughs), when
summer insolation is high and pelagic carbonate productivity is at a maximum. The durations
between troughs in the precession index are used to estimate the FM (Figure 2a). In total, 27 cycles

are identified, and their durations are assembled into vector P, in kiloyears.

P=(23,21,21,20, 18, 18, 21, 24, 22, 22, 21, 21, 23, 23, 22, 21, 20, 21, 27, 22, 21, 18, 18, 18, 20,

20, 21)

The climate threshold for deposition of limestone (versus marlstone) is proscribed to be at
standardized e-sinw = -1, which correlates with high insolation. Thus, for values less than
standardized e-sinw = -1, limestone is deposited, whereas marlstone is deposited when it is greater
than -1. Eight cycles were selected from the precession index model (Figure 2a): from il to 12, i3
to i4, ..., and 117 to 118 limestone is deposited, whereas from 12 to i3, 14 to 15, ..., and 116 to 117
marlstone is deposited. The thickness of each unit (from M1 to L9 in Figure 2b) is obtained from
the modeled sedimentation rates of 1 cm/kyr for marlstone units and 3 c/kyr for limestone units

(S»=1 cm/kyr, $1=3 cm/kyr).

M1 to L9 represent the simulated result of a set of marlstone/limestone couplets. We then define

the following vectors:
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marlT= (thickness of M1, M2, M3, M4, M5, M6, M7, M8)
limeT= (thickness of (L1+L2)/2, (L2+L3)/2, (L3+L4)/2, (L4+L5)/2, (L5+L6)/2, (L6+L7)%2,
(L7+L8)/2, (L8+L9)12)

and the duration of cycles C1 to C8 as C = (22, 21, 21, 23, 23, 22, 21, 20).

2.3.2 Testing the synthetic model with the Alpha method

The Alpha method is applied to this synthetic model to test the validity of the technique.
Assumptions 1, 2 and 3 are valid; prior knowledge for the synthetic data is: The couplets are
influenced by the precession index; the sedimentation rate (SR) of each facies is bounded between
0.5 c;/kyr and 5 cm/kyr; the constraint for couplet periodicity is from 15 to 30 kyr; and the La2004

(Laskar et al., 2004) precession index is chosen for evaluation of the synthetic data.

Step 1: Constraining R
Constraints for R=S»/SL are obtained by running the R code in Section 1 of the Supplementary

Material 1, and are shown in Figure 2c: 0.14<R<5.6

Step 2: Optimizing R

The time represented by cycles from C’1 to C’8 (defined as vector C”) should be correlated with
the cycles from C1 to C8. The true time represented by C’, TC’= (limeT/S.+marlT/Su), should
have the highest alpha factor, the highest Pearson correlation, and the lowest standard deviation of

Sw.

Following execution of the code in Section 2 of the Supplementary Material 1, the optimal fit shows that

the 10™ precession index cycle has the highest correlation with the first marlstone/limestone couplets in all
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three misfit criteria. The optimized R is 0.29, 0.28 and 0.28 for the Method 1, Method 2 and Method 3,
respectively (Figure 2d). The true R is 0.33 and the starting precession cycle (j) is the 10" (Sy=1 cm/ka,
8:=3 cm/ka; Figure 2b), which is close to the reconstructed results mentioned above. The discrepancy is
caused by the fact that the trough in the true precession index cycle (e-sinw) is not precisely at the midpoint
of the simulated limestone (for example, the first trough of C1 is not at the midpoint between il and i2, see
Figures 2a, b), which produces the time differences between C1-C8 and C'8- C'8 (Table 1). This error ranges
from 0.24% to 2.57% (Table 1). Comparing the results of the reconstructed ratio R=0.28 (model test result)
and the true R=0.33 (Table 1), the duration for the marlstone in the model is within 7% error. Together with
the 1.8% error from the precession duration in the studied interval, the total error could be up to 7.2% by
summing all errors in quadrature (square root of the sum of squares) for duration estimates of the geological
record. The sedimentation rates for the marlstone and limestone are 0.94 to 0.97 cm/kyr and 3.34 to 3.45
cm/kyr, respectively (Table 1). To assess the power and sensitivity of the Alpha method, the wrong phase
was also tested. The C1 to C8 are the cycles from the trough to trough of the precession index (Figure 2).
In the wrong phase test, the Alpha method was run by using the precession index cycles determined by
peak to peak (Figure 1a’, R code in Section 3 of the Supplementary Material 1). The results of right phase
have higher Pearson correlation and Alpha factor, and lower standard deviation (Table 2). The results from
different metrics based on the right phase are more consistent than that using wrong phase. For example,
the start correlating cycle number obtained based on the wrong phase test is 15 in Method 1 comparing to
10 (true value) in other two statistics (Table 2). So the wrong phase relationship from assuming peak-to-
peak can be rejected by using the Alpha method. This demonstrates the ability of Alpha method to

determine the right phase relationship between sedimentary facies and astronomical cycles.

