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ABSTRACT

The Ediacaran Shuram carbon isotope excursion (CIE) follows the regional Gaskiers glaciation and
occurs before the appearance of macroscopic animal fossils. Previous interpretations for the Shuram
CIE have proposed global perturbations to Earth’s carbon cycle accompanied by significant climatic
and environmental change. These studies assume that carbonate carbon isotopes through the Shuram
CIE record the composition of dissolved inorganic carbon in seawater. Through a compilation of new
geochemical, sedimentological, and stratigraphic data from five localities on four separate paleocontinents,
we find that all of the analyzed Shuram CIE successions share general similarities including a common
transgressive-regressive sequence that is coincident with similar shifts in a host of geochemical proxies
(813¢, 8180, §%4/40Ca, Sr/Ca, Mn/Sr, U/Ca). Despite these broad similarities between sections, there are
important differences in the proxies between water depths that may be linked to changes in carbonate
diagenesis. Specifically, we find the excursion’s magnitude is largest in slope environments where
diagenesis is sediment-buffered and smaller in shallow-water settings dominated by fluid-buffered
diagenesis. The transgression that accompanied the Shuram CIE is consistent in amplitude (~10-
100s m) and duration (>1 My) with eustatic fluctuations driven by plate reorganization. These coupled
geochemical and stratigraphic observations argue against meteoric and burial diagenesis as drivers for the
excursion; instead, they are best explained by global changes to the locus and intensity of photosynthetic
primary productivity in shallow-water environments and do not necessarily require large changes in
global climate or marine redox.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

2021, 2019; Bjerrum and Canfield, 2011; Knauth and Kennedy,
2009; Rothman et al., 2003; Schrag et al., 2013).

Negative carbonate carbon isotope (8'3C) values below the
canonical mantle input value of ~ —5%, such as those that char-
acterize multiple Neoproterozoic carbon isotope excursions (CIEs)
(e.g., Halverson et al, 2010), are not easily explained through
changes to the fraction of organic to total carbon burial in a steady
state carbon cycle. Recent models have instead invoked non-steady
state behavior, diagenesis, disconnection from open ocean DIC, and
methane release to explain these phenomena (e.g., Ahm et al,
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The Shuram is the largest CIE in the geological record and has
been documented worldwide (Fig. 1; Grotzinger et al., 2011). Ra-
dioisotopic age constraints support correlations between the Shu-
ram CIE on multiple paleocontinents (Rooney et al., 2020), but am-
biguity still exists in correlating other Ediacaran excursions (Hay et
al,, 2019; Rooney et al., 2020; Yang et al., 2021). The chemostrati-
graphic expression of this excursion is marked by pre-Shuram §3C
values as high as +10%o, nadir values as low as —15%o, a lack
of covariation between organic and carbonate §'3C values, and
strong covariation between carbonate §'3C and §'80 values (Derry,
2010; Grotzinger et al., 2011). In addition to its magnitude, previ-
ous attempts to correlate and identify similarities among Shuram
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Fig. 1. Paleogeographic reconstruction at the ca. 565 Ma termination of the Shuram CIE after Merdith et al. (2021) and marine carbonate §'3C and §'80 profiles for the
locations included in this study. Am, Amazonia; Ar, Arequipa; Aus, Australia; Az, Azania; Ba, Baltica; C, Congo; I, India; K, Kalahari; Lau, Laurentia; SC, South China; Si,
Siberia; T, Tarim; WAC, West African Craton. *NW Canada Re-Os date (Rooney et al., 2020); TOman Re-Os date (Rooney et al., 2020).

CIE-bearing successions have emphasized several defining charac-
teristics: 1) stratigraphic position above ca. 635 Ma Marinoan cap
dolostones but below the ca. 560-549 Ma White Sea Ediacaran
faunal assemblage; 2) stratigraphic asymmetry marked by a sharp
downturn to negative values, which is often missing, and a grad-
ual return back to 0%o; 3) small point-to-point difference between
isotope ratios of consecutive samples; 4) stratigraphic expression
over 10’s to 100’s of meters of measured section; and 5) devel-
opment within a transgressive sequence (Bergmann et al., 2011;
Burns and Matter, 1993; Grotzinger et al., 2011; Rooney et al,,
2020). In addition, the Shuram CIE has been associated with the
ca. 580 Ma Gaskiers glaciation and the ca. 571 Ma first appear-
ance datum (FAD) of the Avalon fossil assemblage, fueling specula-
tion around a connection between these geobiological events (e.g.,
Grotzinger et al., 2011); however, recent geochronological data
from Northwest Canada, Oman, and Newfoundland demonstrate
the CIE postdates both the Gaskiers glaciation and the Avalon as-
semblage FAD (Canfield et al., 2020; Matthews et al., 2020; Rooney
et al., 2020).

