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associated with various model inputs, such as lithological parameters, water depth, and relative or
direct age uncertainties are often neglected. Here, we modify existing decompaction, backstripping and

Editor: A. Webb age-depth modeling procedures for post-rift thermally subsided basins through the introduction and

propagation of uncertainties using both Monte Carlo and Markov chain Monte Carlo methods in a
Keywords: new program called SubsidenceChron,jl. As a case study for its potential utility in ancient extensional
age-depth modeling basins, we applied this technique to a globally relevant fossiliferous early Neoproterozoic (Tonian)
Bayesian statistics sedimentary succession in northeastern Svalbard, Norway. Using two new geochronological constraints
geochronology (Re-Os age from the Akademikerbreen Group and detrital zircon U-Pb maximum depositional age from
Neoproterozoic the Veteranen Group) along with a published Re-Os age from the Polarisbreen Group and previously

established age constraints for the onset of the Sturtian snowball Earth glaciation, our model generates
a posterior stretching factor (8) of 1.29+0.08/—0.06 and a posterior thermal subsidence initiation time
(tp) of 840.40+18.64/—23.61 Ma. These results, along with the calculated age estimations for different
stratigraphically important horizons throughout this succession, generally agree with those suggested
by previous studies based on global chemostratigraphic correlations. The fewer assumptions made in
our case study, as well as the incorporation and propagation of uncertainties on model inputs in
SubsidenceChron.jl more broadly, contribute to important and quantifiable uncertainties in our age-depth
model results. We suggest this approach will be relevant to future subsidence and age-depth models for
Precambrian and Phanerozoic extensional sedimentary basins, in addition to providing a simple test of
age models built solely on chemostratigraphic correlations.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction and commonly record tectonic events and paleoclimatic changes.
To explain heat flow anomalies and stratigraphic patterns often
Sedimentary basins are areas on Earth’s surface that produce observed in rift basins, McKenzie (1978) proposed a two-step, one-

accommodation space for sediment to accumulate and eventually dimensional mathematical model for basins formed under stretch-
transform into layered strata (Allen and Allen, 2013). Along with ing..The_ first step involved instaqtaneous énd gniform rifting, re-
collisional and strike-slip basins, extensional basins (more com-  sulting in subsidence caused by lithospheric thinning. The second

monly referred to as rift basins) are important sinks for sediment ~ Part of the model predicted further subsidence driven by ther-
mal relaxation of the mantle. Since McKenzie’s (1978) initial rift

model, numerous researchers have proposed variations upon this
* Corresponding author. theme, capturing complex physical processes that occur in mod-
E-mail address: tianran.zhang.gr@dartmouth.edu (T. Zhang). ern and ancient rift basins. For example, important modifications
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include the evolution of extensional basins under finite (or pro-
tracted) stretching (e.g., Cochran, 1983; Jarvis and McKenzie, 1980;
Pedersen and Ro, 1992), depth-dependent rifting (e.g., Beaumont
et al, 1982; Davis and Kusznir, 2004; Huismans and Beaumont,
2014), or asymmetrical extension (e.g., Coward, 1986; Kusznir et
al., 1991; Wernicke, 1981).

Building upon this theoretical framework for extensional basins,
quantitative subsidence analysis techniques have been successfully
utilized to explain the stratigraphic pattern and age-height/depth
relationships in rifted basins. For example, the Mesozoic-Cenozoic
subsidence history of the North Sea region has been analyzed in
great detail with the aid of prolific geological and geophysical data
(e.g., Japsen et al., 2007; Kooi et al., 1991; Sclater and Christie,
1980; Skogseid et al., 2000), and subsidence analyses on early Pale-
ozoic rocks of the North American Cordillera have expanded these
techniques to ancient rift basins (e.g., Bond et al., 1983; Bond
and Kominz, 1984; Levy and Christie-Blick, 1991). Despite these
foundational works, a critical aspect that has received relatively
little attention in subsidence history reconstructions is the associ-
ated uncertainties. Specifically, the incorporation and propagation
of uncertainties associated with various model inputs, such as age
constraints and decompaction parameters, have commonly been
absent. As a result, many subsidence models are unable to produce
the entire range of possible outcomes. For Phanerozoic successions,
this oversight may be less pronounced because of the effective use
of biostratigraphy for providing age constraints. However, this ap-
proach becomes particularly problematic for Precambrian basins
because they often do not host sufficient age information. For-
tunately, recent advances in geochronological dating techniques,
statistical modeling methods and computational performance pro-
vide a long-anticipated opportunity to develop a framework that
treats uncertainties more robustly.

If uncertainties can be properly quantified, quantitative sub-
sidence analysis techniques have great potential for establishing
a more reliable Precambrian timescale (e.g., Shields et al., 2021).
Halverson et al. (2018b, 2022) recently used a thermal-subsidence-
derived age model for Tonian strata in northeastern Svalbard,
Norway, to highlight the viability of previous global chemostrati-
graphic correlations for these strata. Despite suffering from a lim-
ited number of local radiometric ages, the composite Tonian sed-
imentary record from northeastern Svalbard published by Halver-
son et al. (2018a) is an ideal target to apply subsidence analysis
age-depth modeling methods due to the relatively close spacing
and small variability between individual measured sections that
make up the composite stratigraphic section. Our research builds
upon this work and aims to reexamine the age-depth relation-
ship of the same succession with a modified approach. By using
a recently published Re-Os age (Millikin et al., 2022) and new
geochronologic data presented herein from the Svalbard Neopro-
terozoic succession, the age-depth relationship generated in this
research is independent of chemostratigraphic age correlations.
Moreover, our proposed age-depth modeling program can incor-
porate a suite of uncertainties by modeling the subsidence history
using a Bayesian approach. Here we demonstrate the potential of
this new approach as a useful tool for generating chronostrati-
graphic constraints in sedimentary basins, as well as its general
utility in accurately incorporating uncertainties into standard basin
analysis.