3. Case study 1: Middle Cenomanian Eagle Ford Formation

10
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The Iona-1 core from west Texas, USA preserves precession-forced limestone/marlstone couplets
from 141-146 m (Eldrett et al., 2015a, Figure 3). Prior investigation of this stratigraphic unit
(Eldrett et al., 2015a) identified a series of 14 precession cycles through the interval (L1 to L12,
Figure 3b). Robust assessment of sub-precession scale variability requires additional time
constraints. We provide these time constraints by applying the Alpha method to evaluate limestone
vs. marlstone sedimentation rates. We assume that the facies-specific sedimentation rates are
approximately constant across all 14 couplets, which is supported by the observation that
limestone-marlstone couplets represent self-similar precession cycles and have similar thickness
of laminae in the marlstone units (Table 3). These mm-scale laminae are preserved in each
marlstone unit (Figure 3d). As discussed further below, we will leverage the laminae, as a key

constraint for application of the Alpha method.

The astronomical model is the La2004 astronomical solution (Laskar et al. (2004). The
sedimentation rates of the limestone and marlstone facies are estimated to be bounded between 0.5
cm/kyr and 5 cm/kyr. The time for each marlstone/limestone couplet represents a precession cycle
(Eldrett et al. 2015b), which can take on periods ranging from 15 to 30 kyr due to FM of the

precession index.

Based on the 405 kyr astronomical time scale and the closest bentonite to the 141-146 m interval
used as the anchor (B7, 95.80 + 0.14 Ma) (Eldrett et al., 2015a), the age at 141 m is 96.41 £ 0.14
Ma. Applying an average sedimentation (compacted rock accumulation) rate of 1.67 cm/kyr
(Eldrett et al., 2015a), the duration of the 141-146 m interval is ~0.3 Myr. Thus, considering the

age and its uncertainty, the 141-146 m interval is between 96.27-96.85 Ma. Using the efp function

11
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in the astrochron R package (Meyers 2014), the La2004 precession index model with a time

resolution of 1 kyr is extracted for this time interval.

3.1 The Alpha method applied to the Iona-1 core

The limestone and marlstone units within the 141-146 m interval are designated as L.1-L.12 and
M1-M11, respectively (Figure 3c). The number of laminae pairs in each marlstone is counted
based on the high-resolution core photos (Figure 3d), and the average thickness for the laminae
pairs of each marlstone ranges from 1.95-2.33 mm (Table 3). This observation supports a common
periodic origin of the laminae pairs, and similar sedimentation rates for each marlstone. This
approach assumes that the FM preserved in the theoretical precession index solution is generally
valid for the Cretaceous. However, the amplitude and phase of the precession index are not
constrained for the Cretaceous (Berger et al., 1992; Laskar et al., 2004), so this approach can only

provide an approximate analog, and cannot be used to “anchor” the chronology.

The limestone/marlstone units spanning 141-146 m in the Iona-1 core have been demonstrated to
represent precession-driven cycles, and the limestone lithofacies is interpreted to form during
higher insolation/lower precession due to carbonate productivity model (Eldrett et al., 2015a,
2015b). Thus, the time of deposition between the middle of two limestones should be correlated
with the time from one precession index trough to the next precession index trough (insolation
peak, Hinnov and Hilgen, 2012). In a few cases, there may not be a limestone deposited at a
precession index trough, due to an eccentricity amplitude modulation trough that precludes

achievement of the threshold (Eldrett, et al., 2015b); this can result in a longer (thicker) deposition

12
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of limestone and marlstone units. Such cases are found in the 141-146 m interval (M1 and M2,

Figure 3).

The median number of laminae pair counts of each marlstone is 87, and the ratios between the
number of laminae pairs in each marlstone with the median value are 1.8 (M1), 3.0 (M2), 0.9 (M3),
1.4 (M4), 0.4 (M5), 0.9 (M6), 1.2 (M7), 2.9 (M8), 0.8 (M9), 1.0 (M10), 1.0 (M11) (Figure 3d,
Table 3). The median value is the most consistent value (6 out of 11: M3, M6, M7, M9, M10,
M11) and has an integer, or close to integer, ratio with 3 of the marlstone layers (M1, M2, M8).
Only two of the marlstone layers have ratios falling between integers (M4 and M5). Thus, if the
median 87 laminae pair count represents the average precession-driven cycle — and if the laminae
themselves are temporally self-consistent (e.g., representing some quasi-periodic time scale) — then
MI constitutes 2-precession cycles, and M2 and M8 both represent 3-precession cycles. The M5
ratio is much less than 1, which may indicate that sediment is missing from this cycle possibly due
to erosion. The M4 ratio is 1.4, between 1 and 2, which is explained as representing a 2-precession
cycle with some missing sediment. These two cycles (M4 and M5) were excluded from the Alpha
method, due to this evidence of notable missing time. Thus, the couplets from L1 to L12 are
interpreted to represent 17 precession cycles instead of the 14 originally identified by Eldrett et al.