In this study, we attempt to provide additional paleoenviron-
mental context for the Shuram CIE through a compilation of new
geochemical and sedimentological data from five localities across
four paleocontinents (Fig. 1). In particular, we seek to leverage the
newly developed framework for deconvolving the effects of min-
eralogy and early marine diagenesis on the paleoenvironmental
information preserved in carbonate rocks using paired measure-
ments of §4/40Ca and §2°Mg values and trace elements (Sr/Ca,
Mn/Sr; Higgins et al., 2018). Measurements of the calcium isotopic
composition of Shuram-bearing carbonate rocks also provide an
opportunity to test whether strata from different paleocontinents
are representative of the average global carbonate sink, as would
be expected if the Shuram CIE was a large globally synchronous
perturbation to the carbon cycle (e.g., Rothman et al., 2003).

2. Materials and methods

Detailed measured sections from each study location were com-
piled and interpreted in a transgressive-regressive (T-R) sequence
stratigraphic framework. Relative water depth was extrapolated
from inferred depositional environments and diagnostic sedimen-
tary structures. Geochemical data compiled for this study are pri-
marily unpublished but also include data reported in Husson et al.
(2015a) and Bergmann (2013). The data include 83C (n = 951),

8180 (n=951), 6*/%%Ca (n = 680), and §26Mg (n = 227) isotopic
measurements, in addition to Mg/Ca, Sr/Ca, Mn/Ca, U/Ca major, and
trace elemental ratios (n = 783) (Supplemental S1). The reader is
referred to Supplemental S2 for sample preparation and laboratory
methodologies.

3. Geological background

Data was collected from five localities on four different paleo-
continents (Fig. 1): (1) Flinders and Gammon Ranges of South Aus-
tralia; (2) Wernecke and Ogilvie Mountains of Northwest Canada;
(3) Ibex and Saddle Peak hills of Death Valley, USA; (4) South
Oman Salt Basin and Huqf Outcrop areas of Oman; and (5) the
Marcona region of southwestern Peru. Detailed information on the
regional geology and stratigraphy/sedimentology of each study lo-
cation is presented in Supplemental S3, with the descriptions be-
low focused on gross stratigraphy and lithofacies.

3.1. South Australia

In Australia, siliciclastic rocks of the Bunyeroo Formation
(Fm) are conformably overlain by ~100 m of mixed siliciclastic-
carbonate strata (units 1-3) of the lower Wonoka Fm, which
records a 8'3C nadir of —12%o (Husson et al., 2015a, 2015b). The
overlying ~650 m of the Wonoka Fm (units 3-8) record §'3C val-
ues that gradually change back towards 0%o. Post-CIE units 9-11
of the Wonoka Fm are ~150 m thick and record a return to posi-
tive 813C values up to +6%o in mixed siliciclastic-carbonate facies
before an upper contact with the Pound Subgroup (Husson et al.,
2015a, 2015b).

3.2. Northwest Canada

In Northwest Canada, mixed siliciclastic-carbonate strata of the
ca. 574 Ma Nadaleen Fm and Gladman member of the Last Chance
Fm contain positive §3C values up to +10%o and are overlain
by the CIE-bearing Gametrail and Last Chance formations of the
Rackla Group with nadir 8'3C values reaching —15%o (Busch et
al., 2021; Macdonald et al., 2013; Moynihan et al., 2019; Rooney
et al.,, 2020). A return to 0%o is recorded in the upper Gametrail
Fm across a karstic unconformity in shallow-water locations of the
Wernecke Mountains and across a major facies change in the ca.
567 Ma Fireweed member of the Last Chance Fm of the Ogilvie
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Mountains, which is marked by positive §13C values up to +5%o.
In the distal Nadaleen River region of the Wernecke Mountains,
a transition to positive §'3C values up to +2%o occurs in mixed
siliciclastic-carbonate facies of the upper Gametrail Fm, which is
overlain by the siliciclastic-dominated Blueflower Fm (Moynihan et
al., 2019).