2. Methods
2.1. Subsidence modeling
We present a program named SubsidenceChron.jl (Zhang et al.,

2023), available as a registered package written in the Julia pro-
gramming language, to model subsidence and age-depth relation-
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Fig. 1. Schematic workflow of SubsidenceChron.jl. Variables with uncertainties are
italicized in blue. ¢ = porosity-depth coefficient; ¢o = surface porosity; pg = grain
density; Wq = paleo-water depth; S¢ = tectonic subsidence; t(D) = age-depth re-
lationship; B = stretching factor; to = thermal subsidence initiation time.

ships within rift-related sedimentary basins. This program consists
of two parts: 1) decompaction and backstripping, including the in-
tegration and propagation of uncertainties in compressibility and
water depth; and 2) reconstructing the age-depth relationship dur-
ing thermal subsidence using a Bayesian Markov chain Monte Carlo
(MCMC) approach. The general workflow of this model is illus-
trated in Fig. 1, with more detailed explanations provided in the
following subsections.

2.1.1. Decompaction and backstripping

As the governing mathematical model behind Subsidence-
Chron,jl (Zhang et al, 2023), the McKenzie (1978) framework
for post-rift thermal subsidence depicts the relationship between
time and the amount of accommodation space created by tectonic
forcings. Such accommodation space, also known as tectonic subsi-
dence, can be derived from the thickness of the sediment column
at the time of deposition through the removal of sediment and wa-
ter loading. The stratigraphic thickness measured at present, how-
ever, is still an underestimation of the original thickness, mainly
due to the process of mechanical compaction. To address this effect
and tease out tectonic subsidence from the present-day strati-
graphic thickness, decompaction and backstripping techniques are
applied prior to modeling any age-depth relationship(s) (Supple-
mentary Materials).

The inputs for the decompaction and backstripping portion of
SubsidenceChron.jl (Zhang et al., 2023) consist of stratigraphic data
and age constraints from the target succession. Stratigraphic in-
puts, which include units (of variable scales from beds to forma-
tions to groups), and their respective lithologies and thicknesses,
should ideally start at the beginning of thermal subsidence within
the examined basin. The rift-thermal subsidence transition should
be identified (or at least reasonably hypothesized) in the stud-
ied succession based on a change from active rift-related deposits
to passive margin strata (e.g., Meng et al., 2011; Williams and
Hiscott, 1987; Yonkee et al., 2014). Decompaction and backstrip-
ping procedures typically utilize lithology-dependent parameters
for surface porosity, porosity-depth coefficients, and grain density.
In traditional basin analysis studies, these parameters are intro-
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duced to subsidence models as single values. This poses a prob-
lem because the values for these parameters can vary (in some
cases, significantly) due to differences in lithologic composition
and compaction mechanisms, especially in heterolithic successions.
We tackle this issue by first summarizing the distributions of these
parameters from published measurements and empirical data (Ta-
ble 1). Then, we use direct Monte Carlo error propagation wherein
a set of values for all parameters with uncertainties is randomly
drawn from their respective Gaussian distributions at the begin-
ning of each simulation. The decompacted and backstripped thick-
nesses calculated from each simulation, representing how tectonic
subsidence increases throughout the target succession, are stored
in the program as outputs, with summary statistics (means and
standard deviations) calculated after all simulations are completed.
The summary statistics of these results, along with age-constraint
data that are also imported into our model as distributions (see
below), are propagated to the next part of the program as inputs
to the age-depth model. As part of the backstripping procedure,
our model can also incorporate paleo-water depths as distributions
and correct for the water-loading effect on subsidence.

2.1.2. Thermal subsidence

The rest of the SubsidenceChron.jl (Zhang et al., 2023) pro-
gram builds upon the stratigraphic model of Chron.jl (Keller, 2018),
which is a Bayesian age-depth model. It uses an MCMC method
via the Metropolis algorithm to generate age estimations with un-
certainties throughout a given stratigraphic succession while only
assuming stratigraphic superposition. Unlike a few other Bayesian
age-depth modeling programs, Chron.jl does not force or assume
the change in sedimentation rate to be smooth. In this way, it is
more similar to Bchron (e.g., Haslett and Parnell, 2008) than to
Bacon or OxCal (e.g., Blaauw and Christen, 2011; Ramsey, 2008).
However, Chron,jl is different from Bchron in that it models sed-
imentation as a sequence of individual geologically instantaneous
events (Keller, 2018). This is similar to the approach used by John-
stone et al. (2019), but in contrast with Bchron’s linear segment-
wise treatment, which implicitly requires that sedimentation rate
is at least locally (piecewise) constant. The main modification
made to the stratigraphic model in Chron.jl by SubsidenceChron.jl
is the additional assumption that the amount of tectonic subsi-
dence produced in post-rift sedimentary basins should exponen-
tially decrease through time (McKenzie, 1978). This assumption is
manifested in the model as an extra likelihood term, which ex-
amines how closely the proposed age-depth curve in each simula-
tion resembles the age-depth relationship predicted by McKenzie
(1978). In addition, another likelihood term is added to evalu-
ate each combination of the proposed stretching factor (8) and
thermal subsidence initiation time (tg), which are the two param-
eters that control the shape of the post-rifting age-depth curve
under McKenzie’s (1978) framework. The SubsidenceChron.jl pack-
age, therefore, is tailored to sedimentary strata that were deposited
in thermally subsiding extensional basins.