(2015a).

3.1.1. Determining the total range of plausible sedimentation rate ratios (R).

The times of L-M couplets and the precession index model are compared to determine the time

distribution between the limestone and the marlstone in the 141-146 m interval (Figure 4a).
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The relevant vectors for each couplet in the 141-146 m interval, excluding M4 and M5, are:
My = [(M1U/Sy+(L1+L2)/2/81), M2/Sr+(L2+L3)/2/SL), (M3/Sa+(L3+L4)/2/SL),
(M6/Syt+(L6+L7)/2/SL), M7/Syu+(L7+L8)/2/81), (M8/Sm+(L8+L9)/2/S1L),
(M9/Sut+(L9+L10)/2/81), M10/Sy+HL10+L11)/2/81), M11/SymHL11+L12)/2/81)]
marlT=[M1, M2, M3, M6, M7, M8, M9, M10, M11] (in thickness)

limeT=[(L1+L2)/2, (L2+L3)/2, (L3+L4)/2, (L6+L7)/2, (L7+L8)/2, (L8+L9)/2, (L9+L10)/2,
(L10+L11)/2, (L11+L12)/2] (in thickness)

Then My = marlT | Sy + limeT / St

Since St = Su/R, then:

My = marlT | Sut+limeT /Svw*R = (marlT+limeT*R)*(1/Sm)

Define M> = marlT+limeT*R

Then My = (1/Sm)*My

R=Sy/S| is constrained to be between 0.18 and 1.37 (Figure 4b) by running the code in Section 1

of the Supplementary Material 2.

3.1.2. Determining optimal R by performing a grid search across plausible values
Here we shift the possible R=S»/SL obtained in Step 1, and the first correlating cycle number (j)
in the precession index model with the L-M couplets, to maximize the alpha factor and Pearson

correlation, and minimize the standard deviation of Sys.

Given the possible time duration of L-M, 27 precession index cycles (peak to peak) are defined in

a vector P =P[n] (n=1, 2, 3, ..., 26, 27) (Figure 3a). 17 consecutive numbers are selected from P

14
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to form a 9-number sequence (vector P.i): the 1% and 2" numbers in P.i are summed (2-precession
cycles amalgamated), the 3™ to 5" number in the P are summed (3-precession cycles
amalgamated), the 7% to 9" number in P.i should be skipped (for the M4 and M5 cycles, see above)

and the 12 to 14" number are summed as one number (2-precession cycles amalgamated).

P.i = [P[i]+P[i+1], P[i+2]+P[i+3]+ P[i+4], P[i+5], P[i+9], P[i+10], P[i+11]+ P[i+12]+ P[i+13],
P[i+14], P[i+15], P[i+16]]

Where “i” are integers from 1 to 11.

By shifting the possible R=S»/S1 obtained in Step 1 and shifting 1 from 1 to 11, the optimal fit
between P.i and M- (the highest alpha factor, the highest positive Pearson correlation between P.i
and M- and smallest standard deviation of Su) can be found to determine the value of R and j.
Then the time distribution between the limestones and the marlstones in the 141-146 m interval

can be solved to calculate the duration for the laminae pair in the marlstones.

The prior phase relationship we determined and the reverse phase relationship are both investigated
to verify our prior (Section 2 and 3 of the Supplementary Material 2). The reverse phase
relationship is that the precession index high correlates the formation of limestone. The statistics
of the prior phase are higher (Table 4), which demonstrates that our prior phase relationship is
valid. Using the prior phase relationship, the optimal fit in all three metrics shows a consistent
starting precession cycle number, 9 (Figure 4c). The optimized R is 0.24, 0.18 and 0.18 based on
the Method 1, Method 2 and Method 3, respectively (Figure 4c). The discrepancy of R using

different metrics may result from the influence of non-periodic signals in the record. Such
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discrepancy was also seen in the simulated test in Section 2.3. Here we select 0.18 as the best one
based on the latter two metrics. By applying R=0.18, the time distribution and sedimentation rate
for the marlstone/limestone couplets can be obtained (Table 3). Thus, the time represented by the
laminae pairs range from 198 + 17 year to 260 = 23 year (Table 3), which is similar to the de Vries
solar cycle (~200 year, Wagner et al., 2001). Further investigation of this possible solar cycle will

be discussed in a separate paper (Ma et al., in preparation).