3.3. Peru

In Peru, the CIE-bearing San Juan Fm (Chew et al, 2007) is
divided into three informal members (units SJ1, SJ2, and SJ3) (Hod-
gin, 2020). Pre-CIE carbonate strata of unit SJ1 that contain posi-
tive 813C values up to +8%o are conformably overlain by mixed
siliciclastic-carbonate strata of unit SJ2, which captures the CIE
with a nadir of —11%. The post-CIE recovery to positive §13C
values up to +4%o occurs in carbonate of the overlying SJ3 unit
(Chew et al., 2007; Hodgin, 2020).

3.4. Oman

Outcrop exposures of the Khufai Fm in the Huqf area have
positive §'3C values up to +6%o that decrease towards its upper
contact with the Shuram Fm (Bergmann, 2013; Le Guerroué et
al., 2006; Osburn et al., 2015). Highly negative §'3C values with
a nadir of —12%o are recorded within mixed siliciclastic-carbonate
strata of the lower Shuram Fm, and gradually return to 0%o over a
thickness of ~400 m into overlying carbonate strata of the lower
Buah Fm. The upper Buah Fm is characterized by positive §'3C val-
ues up to +7%o (Bergmann, 2013; Le Guerroué et al., 2006).

3.5. Death Valley

In Death Valley, pre-CIE siliciclastic-dominated strata of the
Johnnie Fm are divided into five members (Stewart, 1970). The
downturn of the CIE is recorded at the base of the uppermost
member of the Johnnie Fm, the Rainstorm Member, in the ~2
m thick “Johnnie oolite” marker bed (e.g., Bergmann et al., 2011).
The CIE nadir of —11%c and return towards 0%c occur in mixed
siliciclastic-carbonate strata of the upper Johnnie Fm over a thick-
ness of ~100 m before its contact with the overlying Stirling Fm
(Bergmann et al., 2011; Summa, 1993; Verdel et al., 2011).

4. Results
4.1. Sedimentological and stratigraphic expressions of the Shuram CIE

The CIEs preserved in Ediacaran sections described above are
correlated and referred to below as Shuram CIEs. Ediacaran sed-
imentary lithofacies are distinct between pre-, syn-, and post-
Shuram intervals and reflect marine sedimentation over a range
of water depths between upper slope and inner ramp depositional
environments (Figs. 2, 3).

4.1.1. Pre-Shuram CIE

In Peru and Oman, pre-Shuram CIE strata are characterized by
stromatolitic boundstone and oolitic grainstone. In contrast, the
uppermost pre-Shuram strata in Death Valley, Northwest Canada,
and Australia are largely siliciclastic-dominated units composed of
interbedded mudstone, siltstone, and sandstone. At the top of each
of these sub-Shuram successions, there is a prominent sequence
boundary (Fig. 2B-C, 3). In Australia, the sequence boundary is
represented by a prominent shift from hummocky cross-stratified
sandstone and calcareous siltstone of unit 2 to a generally finer-
grained package of interbedded siltstone and fine-grained lime-
stone in unit 3 of the Wonoka Fm, while in Peru and Oman there
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is a sharp shift from shallow-water carbonate to deep-water fine-
grained mixed siliciclastic-carbonate lithofacies (Fig. 3). In North-
west Canada, proximal locations contain evidence for a subaerial
exposure surface at this boundary (Fig. 2B), while distal locali-
ties record a sharp change from siliciclastic to carbonate lithofacies
(Fig. 3). In Death Valley, the base of the Johnnie oolite marker bed
is associated with a prominent sequence boundary (Fig. 2C).