2.1.3. Performance tests and sensitivity analyses

To evaluate the ability of our method to recover a hypotheti-
cal rift scenario, we constructed a synthetic stratigraphic section
that was deposited in a McKenzie-style thermally subsiding basin
with 8 = 1.85 and tp = 400 Ma. From the synthetic present-day
stratigraphy (Fig. 2), the amount of tectonic subsidence produced
during the development of this post-rift basin is back-calculated
through decompaction and backstripping, without introducing any
lithology-dependent errors. Then, we determined the tectonic sub-
sidence versus age relationship based on McKenzie’s (1978) ther-
mal subsidence model. We applied this age model to the synthetic
stratigraphic section to extrapolate the “real” ages throughout this
succession at 20 m resolution.
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Fig. 2. Stratigraphic column for the synthetic succession, along with horizons for
age constraints and age predictions used in the performance tests and sensitivity
analyses. Legend for this stratigraphic column is the same as the legend for Fig. 4A.

The performance of the model is first tested by assigning the
normal distribution means of the priors 8 and tg to be their true
values (with arbitrarily chosen prior standard deviations). We ran
the thermal subsidence portion of the SubsidenceChron.jl program
using the “real” ages of four randomly selected horizons from our
synthetic stratigraphy (Fig. 2). Results show that the true values of
both 8 and tg lie within one standard deviation from the posterior
means (Fig. 1). Compared with the priors, the posterior standard
deviations are significantly smaller, which agrees with our expec-
tation. In addition, we tested the ability of our model to accurately
predict ages for previously undated horizons. The age predictions,
also in the form of distributions, were calculated using 8 and tg
values that fall within the 95% credible intervals of their respective
posterior distributions. For all four randomly picked horizons, our
model was able to generate age distributions that are almost cen-
tered on the synthetic “real” ages, with all predicted medians lying
within ~3 Ma from the true values (Fig. 3).

We then examined the robustness of the model by reshaping
the prior distributions of the two parameters. For each test, we
only adjusted one attribute of the prior distribution (either mean
or standard deviation) for one of the subsidence parameters (ei-
ther B or tg) while keeping the rest of the inputs constant. The
posterior distributions all converged towards the real values of g
and to (Fig. 3), indicating that our model does not heavily depend
on the prior distributions. Although the posterior standard devia-
tion for to (particularly the extent of the upper tail) is somewhat
sensitive to changes in the prior, the true values of the subsidence
parameters still fell within one standard deviation of the posterior
mean in all tests (Fig. 2).

2.2. Re-Os and U-Pb geochronology

We present a new Re-Os age from organic-rich mudstone in
the Svanbergfjellet Formation collected in Lomfjorden, Ny Friesland
(Figs. 4 and 5). Our sample (J1643) was collected 1.1 m below the
first major stromatolite buildup marking the base of the upper Al-
gal member of the Svanbergfjellet Formation. Detailed information
on sample preparation and Re-Os isotopic analyses are presented
in the Supplemental Materials.

We also present new U-Pb data from detrital zircons collected
from a bed of medium-grained calcareous quartz arenite in the Bo-
gen Member of the Kingbreen Formation, Veteranen Group (sam-
ple J1635). This sample was collected ~2.2 km below the base of
the Akademikerbreen Group in Fakesevdgen, Ny Friesland (Fig. 4;
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Fig. 3. Results from sensitivity analyses on a synthetic sedimentary succession using SubsidenceChron.jl showing the effects of prior perturbations on the posterior dis-
tributions. (A) Posterior distributions of 8 generated from various prior conditions of 8, showing that the posterior successfully converged around its true value despite
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Gibson et al, 2021). Zircons from sample J1635 were first an-
alyzed by laser ablation-inductively coupled mass spectrometry
(LA-ICPMS). The seven youngest detrital zircon grains were then
analyzed by chemical abrasion-thermal ionization mass spectrom-

etry (CA-TIMS) to provide a high-precision maximum depositional
age for these strata. Detailed descriptions of the sample prepara-
tion and analytical methods are described in the Supplementary

Materials.
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3. Case study: Tonian Veteranen and Akademikerbreen Groups,
Svalbard, Norway

3.1. Geologic background

The Svalbard archipelago of Norway consists of three pre-
Devonian basement provinces that are separated by north-south-
trending strike-slip fault zones (Harland, 1997). The Eastern base-
ment province, which is exposed on northeastern Spitsbergen
and Nordaustlandet (Fig. 4), hosts a package of well-preserved
Neoproterozoic-Ordovician sedimentary strata known as the Hecla
Hoek succession (Flood et al., 1969; Kulling, 1934; Sandford, 1926).
The basal ~4 km-thick Veteranen Group unconformably overlies
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TIMS isotopic results from the four youngest detrital zircon grains in sample J1635
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Stenian-Tonian metasedimentary and volcanic rocks on Nordaust-
landet and is mainly comprised of siliciclastic strata with minor
carbonate intervals (Gibson et al., 2021; Sandelin et al., 2001, and
references therein). These strata have a ca. 940 Ma maximum de-
positional age (Gibson et al., 2021; Sandelin et al., 2001) and tran-
sition upwards into the ~2 km-thick carbonate-dominated mid-
dle to late Tonian Akademikerbreen Group. The Akademikerbreen
Group (Grusdievbreen, Svanbergfjellet, Draken and Backlundtop-
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pen formations) has no published radiometric dates, but it does
record the ca. 810-788 Ma Bitter Springs negative carbon iso-
tope excursion (CIE) (Cohen et al., 2017; Halverson et al., 2005,
2018a; Macdonald et al., 2010; Swanson-Hysell et al., 2012, 2015).
These strata are overlain by the late Tonian to early Ediacaran
Polarisbreen Group, which is comprised of mixed siliciclastic and
carbonate strata of the Elbobreen, Wilsonbreen, and Dracoisen for-
mations. Glacial deposits of the Sturtian and Marinoan snowball
Earth events, both with unconformable basal contacts, are recorded
in the lower-middle Polarisbreen Group (Hoffman et al., 2012). The
Ediacaran portion of the Hecla Hoek succession is unconformably
overlain by the carbonate-dominated Cambrian-Ordovician Oslo-
breen Group (Fortey and Bruton, 1973; Gobbett and Wilson, 1960;
Harland and Wilson, 1956).