Thus, the first L-M couplet correlates with the 9™ precession index cycle from top to bottom
(Figure 3a). Dashed lines in Figures 3a-c correlate the limestone-marlstone couplets with the
precession model cycles. From this, the time distribution for the limestone-marlstone couplets and
their sedimentation rates are obtained (Table 3). Except for the excluded M4 and M5, Sy ranges
from 0.85 to 1.02 cm/kyr and St ranges from 4.70 to 5.65 cm/kyr (Table 3, Figure 4e); the latter
values are similar to the sedimentation rates of the overlying Austin Chalk and underlying Buda
Formation in the Iona-1 core (Eldrett et al., 2015a), and relatively stable, supporting assumption 2
of the Alpha method. Our results are different from the one obtained by Lehrmann et al. (2019).
They studied the Tinaja Section in Big Bend National Park, USA and recognized three main facies:
chalk, mainly lime packstone to grainstone (limestone in Iona-1 core), and calcareous mudrock
(marlstone in Iona-1 core). They applied the Gamma method (Kominz and Bond 1990, 1992;
Kominz 1996) to facies thickness data spanning the Eagle Ford Formation to Austin Chalk of the
Tinaja Section. The sedimentation rates of marlstone and limestone in their study are 0.21 cm/kyr
and 1.2 cm/kyr, among which the sedimentation rate of limestone is much lower than the one we
calculated (4.70 to 5.65 cm/kyr). If we apply their sedimentation rate, the durations of the

limestone layers in the precession-driven cycle (Table 3) range from 300 kyr to 800 kyr, which is

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

unreasonable. This could be caused by two reasons: (1) Rocks in the Tinaja Section and Iona-1
core were deposited at different locations of the Western Interior Basin, and the thickness of the
Eagle Ford Formation in these two locations are different (Lehrmann et al., 2019; Minisini et al.,
2018). Thus, the sedimentation rates for the same facies in these two locations are likely different.
(2) Lehrmann et al. (2019) assume that sedimentation rate does not change in the same facies
(limestone or marlstone) throughout the entire Eagle Ford Formation at the Tinaja Section. This is
not the case in the Iona-1 core, where average sedimentation rates vary between 1 to 2 cm/kyr
(Eldrett et al., 2015a), which indicates that the facies-related sedimentation rates are not constant

throughout the Eagle Ford Formation of the Iona-1 core.

4. Case study 2: Middle Eocene record at Expedition 342 IODP Site U1408

The Eocene deposits at IODP Site U1408 preserve dominantly obliquity-forced couplets, which
consist of white nannofossil ooze (ooze layers) and greenish nannofossil-rich clay (clay layers)
(Figure 5) (Boulila et al., 2018). To apply the Alpha method in this section, we picked the interval
from 43-49 m, which is characterized by a relatively stable sedimentation rate (~2 cm/kyr, Boulila
et al., 2018). It encompasses 7 ooze layers and 6 clay layers (O1 to O7 and C1 to C6; Figure 5d),
which represent 6 obliquity cycles. The plausible range of sedimentation rates for the ooze and

clay layers was set at 0.5 to 5 cm/kyr.

The sedimentation rates of ooze and clay layers are So and S¢, respectively, thus the ratio is

R=S¢/So. The proxy that is evaluated, which records an obliquity signal in this core, is log(Ca/Fe)

(Figure 5e) (Boulila et al., 2018).

17



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

The challenge in this case study is that the transition between ooze and clay layers is gradual,
which means that the boundaries between layers are difficult to pinpoint. Thus, a method was
implemented to determine the boundaries: An assumption was made that the boundaries of the
couplets are indicated by a log(Ca/Fe) threshold value. Ooze layers are above this threshold while
the clay layers are below it. Possible ranges of the boundaries are indicated as the shaded bars on
the log(Ca/Fe) record (Figure 5e) and core photo (Figure 5¢). The threshold (label as m) was then
constrained from 0.64 - 0.76 of log(Ca/Fe) (dashed lines in Figure 5e¢). To eliminate noise and high
frequencies in log(Ca/Fe) that interfere with locating the facies boundaries (e.g., the data just below
43.5 m), lowpass filtering was applied to exclude frequencies higher than 6 cycles/m; this
bandpassed curve is shown in red (Figure 5¢) and was used for locating the boundaries. Changing
the threshold (0.64 to 0.76 with step of 0.005) on the lowpassed data produced sets of possible
thicknesses for the ooze and clay layers. The Alpha method was then applied to these sets of

possible thicknesses.