4.1.2. Syn-Shuram CIE

These sub-Shuram sequence boundaries are accompanied by
an abrupt shift to mixed siliciclastic-carbonate strata that are re-
markably similar on each paleocontinent (Fig. 2D-F, 3). Above
the downturn of the excursion (where present), basal syn-Shuram
strata consist predominantly of pink to gray fine-grained silty lime
mudstone and/or dolomudstone characterized by hummocky cross-
stratification, abundant intraclast rudstone, and rare aragonite crys-
tal fan pseudomorphs (Fig. 2F). This distinct facies assemblage is
common to all of the syn-Shuram rocks independent of deposi-
tional setting (Fig. 2D-F), and the fine-grained siliciclastic compo-
nent is notable in strata that are otherwise pure carbonate. Strata
overlying the Shuram nadir in Australia, as well as distal locations
in Northwest Canada and Oman, record a conspicuous interval of
maroon-colored turbiditic silty limestone with abundant flute and
gutter casts (Fig. 2D, E). In Australia, Oman, and Peru, the silt
content of these nadir strata decreases gradationally up-section
(Fig. 3).

4.1.3. Post-Shuram CIE

Post-Shuram strata from all these localities also record a similar
facies shift (Fig. 3), with the boundary between syn- and post-
Shuram strata marked by another prominent sequence boundary.
In Australia, this sequence boundary is marked by the abrupt ap-
pearance of interbedded cross-stratified calcareous sandstone and
doloboundstone (Fig. 2G). In the proximal locations of Northwest
Canada, there is a subaerial exposure surface characterized by pa-
leokarst cavities that extend over ~6 m deep into the underlying
strata (Fig. 2H); in distal locations, there is an influx of coarse-
grained siliciclastic detritus into the carbonate-dominated slope
facies (Fig. 3). In Oman, the post-Shuram sequence boundary is
marked by transgressive stromatolitic buildups (Fig. 3). In Peru, the
sequence boundary marks a shift to thin- to medium-bedded dolo-
grainstone, intraclast dolorudstone, and recrystallized dolostone
(Fig. 3). In Death Valley, the upper sequence boundary is charac-
terized by an erosional unconformity marked by paleocanyons that
locally incise into underlying strata and contain sedimentary brec-
cia with blocks up to 15 m in size (Fig. 2I; Clapham and Corsetti,
2005). These paleocanyon fills are disconformably overlain by the
Stirling Fm (Fig. 3).

4.14. Inferred depositional settings

Based upon the facies associations reviewed above (also see
Supplemental S3), pre-Shuram strata in Oman are interpreted
to represent peritidal to subtidal carbonate depositional environ-
ments, and in Peru they are interpreted to broadly represent in-
ner ramp settings. In contrast, the pre-Shuram strata of Australia
and Death Valley are interpreted to record middle to outer ramp
depositional environments. In Northwest Canada, proximal loca-
tions capture inner to outer ramp sedimentation while distal loca-
tions record slope settings. The basal Shuram-bearing strata across
all these disparate regions are interpreted to record a significant
flooding event and contain evidence for deposition under storm-
dominated conditions. This transgressive event locally floods inner
ramp environments, such as those recorded in Oman and Peru,
placing most of the studied locations into middle to outer ramp or
slope settings throughout the duration of the Shuram CIE. The peak
transgression in most of these successions (referred to here as the
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Fig. 2. Photo panel of representative lithofacies from pre-, syn-, and post-Shuram CIE intervals. (A) 0.1-1 m thick intraclast tabular rudstone of the “Wearing Dolomite” marks
the base of unit 1 of the Wonoka Fm, Australia, (B) mudcracks along a bedding surface of interbedded siltstone and quartz arenite at the contact between the Nadaleen and
Gametrail formations in the Goz Creek area, Northwest Canada, (C) cross-stratified oolitic dolograinstone of the “Johnnie oolite” in the Rainstorm Member of the Johnnie Fm,
Death Valley, (D) cross-stratified silty limestone common throughout units 4-5 of the Wonoka Fm, Australia, (E) maroon and gray-weathering thin-bedded silty limestone with
partial-Bouma sequences in the lower Gametrail Fm in the Nadaleen River area of Northwest Canada, (F) pink-weathering limestone with aragonite crystal fan pseudomorphs
in the Rainstorm Member of the Johnnie Fm, Death Valley, (G) stromatolitic doloboundstone comprising bioherms in unit 11 of the Wonoka Fm, Australia, (H) karst cavity
(outlined in yellow) of granule- to cobble-sized clasts of carbonate, chert, and quartzite in a carbonate-cemented quartz sand matrix in contact with vuggy, recrystallized
dolostone of the upper Gametrail Fm in the Goz Creek area of Northwest Canada, (I) carbonate-clast breccia comprising “paleocanyon fill” at the contact between the Johnnie
and Stirling formations in Death Valley. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