Most paleogeographic reconstructions have placed the Eastern
basement province of Svalbard along the northeastern margin of
Laurentia during the Tonian (e.g., Harland, 1997; Hoffman et al,,
2012; Maloof et al., 2006). The lower Hecla Hoek series presum-
ably records a transition from contraction and arc magmatism (e.g.,
Gee et al., 1995; Johansson et al., 2005) to active rifting, which
is most likely represented by the Veteranen Group (Gibson et al.,
2021), to passive margin sedimentation in the Akademikerbreen
Group (e.g., Maloof et al., 2006). The recent subsidence model of
Halverson et al. (2022) suggested an 816.8 + 3.6 Ma age for the
timing of this rift-drift transition. Since our subsidence model is
only designed for reconstructing the age-depth relationship dur-
ing thermal subsidence, stratigraphic input data are focused on the
Akademikerbreen Group and the sub-Sturtian Russeya Member of
the Elbobreen Formation (Fig. 4). Furthermore, to avoid any pre-
sumed age biases for the reconstruction of our age-depth relation-
ships, we do not consider any correlated age constraints provided
by chemostratigraphic correlations from other Tonian successions
(e.g., Halverson et al., 2018b, 2022).

3.2. New age constraints and subsidence model age parameters

Re-Os geochronological analyses on sample J1643 from the
Svanbergfjellet Formation yielded a Model 1 age of 791.1 4+ 4.9 Ma
(n = 7, mean square of weighted deviation, MSWD = 0.86) with
an initial '870s/1880s (Osi) composition of 0.68 + 0.02 (Fig. 5A;
Table S1). Total uncertainties are reported at 20 and include the
uncertainty associated with the '8’Re decay constant (Smoliar et
al., 1996). This represents the first published radiometric age con-
straint from the Akademikerbreen Group.

In addition to this new depositional age within the Svanbergf-
jellet Formation, we also utilize another recently published ra-
diometric age from the upper Russgya Member of the Elbobreen
Formation, which is a Re-Os age of 737.5 + 9.6 Ma (Millikin et al.,
2022). Furthermore, because the synchroneity for the initiation of
the Sturtian snowball Earth event has been well established (e.g.,
Macdonald et al., 2010; MacLennan et al., 2018; Pu et al., 2022), we
include the onset of the Sturtian glaciation as a one-sided (mini-
mum) age constraint at 717 +0.7/—0.9 Ma. The stratigraphic posi-
tion of this constraint is placed at the Russgya-Petrovbreen contact
(Fig. 4), immediately above an unconformity of unknown duration.
To avoid complications caused by the unknown amount of erosion
at the base of the Petrovbreen Member, our subsidence model only
outputs age-depth relationships through the upper Russeya Mem-
ber of the Elbobreen Formation.

U-Pb CA-TIMS analyses on detrital zircons from sample J1635
provide a one-sided maximum depositional age on the Akademi-
kerbreen Group. The four youngest dates yield a weighted mean
of 879.91 £ 0.63/0.67/1.11 Ma (MSWD = 0.8, probability of fit =
0.47; Fig. 5B; Table S4); errors are given as + X/y/z, where X is
the internal error based on analytical uncertainties only, including
counting statistics, subtraction of tracer solution, and blank and
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initial common Pb subtraction, y includes the tracer calibration
uncertainty propagated in quadrature, and z includes the 233U de-
cay constant uncertainty propagated in quadrature. The three other
detrital zircons yielded older individual U/Pb dates of 1680.97 +
5.84, 906.45 + 0.95, and 901.85 + 0.67 Ma.

3.3. Subsidence modeling results

We first ran the decompaction and backstripping portion of the
SubsidenceChron.jl (Zhang et al.,, 2023) program for 5000 Monte
Carlo simulations at 1 m resolution. The lithology-dependent pa-
rameter inputs, as well as water depth distributions for different
depositional environments, are listed in Table 1. The lithostrati-
graphic inputs for the Svalbard succession are extracted from the
composite section in Halverson et al. (2018a). Water depth pre-
dictions are obtained from the sedimentological and paleoenviron-
mental analyses in Halverson et al. (2007, 2018a), which document
that this succession was predominantly deposited in a shallow ma-
rine setting above storm wave base. Our modeling results show
that the input uncertainties have been successfully propagated to
the model outputs, which are manifested as standard deviations
up to ~72 m on the tectonic subsidence curves (Fig. 6A).