The age for the study interval is from 39.062 - 39.333 Ma (Boulila et al., 2018), and is based on
the ~0.2 Ma obliquity modulation (s3-s¢) period. Half of this period was used as an age uncertainty
for the study interval. Hence the obliquity signal from 38.962 - 39.433 Ma is extracted from the
La2004 solution (Figure 5b). The phase relationship between the obliquity and couplets are not
known, thus both phase relationships are evaluated (code in the Supplementary Material 3, Table
5). The best statistics indicate that the ooze layers are formed while the obliquity is low (Table 5).
The first ooze-clay couplet (mid of C1 to mid of C2) correlates with the 4™ obliquity peak cycle
(Table 5, Figure 5). The log(Ca/Fe) threshold is 0.64 (Table 5). The sedimentation rate ratio (R)

are 0.51, 0.68 and 0.67 based on Method 1, Method 2 and Method 3, respectively (Table 5). The
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sedimentation rate ranges for the ooze layers are 1.56-1.69 cm/kyr and for the clay layers are 3.05-
3.30 cm/kyr for Method 1; 1.71-1.85 cm/kyr (0ooze) and 2.52-2.72 cm/kyr (clay) for Method 2;
1.70-1.84 cm/kyr (ooze) and 2.54-2.75 cm/kyr (clay) for Method 3 (Table 6). We recommend

using the results of Method 3 because it takes both Method 1 and Method 2 into account.

5. Conclusions

The Alpha method is a robust tool for statistically evaluating the time distribution within
astronomically forced limestone/marlstone couplet sequences. The method is limited to precession
index or obliquity-driven couplets with facies-specific sedimentation rates. The method builds
time scales by tuning stratigraphic series with astronomical solutions, correlating the midpoint of
a certain lithology (e.g., limestone) with the peak or trough of precession index forcing or an
obliquity model, and leveraging the frequency modulation characteristic to estimate sedimentation

rates for the limestone and marlstone couplet members.

Three assumptions are made:
1. No significant hiatuses are present.
2. Sedimentation rates for the limestones and marlstones are constant.
3. The frequency modulations of the astronomical solution plays a decisive role.
* Prior knowledge about the limestone/marlstone couplets is required:
1. Couplets are influenced by precession or obliquity forcing.
2. A range of plausible sedimentation rates has been determined.
3. Time constraints for each couplet (based on precession or obliquity forcing) is known.

4. Independent age constraints for the study interval are available.
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5. Phase relationship between lithology and precession or obliquity (If this is not known

all possible phase relationship should be assessed).

The Alpha method was applied to a synthetic stratigraphic signal and two case studies:

1. A synthetic precession index-forced model. This synthetic stratigraphic series forced by the
precession index has marls with a sedimentation rate of 1 cm/kyr and limestones with a

sedimentation rate of 3 cm/kyr. The alpha method can solve the model with ~ 7% error.

2. Precession index-forced couplets of the Cretaceous Eagle Ford Formation (Iona-1 core, Texas).
The estimated sedimentation rates for the marlstone are 0.85-1.02 cm/kyr and for the limestone

are 4.70-5.65 cm/kyr (Table 3).

3. Obliquity-forced couplets of the Middle Eocene of Expedition 432, IODP Site U1408.
The estimated sedimentation rates for the ooze layers are 1.70-1.84 cm/kyr and for the clay layers

are 2.54-2.75 cm/kyr.

Sedimentary couplets may have hiatuses and/or include multiple precession index or obliquity

cycles fused together; the Alpha method provides a means to account for these complications.

Estimating the time scales that are internal to astronomically forced limestone and marlstone

couplet members can help constrain rates of sedimentary processes and geochemical evolution at

sub-Milankovitch time scales, which can be especially revelatory for key geological events such
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as carbon isotope excursions. Importantly, the Alpha method can enable the exploration of climate

variability, paleoceanography and biotic change at time scales that are shorter than 20 kyr.
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576
577  Table 1. Model test result, where Sy = 1 cm/kyr and St = 3 cm/kyr in the synthetic model. Please note that marlT + limeT is C’1-C’8

578  (lithology couplets, Figure 1b), whose correlated time has small difference from C1-C8 (precession index cycles, see section 2.3).