maximum flooding interval) occurs roughly halfway between the
base and top of the syn-Shuram interval (Fig. 3). This maximum
flooding interval also marks a shift from the distinctly maroon-
colored beds of unit 3 in Australia (Fig. 2A), the lower Gametrail
Fm in distal locations of Northwest Canada (Fig. 2B, 3), and the
lower Shuram Fm in Oman. In contrast, post-Shuram strata in all
studied locations mark a return to shallower-water carbonate and
siliciclastic sedimentation across a prominent regressive sequence
boundary (Fig. 3).

4.2. Geochemical expression of the Shuram CIE

4.2.1. Stratigraphic trends

Pre-Shuram strata, where carbonate, are marked by positive
813C values up to +10%o, relatively positive §*4/40Ca values rang-
ing from —1.2 to —0.3%., and high Mn/Sr and low Sr/Ca ratios
(Fig. 3). In contrast, the nadir of the Shuram CIE is marked by neg-
ative §13C values down to —15%0, §*/40Ca values ranging from

—1.8 to —1%o, and high Mn/Sr and low Sr/Ca ratios (Fig. 3). The
syn-Shuram strata, roughly halfway between the nadir and ter-
mination of the excursion, contain an interval of consistent 5'3C
values (~—8 to —6%o), generally the most negative §44/49Ca val-
ues of the Shuram CIE (down to —2Y%c), low Mn/Sr ratios, and the
highest Sr/Ca ratios of the excursion (shaded interval of Fig. 3).
The transition to post-Shuram strata is accompanied by a return in
813C to >0%, 6**/49Ca of ~ —1%0, and high Mn/Ca and low Sr/Ca
ratios (Fig. 3).

As highlighted above, the interval that contains the most neg-
ative 8'3C values of the Shuram CIE nadir does not coincide with
most negative §*4/40Ca values in most locations (Fig. 3). The most
depleted §'3C values occur at the base of the Shuram, while peak
negative §44/40Ca values occur just above this interval, roughly
halfway between the nadir and recovery to 0% in strata with a
813C range of ~—8 to —6%o (shaded interval of Fig. 3). This inter-
val of low §%4/40Ca occurs within the maximum flooding interval
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Fig. 3. Representative field photographs and generalized stratigraphic data for the Shuram CIE localities. Red bars next to the stratigraphic plots indicate the observable strata
in the photograph. All locations record a significant transgression at the base of the Shuram CIE and a progressive shoaling towards a sequence boundary at the return to 0%o
in 813C (represented by the blue-colored T-R cycle). The onset of this transgression marks a sharp change in the lithofacies, with a shift from either shallower siliciclastic
or dolostone facies to deeper-water limestone at the sequence boundary. The carbonate at the base of the Shuram transgression generally contain the most negative §'3C,
higher Mn/Sr, and less negative §*4/40Ca when compared with the maximum flooding interval that coincides with maximum Sr/Ca, lower Mn/Sr, and minimum §44/40Ca
values in each of these profiles (shaded in gray). Note that the vertical scale for the Northwest Canada and Death Valley stratigraphic plots is truncated to better display the
key intervals. The Peru panel shows the lowermost carbonate interbedded with siltstone of unit SJ2 in the foreground, while the contact between carbonate-dominated and
black-shale dominated intervals is visible in the background. Geoscientist for scale outlined in yellow in the Death Valley panel.

at most locations and is associated with the highest observed Sr/Ca
values and lower Mn/Sr ratios (Fig. 3), although in NW Canada
there are similarly negative §**/40Ca values throughout the CIE un-
til its termination (Fig. 3).