These results, along with the new and published age con-
straints presented in the previous section, are used as inputs in
the thermal subsidence age-depth modeling portion of the Sub-
sidenceChron.jl (Zhang et al., 2023) program. All age inputs are
assigned with a stratigraphic height uncertainty of 10 m to ac-
count for the height discrepancies between the composite section
and the sections from which the geochronologic constraints were
sampled. The prior means for 8 and ty are set equal to their pos-
terior means presented by Halverson et al. (2022), which are 1.3
and 816 Ma, respectively. As demonstrated in section 2.1.3, how-
ever, the choice of prior distribution is nonunique as long as it
captures the broad framing of the scenario (i.e., as long as the 95%
credible interval of the prior distributions of 8 and ty encapsu-
late their true values). We ran the MCMC model for 10,000 steps
after 1.4 x 107 iterations of burn-in (i.e., running the model but
discarding the results) to ensure that equilibrium distribution was
reached. From the base of the Akademikerbreen Group to the on-
set of the Sturtian glaciation, our model outputs a posterior 8 =
1.29+0.08/—0.06 and a posterior tg = 840.40+18.64/—23.61 Ma
(Fig. 6C-D; results are reported as medians and 95% credible in-
tervals). For key stratigraphic boundaries, namely 1) the base of
Draken Formation, 2) the base of Russeya Member of the Elbo-
breen Formation, and 3) the top of the Russsya Member, the age
predictions are 1) 783.974+7.39/—10.93 Ma, 2) 739.09+-9.53/—9.54
Ma, and 3) 728.574+10.59/—10.02 Ma.

4. Discussion
4.1. Case study: implications for the Tonian of Svalbard

4.1.1. Comparison with previous subsidence models

Like the approach of Halverson et al. (2018b, 2022), the core
design of our model is to establish the age-depth relationship of
a given sedimentary succession using a Bayesian framework for
subsidence analysis. However, there are several significant differ-
ences in the implementation and execution of our model with
respect to the previous work of Halverson et al. (2018b, 2022).
First, our model incorporates decompaction and backstripping pro-
cedures, which were not considered by Halverson et al. (2022).
Although the effect of these procedures is less pronounced in
the lower part of the Tonian succession in Svalbard where one
lithology tends to dominate, they become important when esti-
mating the amount of tectonic subsidence in the lithologically di-
verse and shale-dominated upper part of the succession. Through
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Table 1
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Model parameters. Distributions for lithology-dependent parameters are compiled from Sclater and
Christie (1980), Holzel et al. (2008), and Giles et al. (1998). Distributions for the facies-dependent pa-
rameter (paleo-water depth) are obtained from Allaby (2008). Values for other parameters are obtained
from Allen and Allen (2013). The N(X, Y) notation represents a normal distribution with a mean of X
and a standard deviation of Y. The U(A, B) notation represents a uniform distribution over the interval
[A, B]. FWWB - Fair weather wave base; SWB - Storm wave base.

Lithology-dependent parameters  Unit Type Data

Surface porosity (¢o) N/A Shale N(0.63, 0.15); truncated at 0 and 1
Sandstone N(0.49, 0.1); truncated at 0 and 1
Dolostone N(0.2, 0.1); truncated at 0 and 1
Limestone N(0.4, 0.17); truncated at 0 and 1

Porosity-depth coefficient (c) km-1 Shale N(0.51, 0.1); truncated at 0
Sandstone N(0.27, 0.06); truncated at 0
Dolostone N(0.6, 0.2); truncated at 0
Limestone N(0.6, 0.2); truncated at 0

Grain density (og) kg*m—3 Shale 2720
Sandstone 2650
Dolostone 2870
Limestone 2710

Facies-dependent parameter Unit Type Data

Paleo-water depth (W) m Exposure u(0, 0.01)
Above FWWB  U(5, 15)
FWWB-SWB U(15, 40)

Other parameters

Data with unit

Water density (pw)

Mantle density at 0°C (pm)

Lithospheric thickness (y)

Volumetric coefficient of thermal expansion (o)
Temperature of asthenosphere (Tp,)

Thermal time constant (7)

1000 kg*m—3
3330 kg*m—3
125000 m
3.28*107> °C!
1333°C

50 Myr

the utilization of decompaction and backstripping techniques, we
are also able to introduce lithology-related uncertainties into the
model, which are commonly absent in most basin analysis studies
(see below). Second, the two models treat the theoretical ther-
mal subsidence age-depth relationship differently. While Halverson
et al. (2022) assume that the age-depth curve for every simu-
lation perfectly follows the theoretically derived relationship (Eq.
S3), our model does not force this shape onto the model out-
puts (Fig. 6B). Instead, SubsidenceChron.jl (Zhang et al., 2023) only
uses this relationship as one of the criteria to evaluate individual
MCMC candidates. Finally, as stated above, our model only accepts
radiometric ages from the Svalbard succession alone as inputs,
whereas Halverson et al. (2018b, 2022) rely on correlated ages
from global chemostratigraphic datasets. Thus, our model makes
fewer assumptions about the correlated age constraints of an indi-
vidual succession and avoids potential errors associated with local
diagenetic overprints, issues of condensation or subtle disconfor-
mities, or inaccurate chemostratigraphic correlations. One caveat
in our model design is that the stratigraphic position of the rift-
drift transition needs to be identified prior to running the model
and cannot be evaluated in the MCMC calculations; this can be
achieved by Halverson et al. (2022)'s model, so in theory the two
approaches could be used simultaneously to explore the full pa-
rameter space of an individual sedimentary succession.

To make meaningful comparisons, we reran the Halverson et
al. (2022) model with the new Re-Os from the Svanbergfjellet
Formation, which resulted in minor changes to the model out-
puts. The differences in these two approaches translate to a few
notable deviations in the results of the age-depth relationships
for the Tonian strata of northeastern Svalbard. First, the uncer-
tainties on all our model outputs are larger than those from the
Halverson et al. (2022) model (Figs. 6C-D and 7). The 95% credible
intervals on the posterior 8 and ty from our model are approx-
imately six to seven times larger than those from the Halverson
et al. (2022) model, and the individual formation boundary age