Model: Si =lcmv/kyr, St =3cmv/kyr, R =0.33 Results from the Alpha method: R = 0.28
Precession index cycles are trough-to-trough
right phase)
Marlstone/ Pr@cessmn Actgal Actu_al . Duration | Error for | Duration | Error for
. index duration duration | marlT | limeT . . . Su St
limestone . of marlT duration of limeT | duration
cycles of marlT of limeT (cm) (cm) . (em/kyr) | (cm/kyr)
couplets (kyr) (kyr) (kyr) (kyr) of marlT (kyr) of limeT
C'1 Cl=22 16.52 5.26 16.52 | 15.79 17.35 5.02% 4.65 -11.60% 0.95 3.40
c2 C2=21 13.83 7.04 13.83 | 21.13 14.71 6.36% 6.29 -10.65% 0.94 3.36
C'3 C3=21 13.61 7.28 13.61 | 21.84 14.49 6.47% 6.51 -10.58% 0.94 3.35
() C4=23 15.95 6.62 1595 | 19.86 17.05 6.90% 595 -10.12% 0.94 3.34
C's C5=23 16.76 6.36 16.76 | 19.08 17.44 4.06% 5.56 -12.58% 0.96 3.43
C'6 C6=22 15.33 6.92 1533 | 20.75 15.95 4.04% 6.05 -12.57% 0.96 3.43
Cc'7 C7=21 13.58 7.47 13.58 | 22.41 14.36 5.74% 6.64 -11.11% 0.95 3.38
C'8 C8=20 13.22 7.29 13.22 | 21.88 13.67 3.40% 6.33 -13.17% 0.97 3.45

579
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580 Table 2. Best statistics and results from Alpha method applied to synthetic model. The modeled
581 R (sedimentation rates’ ratio) is 0.33 and j (the start correlating cycle number) is 10.
Phase relationship Pearson correlation | Standard deviation Alpha factor
Precession low - Best statistics 0.9677076 0.01188799 81.39882
limestone (right | Regyits based on
phase) bost statintics R=0.29,j=10 R=0.28,j=10 R=0.28,j=10
Precession high - Best statistics 0.9051734 0.02644401 32.59319
limestone (wrong | gecults based on
phase) bost statiotios R=0.26,j=15 R=0.34,j=10 R=0.35,j=10
582
583  Table 3. The result of limestone and marlstone couplets from 141-146 m in the Iona-1 core. B is
584 the thickness of A (limestone bed). D is the thickness of C (Marlstone bed). E is the number of
585 laminae pairs in C. F is the average thickness of laminae pairs in C. G is the time for A+C. H =
586 D/L.I1=H/E.J=1*7.2%. K = E/median(E). L = (D+B*R)/H/10, where R = S»/St = 0.18 which
587 s obtained by the Alpha method. M = Su/R.
B C D E F G H I J K L M
Numbe Time Ratio
. . Average . Time for for between | Marlsto | Limeston
Lime- Thlcf!( Zess Marl- Thlc;(rées | g O.f thickness of lelfcfor the each Eir7ro2r E and ne e
stone ° ) stone ? N amina - minae pairs (k marlston | lamina 0/' the Su St
(mm mm) e_pa(ljr s (mm) yr) e (kyr) e pair 0 median | (cm/kyr) | (cm/kyr)
m (year) of all E
(L1+L2)2 155.59 Ml 34441 160 2.15 44 40.691 255 18 1.8 0.85 470
(L2+L3)2 95.34 M2 | 561.63 260 2.16 65 63.073 243 17 3.0 0.89 495
(L3+L4)/2 71.10 M3 183.52 81 227 23 21.501 266 19 0.9 0.85 474
(L4+L5)2 85.99 M4 | 25808 121 2.14 43 40.567 336 24 1.4 0.64 353
(L5+L6)/2 79.64 M5 82.64 35 234 20 17.044 482 35 0.4 0.48 2.69
(L6+L7)/2 124.77 M6 175.21 80 2.19 21 18.614 233 17 0.9 0.94 523
(L7+L8)/2 157.20 M7 | 233.84 105 224 27 24.085 230 17 12 0.97 539
(L8+L9)/2 107.69 M8 537.86 257 2.10 61 58.878 229 16 2.9 0.91 5.08
(L9+L10)2 68.79 M9 151.66 68 222 18 16.641 243 17 0.8 091 5.06
(LI0+L11)2 | 68.56 MIO | 16551 85 1.96 18 16.751 198 14 1.0 0.99 5.49
(L114L12)2 | 60.25 MIl | 192.52 90 2.14 20 18.933 210 15 1.0 1.02 5.65
588
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589
590 Table 4. Best statistics and results from Alpha method applied to the Iona-1 core by using both

591 phase relationships.