4.2.2. Water depth trends

A prominent water-depth gradient exists for multiple geochem-
ical proxies in the Shuram CIE dataset (Fig. 4, 5). In general, the
samples from deeper-water slope and outer-shelf depositional en-
vironments are predominantly limestone and bear the most nega-
tive §44/40Ca and §'3C values (~—15 to —8%o) and have higher
Sr/Ca and U/Ca ratios (Fig. 4, 5). In contrast, samples from in-
ner and middle ramp environments have more positive §44/40Ca
(~—1.4 to —0.3%o) and 8'3C (~—6 to +8%0) values; these sam-
ples also have lower Sr/Ca and U/Ca ratios and are predominantly
dolostone. Although dolostone samples with coupled §26Mg and
844/40C3 data are limited (n = 111), middle ramp dolostones tend

to have more negative §44/40Ca and positive §26Mg values while
inner ramp dolostones tend to have negative 26Mg and positive
§44/40Ca values (Fig. 4C). On average, limestone samples have lower
Mn/Sr and more negative §44/40Ca, while dolostone and shallow-
water limestone samples have higher Mn/Sr and are more positive
in 544/40Ca (Fig. 4D), similar to trends from the modern Bahamas
Banks (Fig. 4E).

Binning the geochemical data by water depth further demon-
strates that deeper-water environments have more negative
§44/40Ca and §'3C values compared to shallower-water environ-
ments throughout the excursion (Fig. 6). In the Shuram nadir and
recovery, deeper-water §'3C values are also more negative than
their shallow-water equivalents (Fig. 6). This is especially appar-
ent in Northwest Canada, where inner ramp dolostones reach a
813C nadir of ~ —6%o, while slope limestones are close to —15%
(Fig. 6). Pre- and post-Shuram intervals characterized by more pos-
itive 813C values show no apparent water depth gradient (Fig. 6).
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5. Discussion
5.1. Base level change during the Shuram CIE

5.1.1. Sequence stratigraphy and estimates of base level change

At each studied location, the Shuram CIE occurs in a sin-
gle transgressive-regressive (T-R) sequence (Fig. 3). Although the
amount of flooding associated with the onset and nadir of the
Shuram CIE is difficult to quantify, it can be broadly estimated by
comparison with modern and ancient marine depth gradients. For
example, the Wonoka Fm contains evidence for a shift from slope
sedimentation (e.g., silty turbiditic limestone with flute casts and
Bouma sequences) at the base of the CIE to inner ramp deposi-
tion at its culmination (e.g., doloboundstone and cross-stratified
sandstone), while sections in Oman, Peru, and Death Valley record
shifts from outer to middle ramp depositional environments in
the nadir to inner ramp settings at the termination of the over-
lying regressive sequence (Fig. 3). In addition, the post-Shuram
subaerial exposure surface and associated paleokarst in Northwest
Canada (Fig. 2H) provides a local minimum zero water depth con-
straint at the Shuram CIE’s termination. Other locations not ex-
amined in this study also record a similar sequence stratigraphic
trend to those described herein (e.g., Grotzinger et al., 2011), with
a sequence boundary separating pre- and syn-Shuram strata ob-
served in member 3 of the Doushantuo Fm in South China and the
Nikol'skaya Fm in Siberia (e.g., Jiang et al., 2011; Melezhik et al.,
2009).

Based on the coordinated shifts in depositional environments
through the Shuram T-R sequence on these different paleoconti-
nents, we estimate relative sea level change on the order of 10s
of meters, if not perhaps 100s of meters (see below); thus, if truly
coincident this most likely reflects a eustatic signal. Importantly,
there is some variability in the observed shifts in depositional en-

vironments, sedimentary facies, and stratigraphic thicknesses be-
tween each Shuram-bearing locality, where some sites may have
accommodated >500 m of base level change (e.g., Wonoka Fm)
while others could record less than 50 m (e.g., Doushantuo Fm,
South China). This variability requires that the interpreted eustatic
signal be superimposed on regional basin subsidence histories.

5.1.2. Potential drivers of base level change

The Shuram transgression is consistent in magnitude with con-
tinental ice sheet contraction and expansion (<~200 m, rate of
20 m per thousand years (ky)), ocean basin volumetric adjust-
ment from changes in seafloor spreading rates or ocean ridge
lengths (~100-300 m, 10 m/My), and/or the emplacement of
oceanic plateaus (~0-60 m, variable rates) (Miller et al., 2005). The
transgression’s magnitude and variability are also consistent with
base level changes due to local or regional tectonic subsidence,
which can be driven by flexure, thermal, or mechanical processes
(Watts, 1982). As highlighted above, the large degree of variation
in the magnitude of base-level change between individual Shuram-
bearing locations suggests that tectonic subsidence likely played
some role in the local expression of the transgression. For example,
there is evidence that salt diapirism may have influenced Neopro-
terozoic basin evolution in Australia (Rowan et al., 2020), and there
is also evidence for active tectonism in Peru during the Shuram
CIE (Hodgin, 2020). However, given the consistent age constraints
on the Shuram CIE (Rooney et al., 2020), these local tectonic subsi-
dence histories likely do not explain what appears to be a globally
synchronous transgression.