predictions of our model are generally two to three times larger
(Fig. 7D, E and G). For example, the Halverson et al. (2022) model,
after rerunning with the new Re-Os age, reported a 95% credible
interval of +3.52/—3.59 Ma for ty, whereas our model returned
+18.64/—23.61 Ma for the same variable. As for the onset of
the Russgya CIE, the 95% credible interval from Halverson et al.’s
(2022) model is +4.57/—4.96 Ma, whereas we report an uncer-
tainty of +9.51/—9.67 Ma. The larger uncertainties on our posteri-
ors and model predictions are the results of: 1) the additional in-
put uncertainties incorporated into our model (e.g., subsidence pa-
rameters, decompaction, and paleo-water depth predictions); and
2) the smaller number of available age constraints (four versus
eleven). Both factors reflect legitimate geological complexities that
must be grappled with when trying to generate accurate age-depth
models using a subsidence analysis approach, and the larger un-
certainties from our model are more direct representations of the
known Tonian age-depth relationships in northeastern Svalbard.
Second, our calculated prediction for the onset of thermal subsi-
dence at the Veteranen-Akademikerbreen Group boundary leans
towards the older side of the distribution presented in Halverson
et al. (2022). Although there is some overlap between the two pos-
terior distributions for tg, the posterior mean ty from Halverson
et al. (2022) is located near the upper bound of the 95% credi-
ble interval for the posterior ty of our study (Fig. 6D). This may
be a function of an artificially steep subsidence gradient at the on-
set of Halverson et al.’s (2022) rift-drift transition, or the use of
modern-day stratigraphic heights instead of heights corrected for
decompaction and tectonic subsidence. This discrepancy is impor-
tant as it exerts a strong control on the total amount of subsidence
that the Tonian rifting event can ultimately generate.

4.1.2. Testing the validity of Neoproterozoic global chemostratigraphic
correlation

The employment of carbon isotope chemostratigraphy for global
correlations of Proterozoic sedimentary successions was first docu-



T. Zhang, C.B. Keller, M.J. Hoggard et al.

Earth and Planetary Science Letters 620 (2023) 118317

A °r Results from B ol
individual simulations - Model results (mean and
95% credible interval)
= Mean X .
—e— Two-sided age constraints
g s0r -500 | (with 20 uncertainties)
Y Maximum age constraint
f= P
g £ Minimum age constraint
@ £ -1000 F
= <
2 500 ey
v [T
Q T
c
S
9 1500
L — L
= 750
-2000
1000 L L i i ; ; | | | | ' ' |
2000 1500 1000 500 0 725 750 775 800 825 850 875
Time steps Age (Ma)
5000 [ l 4000
4000
JI o
3 3000 | o -
5 2
E & 2000 [
o =]
9] o
w
1000 |+ =
i i III'I lIIlI
ok _Jl Ih-__,, ol ‘I I.,,
] " " " ’ i " " " " "
1.20 1.25 1.30 1.35 1.40 1.45 810 820 830 840 850 860
B to
This study Halverson et al. (2022) model
il Posterior distribution | Posterior mean 'l Posterior distribution | Posterior mean
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for further explanation.

mented by Knoll et al. (1986) on this same succession in Svalbard,
and it has since served as one of the most widely used tools to cor-
relate Precambrian strata worldwide (e.g., Halverson et al., 2005;
Macdonald et al., 2010; Shields et al., 2021). The Tonian succession
in the Eastern basement province of Svalbard records two pro-
nounced and globally identifiable negative CIEs. The older Bitter
Springs CIE occurs in the upper Grusdievbreen and lower Svan-
bergfjellet formations of the Akademikerbreen Group (Fig. 7A), and
it is characterized by a prolonged §'3C.,1, perturbation down to
~ —4% from a background state of ~5%c. Although there are no
radiometric age constraints for the Bitter Springs CIE in Svalbard,
the onset of this event has been constrained by a zircon U-Pb
CA-TIMS age of 811.51 £ 0.25 Ma from a tuff horizon immedi-
ately preceding the CIE in the Fifteenmile Group of the Ogilvie
Mountains in Yukon, Canada (Macdonald et al., 2010). In the west-
ern Ogilvie Mountains along the U.S.-Yukon border, a Re-Os age of
810.7 + 6.3 Ma from a black shale horizon in roughly the same
stratigraphic position also provides a maximum age constraint on
the Bitter Springs CIE (Cohen et al., 2017). The global synchroneity
of this CIE is supported by a U-Pb CA-TIMS zircon age of 815.29 +
0.32 Ma from a tuff horizon predating the excursion in the Werri
Formation of the Tambien Group in Ethiopia (Swanson-Hysell et al.,
2015). The Tambien Group also yielded U-Pb zircon ages of 788.72

+ 0.24 Ma and 787.38 + 0.14 Ma from tuff beds in the upper Tse-
dia Formation that postdate the Bitter Springs CIE (MacLennan et
al.,, 2018; Swanson-Hysell et al., 2015).

The younger Russgya CIE is recorded in the upper Russgya
Member of the Elbobreen Formation (Polarisbreen Group) in Sval-
bard. Locally this excursion reaches a minimum §'3Ceyyp, value of
~—7%o and a partial recovery to less depleted ratios prior to its
truncation beneath Sturtian glacial deposits of the overlying Petro-
vbreen Member. As highlighted above, a Re-Os date of 737.5 +
9.6 Ma was recently published by Millikin et al. (2022) from 44
m below the initiation of the Russgya CIE in Nordaustlandet. This
is in general agreement with a Re-Os age of 739.9 + 6.5 Ma for
the nadir of the Russgya CIE in the Callison Lake Formation of the
Ogilvie Mountains (Strauss et al.,, 2014). In the Mackenzie Moun-
tains of Northwest Territories, Canada, the recovery from the nadir
of the Russgya CIE occurs within the Coppercap Formation of the
Coates Lake Group, which was dated to 732.2 + 4.7 Ma using Re-
Os geochronology (Rooney et al., 2014). The nadir of this CIE was
also constrained in Ethiopia, where a volcanic tuff horizon in the
upper Tambien Group yielded a U-Pb CA-TIMS zircon age of 735.25
40.25/—0.88 Ma (MacLennan et al., 2018).