Phase relationship Pearson correlation | Standard deviation Alpha factor
Best statistics 0.9964235 0.05866757 16.98252
Precession low —
limestone (better) || Results based on |- p g 59 j—g R=0.18,j=9 R=0.18,1=9
est statistics
Best statistics 0.9926746 0.06470213 15.33993
Precession high —
limestone Results based on _ _ _ _ _ .
best statistics R=0.26,j=9 R=0.18,j=9 R=0.18,j=9
592
593
594
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595

596

597

598

599
600

Table 5. Best statistics and results from Alpha method applied to the U1408 by using both phase

relationships.

Phase relationship Pearson correlation | Standard deviation Alpha factor
Ooze layers — Best statistics 0.9604325 0.0004892214 1945.75
obliquity low Results based on . . .

(better) best statistics R=0.51,j=4 R=0.68,j=4 R=0.67,j=4
Best statistics 0.7257793 0.0009625492 748.7346
Ooze layers —
obliquity high | Results based on | p _y 59 ;5 R=1.08,j=3 R=1.16,j=3
best statistics =7 o) 0

Table 6. The result of ooze and clay couplets from 43-49 m in the core of Site U1408.

A B C Method 1 Method 2 Method 3
D E F G H | J K L M N 0)
Time | Time | Time Time . Time Time
Clay for for for So S for the Time S Se for for the S Se
Ooze layer (em/k | (emvk forthe | (ecm/ | (cm/ (em/ | (cm/
layer A+B the A | the B V1) V1) A B (kyr) | kyr) kyr) the A B kyr) kyr)
kyr) | (kyr) | (kyr) (kyr) kyr) | (kyn)
(01+02)/2 C1 42 11.54 | 3046 | 3.30 1.68 14.10 27.90 270 | 1.84 | 13.96 | 28.04 | 2.73 1.83
(02+03)/2 C2 40 11.70 | 28.30 | 3.30 1.68 14.21 25.79 2.72 1.85 | 14.08 | 2592 | 2.75 1.84
(03+04)/2 C3 36 11.82 | 24.18 | 3.17 1.62 14.21 21.79 264 | 1.79 | 14.08 | 21.92 | 2.66 | 1.78
(04+05)/2 C4 39 8.86 | 30.14 | 3.31 1.69 10.99 28.01 2.67 1.81 | 10.87 | 28.13 270 | 1.81
(05+06)/2 Cs5 42 8.84 | 33.16 | 3.30 1.69 11.02 30.98 2.65 1.80 | 10.90 | 31.10 | 2.68 1.80
(06+07)/2 Cé6 38 11.25 | 26.75 | 3.05 1.56 13.65 24.35 2.52 1.71 | 13.52 | 2448 | 254 | 1.70
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602

603
604

605

If facies’ thickness are known

Thickness data for each lithofacies at each couplet

If facies’ thickness are not known

Use the threshold of proxy to find possible facies’ thicknesses

v v

Step 1: Constrain sedimentation rate ratio (R)

For each possible combination of sedimentation rates of the two lithofacies
Check the time represented by each couplet
if all of them are within the period range based on prior knowledge
the sedimentation rate combinations are accepted.
else the sedimentation rate combinations are rejected.
At the end calculate the range of sedimentation rate ratios between the two lithofacies
according to all possible combinations.

Step 2: Find optimal sedimentation rate ratio (R)

For each R in the given range
For each possible starting cycle in theoritical isolation profile
Evaluate the Pearson correlation between geological record and isolation
Evaluate the standard deviation of the sedimentation rate of one lithofacies
Find the optimal R that can maximize the Pearson correlation and minimize the
standard deviation in the above loops.

Optimal R and sedimentation rates
for each lithofacies

Figure 1. Flow chart for the Alpha method.
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Sedimentation rates are similar for the
same lithofacies; No hiatus

Prior knowledge

« Obliquity- or precession- driven couplets

e Sedimentation rate range: constraints of
sedimentation rates for each lithofacies

e Period range: constraints of the period
represented by each cycle

Prior knowledge

® Age range: age constraints for the studied
interval based on known dating knowledge

® Phase relationship between the lithology
and precession or obliquity (optional, If this
is not known all possible phase relationship
should be assessed)

v

Period data for the precession
or obligiuty model
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Step 2
Optimize R and j

d1. Pearson Correlation

-05 00 05

d2. Standard Deviation
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Step 1
Constrain R=Sm/SI
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Result: 0.14<R<5.6
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Figure 2. A model simulation and test of the Alpha method. (a) precession index model

(standardized e‘sinw) from 96.27-96.85Ma in the La2004 solution ( Laskar et al., 2004). (a’)