Widespread magmatism and plate reorganization can affect
changes in mid-ocean ridge and orogen length, both of which can
drive eustatic changes (e.g., Miller et al., 2005). Widespread Edi-
acaran magmatism concurrent with the Shuram CIE is recorded
by the Central lapetus magmatic province (e.g., Youbi et al., 2020,
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and references therein) and ca. 577-553 Ma rifting of the lape-
tus margin of Laurentia (e.g., Aleinikoff et al., 1995; Tanczyk et
al., 1987; van Staal et al., 2013). Similar age Ediacaran rifting and
localized magmatism also occurred on the Cordilleran margin of
Laurentia (e.g., Colpron et al., 2002). These rift-related events also
broadly coincide with the West Gondwana orogeny (e.g., Caxito
et al,, 2021). Significant increases in mid-ocean ridge and orogen
lengths during middle-late Ediacaran plate reorganizations could
provide a viable mechanism that satisfies both the magnitude of
the Shuram transgression and current estimates for the ca. 6-7 My
duration of the CIE (Rooney et al., 2020). Similar plate-scale tec-
tonic processes have also been invoked for global transgressions
which occurred during the reorganization of the Pacific (ca. 100
Ma) and Atlantic (ca. 200-190 Ma) oceans (Heller and Angevine,
1985; Kominz, 1984; Miiller et al., 2008).

5.2. Geochemical trends

5.2.1. Influence of diagenesis

All the geochemical proxies display variability that is strongly
partitioned by water depth across the Shuram CIE (Figs. 4-6).
Diagenetic studies on modern and ancient carbonate rocks us-
ing §%*¥/40Ca and §%5Mg isotopes, in conjunction with geochemi-
cal modeling, have shown that the extent of carbonate diagenesis
during neomorphism, dissolution and reprecipitation, or dolomiti-
zation can be characterized as being buffered with respect to the
surrounding rock (sediment-buffered) or seawater (fluid-buffered)
(Ahm et al., 2018; Higgins et al., 2018). Thus, the Shuram CIE
trends may represent a range of diagenetic conditions between
fluid- and sediment-buffered end-members (e.g., Ahm et al., 2018).
Calcium isotopes, Sr/Ca, and U/Ca ratios can distinguish between
these diagenetic end-members because calcium isotope fractiona-
tion and Sr and U partitioning are controlled by mineralogy and
precipitation rate (DeCarlo et al., 2015; Gussone et al., 2005). In
particular, primary aragonite and calcite are more depleted in *4Ca
(i.e., more negative §44/49Ca values) and enriched in Sr and U rel-
ative to diagenetic calcite and dolomite, which have lower Sr and
U and more positive §*4/40Ca values that approach pore fluid com-
positions, with fractionations of ~0% at equilibrium (Fantle and
DePaolo, 2007).

The shallow-water limestone and dolostone deposited dur-
ing the pre- and post-Shuram CIE intervals with more positive
§44/40Ca, and low Sr/Ca and U/Ca ratios likely experienced more
fluid-buffered diagenesis during dolomitization of an aragonite
precursor and have §'3C compositions strongly influenced by the
altering fluid(s) (Fig. 4, 5). Specifically, their more positive §13C
and §44/%0Ca values could reflect alteration towards seawater val-
ues which today are ~0%o in §44/40Ca and ~0% in §'3C (Fig. 5). In
contrast, the deeper-water limestone deposited during the Shuram
transgression, which are characterized by more negative §44/40Ca
and high Sr/Ca and U/Ca ratios, likely experienced sediment-
buffered diagenesis during neomorphism from aragonite to cal-
cite, as the Sr/Ca and U/Ca values approach aragonite compositions
from modern shallow marine sediment, coral skeletons, and labo-
ratory experiments (Figs. 3-5; Ahm et al., 2018; Banner, 1995; De-
Carlo et al., 2015; Higgins et al., 2018). As such, the geochemistry
of these sediment-buffered rocks would remain close to their pri-
mary composition with respect to diagenesis-resistant proxies like
813C. The differences in Sr/Ca and §44/40Ca between fluid-buffered
shallow dolostones and sediment-buffered slope limestones are
also consistent with data from the modern Bahamas Banks that
show similar trends between platform dolostones and slope lime-
stones (Fig. 4B; Higgins et al., 2018).
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5.2.2. Reworking of platform carbonate during initial flooding