Since our subsidence age-depth model for the Tonian succes-
sion of northeastern Svalbard only uses local age constraints as
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inputs, it can serve as an independent test of the validity of
predicted carbon isotope chemostratigraphic correlations. Based
on our age-depth model, the predicted 95% credible interval for
the onset of the Bitter Springs CIE is 819.22 +14.80/—17.44 Ma
(Fig. 7B), while the predicted age for the termination of the CIE is
796.13 +7.98/—8.44 Ma (Fig. 7C). For the Russgya CIE, our model
has an onset age estimation of 732.25+9.51/—9.67 Ma (Fig. 7F).
All three model-predicted age distributions from the Svalbard sec-
tion overlap with the radiometric age constraints on the respective
CIEs from other successions (Fig. 7B, C, and F), which broadly sup-
ports the hypothesis that these CIEs are likely contemporaneous
across multiple globally distributed basins. However, due to the
large credible intervals on the age predictions, it is insufficient
to argue unambiguously about their global synchroneity. Despite
this, the large uncertainty envelopes are expected since the Tonian
succession in Svalbard only hosts a small number of radiometric
age constraints, some of which are ~500 m above or below the
closest horizon of interest. If more age constraints are discovered
in the future, our approach will be able to output more precise
age predictions and further refine the Tonian chemostratigraphic
framework of Svalbard.

4.1.3. Implications for the Neoproterozoic-early Paleozoic tectonic
evolution of Svalbard

The boundary between the Ediacaran Polarisbreen and
Cambrian-Ordovician Oslobreen groups has long been identified
as a significant disconformity in northeastern Svalbard (e.g., Har-
land, 1997; Knoll and Swett, 1987, and references therein). Several
researchers have hypothesized that this unconformity is associated
with a renewed phase of rifting in the Eastern basement province
of Svalbard (e.g., Harland, 1997; Herrington and Fairchild, 1989;
Maloof et al., 2006). However, this hypothesis remains speculative
since no Ediacaran-Cambrian rift-related volcanic rocks or other
sedimentological evidence for extension have been reported. To
test this hypothesis, we utilized our subsidence model to investi-
gate whether the Tonian rift event that apparently ceased at the
base of the Akademikerbreen Group was responsible for generating
the accommodation space needed to host the overlying Polaris-
breen and Oslobreen groups.

First, we employed the rift conditions (8 and tg) generated from
the SubsidenceChron.jl (Zhang et al., 2023) model to estimate the
cumulative amounts of tectonic subsidence that can be generated
(i.e., “predicted tectonic subsidence”) for a few younger horizons
of interest. Meanwhile, we extended our decompaction and back-
stripping procedures into the younger part of the succession and
calculated the amount of tectonic subsidence that is needed to
host these overlying strata (i.e., “required tectonic subsidence”).
The comparison between these two approaches suggests that the
Tonian rift event, which accommodated the Akademikerbreen and
lower Polarisbreen groups during its thermal subsidence phase,
cannot account for the total amount of basin subsidence needed
to explain the thicknesses of the upper Polarisbreen and Oslobreen
groups (Fig. 8). For example, using a horizon in the Dracoisen For-
mation ~600 m above the top of the Russgya Member that was
recently dated with Re-Os geochronology to 631.2 + 3.8 Ma (Mil-
likin et al., 2022), we found the required tectonic subsidence is
>200 m more than the mean tectonic subsidence supplied in the
Tonian rift event. The second horizon, for which we chose the
Ediacaran-Cambrian transition at the top of the Dracoisen Forma-
tion, yielded a mean predicted tectonic subsidence of ~891 m. The
mean required tectonic subsidence, however, is ~1315 m. In other
words, sediment deposited between these two horizons requires
an additional ~231 m of accommodation space, which is an order
of magnitude larger than the 13 m of thermal subsidence that the
initial Tonian rift event can generate.
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These discrepancies suggest that the Tonian extension cannot
generate enough subsidence to accommodate the upper Polaris-
breen and Oslobreen groups in Svalbard. Thus, other mechanisms,
likely renewed extension, must be invoked to generate the nec-
essary accommodation space for the carbonate-dominated Oslo-
breen Group. The possible timing for this second phase of rifting
is speculative due to the dearth of rift-related deposits or volcanic
rocks, but it is likely either syn-Russgya or somewhere within the
Polarisbreen-Oslobreen group unconformity (e.g., Harland, 1997;
Halverson et al., 2018a). Although there is no evidence to rule out
episodic extensions throughout the Polarisbreen Group or some
combination of the two likely scenarios, we favor more significant
terminal Ediacaran-early Cambrian extension since it is consis-
tent with the broader extensional history of northeastern Laurentia
(e.g., Cawood et al., 2001, 2007; Faehnrich et al., in press; Gee and
Teben’kov, 2004; Smith and Rasmussen, 2008; Surlyk, 1991; Swett,
1981; Wala et al., 2021).