Closer image of Figure a. Use standardized e-sinew = -1 as the threshold that forms the limestone

when precession is below this value. The points of standardized e-sinw = -1 are the time when the

lithology changes between the limestone and marlstone. (b) Simulated lithology formed based on

(a’) giving the sedimentation rate of limestone and marlstone as 3cm/kyr and 1cm/kyr respectively,

8 couplets are generated (C’1-C’8). (c) Test the model using step 1 of the Alpha method: histogram

of possible Sy and S;. The ratio of R= S/ St can then be constrained from 0.14-5.6. (d) Test the
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615  model by utilizing Step 2 of the Alpha method. The X-axis stands for R=S» /St and the Y-axis
616 is the j cycle in the precession model (Figure a) correlated with the first couplet of the
617  marlstone/limestone couplets (Figure b). Optimized R and j (automatically identified by the R

618  code) are labeled in each image representing the three metrics defined in Section 2.2.

619
a. b. c. d e :
precession Bandpass of orbital %
(standardized) cycles in grayscale &5 & Grayscale
(Eldrett et al., 2015a) % @
3 0 -3 90 15090 150 £ §
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620 96.9 a} (Eldrett et al., 2015a)

621  Figure 3. The Eagle Ford Formation case study. (a) Precession model for 96.27 - 96.85 Ma, from

622  astrochron (Meyers, 2014), using the La2004 astronomical solution (Laskar et al., 2004). (b)
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624

625

626

627

628

629

630

631

632

633

634

Rectangular bandpass filters of astronomical cycles in the grayscale data from 141-146 m of the
Iona-1 core (O: Obliquity, P: Precession). (c) Code for each sedimentological unit. (d) Simplified
lithology. (e) Grayscale data derived from core photos. (f) Cenomanian paleogeographic map (90
Ma, modified from Ron Blakey and Colorado Plateau Geosystems Inc., showing the location of
the Iona-1 core (g) Carbon isotope data of the Iona-1 core organic matter fraction. The grey bars
show the positions of the Mid Cenomanian Event (MCE) and OAE2 intervals in the core and the
dashed lines show the 141-146 m interval. Figure (b)-(e) share the same depth scale in (b). The
dashed lines that connect (a) to (c) identify precession peaks corresponding to the middle of
limestone units. These dashed lines do not exactly match the precession bandpass filtered series in
(b), because the bandpass filter is applied assuming a stable (constant) sedimentation rate across

the limestone and marlstone (Eldrett et al., 2015a).
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Figure 4. Alpha method applied to the lona-1 core. (a) Illustration of the methodology. Left curve
is the precession model for mid-Cenomanian based on La2004. The couplet thicknesses are
matched to the sequence in the precession cycles (detail can be seen in Section 2.2). (b) Step 1:
Possible combinations of Sy and S;, considering the duration of each marlstone/limestone couplet,

are constrained by the precession periods. Histogram of possible Sa and S is plotted and the ratio
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641  of R=S8m/SL can be constrained as 0.18-1.37. (¢) Step 2: The X-axis in the three images stands for
642 R =Su/S. and the Y-axis is the j' cycle of the precession cycles (Figure a). Optimized R and j are
643  labeled in each image representing the three metrics defined in Section 2.2. (d) Histogram showing
644  numbers of laminae pairs in all marlstone layers (M1-M11) (laminae counts: the numbers of
645 laminae pairs, frequency: the number of marlstone layers). (¢) The sedimentation rate for the
646  marlstone and limestone layers (Table 3), the dotted line is the sedimentation rate from Eldrett et

647  al. (2015a). The X-axis is the location relative to the top of L1 by excluding the bentonite layers.
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650  Figure 5. Alpha method applied to Site 1408. (a) Eocene paleogeographic map (40 Ma, modified

651  from Gplate portal (http://portal.gplates.org/map/). (b) Standardized obliquity signal from 38.962
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652

653

654

655

656

657

658

- 39.433 Ma (La2004, Laskar et al., 2004). Obliquity cycles are shown in both phase relationship:
1. obliquity low — ooze layers (green numbers) and 2. obliquity high — ooze layers (purple
numbers). (¢) Core photo of from 43 to 49 m of the Site 1408. (d) Simplified lithology layers and
the code associated with them. Blue lines between (b) and (c¢) illustrate the best correlation between
couplets and obliquity model. (e) Log(Ca/Fe) from 43 to 49 m of the Site 1408 (blue curve). The
red curve is the lowpass filtering from blue curve. (f) Result of Method 1(g) Result of Method 2

(h) Result of Method 3. Arrows in (g)-(h) indicates the optimized result.
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