4.2. Implications for subsidence modeling in Precambrian and
Phanerozoic basins

The underlying mathematical model (McKenzie, 1978) for ther-
mally subsiding extensional basins is likely a gross oversimplifi-
cation of the true extensional history of most rift basins. Fac-
tors such as heat flow, mantle flow and dynamic topography, and
differences in the physics of lithospheric extension (e.g., instan-
taneous uniform stretching versus protracted or depth-dependent
extension) will all exert significant unquantified controls on the
age-depth relationship during thermal subsidence (e.g., Cochran,
1983; Beaumont et al., 1982; Davis and Kusznir, 2004; Huismans
and Beaumont, 2014; Jarvis and McKenzie, 1980; Pedersen and
Ro, 1992). As a result, future iterations of this approach will need
to address these types of potential modifications. Moreover, Sub-
sidenceChron.jl (Zhang et al., 2023) is not yet able to properly
model large unconformities with unknown durations (i.e., multi-
million-year unconformities that cause regional-scale base level
falls, such as large glacio-eustatic fluctuations) within a given sed-
imentary succession; as a result, unconformity-riddled successions
could suffer from an underestimation of the stretching factor
and older age estimations for horizons above the unconformity.
Despite these limitations, this study is an important step forward
in robustly quantifying uncertainties in basin analysis techniques
and it will undoubtedly help with generating future age models
for poorly constrained sedimentary successions.
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The northeastern Svalbard Tonian succession benefits from
abundant and consistent water depth-specific sedimentological
data that allow for a relatively strong control on paleo-water depth
predictions throughout the modeled composite section. Specifi-
cally, according to the paleoenvironmental analyses presented in
Halverson et al. (2018a), ~93% of the succession was deposited
above storm wave base. However, paleo-water depth predictions
may be more ambiguous in other post-rift successions due to
insufficient or inconclusive depositional environment indicators.
Under such circumstances, future users of SubsidenceChron.jl will
need to be cautious in addressing these predictions and to con-
sider increasing the uncertainties accordingly.

Depending on the number and quality of individual radiometric
and/or relative age constraints in a given sedimentary succession,
the age predictions and other outputs from our modeling approach
will unavoidably have larger errors than past versions of thermal
subsidence modeling. This is clearly demonstrated by the com-
parison of our results to those from Halverson et al. (2022) (see
section 4.1.1). Although this outcome may be less desirable, it may
be more representative of our limited extent of knowledge about
an ancient sedimentary basin. Introducing these types of uncer-
tainties into subsidence analysis age-depth modeling is particularly
crucial for Precambrian basins, since only a small fraction of their
geochronologic and stratigraphic information is obtainable from
the present-day rock record.

Despite generally being better characterized and dated,
Phanerozoic strata deposited in post-rift basins can also benefit
greatly from this new tool. Proper treatment of uncertainties is
always desired in quantitative subsidence analyses, regardless of
the abundance of geochronological data. Moreover, when more age
constraints are inputted into SubsidenceChron.jl, the model yields
more precise (i.e., smaller uncertainty envelopes) and geologically
meaningful results. Such results could help decipher subtle influ-
ences of other geophysical processes beyond the simple McKenzie-
type rifting scenario, such as the potential influences of localized
heat flow, depth-dependent extension, variable subsidence, vol-
canic processes, or dynamic topography. Age predictions generated
through SubsidenceChron.jl using local radiometric age constraints
can also help add uncertainties to biostratigraphic zonation data
or first-/last- appearance datums in a given sedimentary succes-
sion. Furthermore, similar to many Precambrian successions, some
Phanerozoic offshore basins are also poorly constrained due to
limited biostratigraphic or radiometric age control, so these suc-
cessions would be ideal targets for our model. Overall, we suggest
that the incorporation and propagation of uncertainties, as demon-
strated in this study, are critical for the field of quantitative basin
analysis, even in well-characterized and well-dated Phanerozoic
basins, since the combination of better-quantified parameters and
uncertainty treatments ultimately yields better geological insights
(e.g., VanderLeest et al., 2022).

5. Conclusions

We developed a package, SubsidenceChron.jl (Zhang et al,
2023), that can construct age-depth models for sedimentary suc-
cessions deposited in post-rift thermally subsiding basins. Building
upon a McKenzie-style rift model (McKenzie, 1978), the main inno-
vation of our model is the incorporation and propagation of uncer-
tainties in important modeling parameters. In particular, the first
part of the model performs decompaction and backstripping calcu-
lations to tease out the proportion of basin subsidence caused by
tectonic forcings. Uncertainties in lithology-dependent parameters
are propagated using Monte Carlo simulations. The second part
of our program explores the age-depth relationship in a Bayesian
framework, evaluating the data based on the rule of stratigraphic
superposition and the theoretical age-depth relationship for post-
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rift thermally subsiding basins (McKenzie, 1978). Results from sen-
sitivity analyses using a synthetic dataset demonstrate that our
program can successfully restore the stretching factor (8), the tim-
ing for the active rift to thermal subsidence transition (tp), and age
predictions for undated horizons.

As a case study, this model was implemented on the Tonian
sedimentary succession in northeastern Svalbard, Norway, which
is one of the best preserved and most complete successions of
this time interval. We first present two new geochronological
constraints for this succession: 1) a Re-Os age of 7911 £ 4.9
Ma from the Svanbergfjellet Formation of the Akademikerbreen
Group, and 2) a detrital zircon U-Pb CA-TIMS maximum deposi-
tion age of 879.91 + 0.63 / 0.67 |/ 1.11 Ma for the Bogen Mem-
ber of the Kingbreen Formation, Veteranen Group. By only using
age constraints from the Svalbard succession itself, our model re-
turns posterior distributions of 8 = 1.29+0.08/—0.06 and tg
840.40+18.64/—23.61 Ma for the base of the Akademikerbreen
Group. The results from this case study are broadly in agreement
with the results from Halverson et al. (2022), albeit with larger
uncertainties. We contribute this to the smaller number of as-
sumptions that our model makes in both the model design and
the selection of non-correlated age constraints. The rifting condi-
tions (B and tg) and subsidence history predicted by our model
provide support for renewed extension in the Eastern basement
province of Svalbard, likely within the latest Ediacaran-early Cam-
brian.
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