Some of the most negative §!3C values that comprise the Shu-
ram nadir at the base of the T-R sequence have more positive
§44/40C3 values (ranging ~ — 0.6%o to —1.5%0), which could sug-
gest they are fluid-buffered despite being deposited in a deep-
water setting (Fig. 3, 5; Ahm et al.,, 2018). However, a simple fluid-
buffered interpretation for these deeper-water limestones with
more positive §44/40Ca is difficult to reconcile with their interpre-
tation as slope and outer ramp carbonates deposited at the base
of a transgression without any clear field or petrographic evidence
for significant fluid flow (Fig. 3). These data can instead be ex-
plained through reworking of platform carbonate that underwent
early fluid-buffered neomorphism from aragonite to calcite in the
same '3C-depleted fluid from which it precipitated, prior to trans-
port to the slope (Fig. 5, 7). Once transported from the platform
to the slope, the fluid-buffered calcite would likely preserve these
early diagenetic values with more positive §44/40Ca (~ —0.5%0) and
depleted 8'3C values (~ —11%y).

Alternatively, if these carbonates originally were primary cal-
cite, which is ~0.5%¢ more positive in §*4/40Ca and has lower Sr
and U than primary aragonite precipitating from the same fluid
(Gussone et al,, 2005), then this stratigraphic interval could be in-
terpreted as being sediment-buffered (Husson et al., 2015a). In this
scenario, the shifts in §44/40Ca between the nadir and syn-Shuram
intervals could represent a shift in primary mineralogy from calcite
to aragonite, rather than a shift from fluid- to sediment-buffered
diagenetic conditions (Fig. 3; Husson et al., 2015a). Bergmann et al.
(2018) suggested that the Nafun Group of the Huqf desert, includ-
ing the Khufai, Shuram, and Buah formations, did not experience
fluid-buffered diagenesis or peak temperatures able to drive solid
state reordering, consistent with the more positive §44/49Ca val-
ues from the nadir interval in Oman reflecting a primary calcite
mineralogy. However, samples from NW Canada have consistently
negative §*4/40Ca values (~—1.7%o) throughout the CIE (Fig. 3, 7)
and thus lack evidence for a shift in primary mineralogy between
the beginning and end of the excursion.

5.3. Calcium and carbon isotope mass balance

Interpretations of C and Ca isotopes that invoke changes to the
global marine reservoirs of these major elements must consider
both local effects and global isotopic mass balance (i.e., inputs =
outputs at steady state). Here, we emphasize these requirements
for interpreting C and Ca isotope systems in the context of pre-
serving mass balance, while also highlighting the potential for
non-steady state behavior within local systems not representative
of global reservoirs.

5.3.1. Requirements for a global perturbation to Ca and C oceanic
reservoirs

The global Ca cycle is comprised of inputs from riverine and
hydrothermal sources (§44/40Ca = ~ —0.96% equal to bulk silicate
Earth, BSE) that are balanced by a single sink - calcium carbonate
burial (Fantle and Tipper, 2014). Any point-by-point synchronous
interpretation of marine §*4/40Ca data therefore requires that av-
erage carbonate outputs be equal to BSE on timescales longer than
the residence time of Ca in the oceans (ca. 1 My; Bldttler and Hig-
gins, 2017; Sarmiento and Gruber, 2006). If the measured §44/40Ca
values are assumed to represent average carbonate output and
are measured from correlative strata, it becomes difficult to rec-
oncile the observed large changes in §*4/40Ca during the Shuram
CIE with the requirement of Ca isotope mass balance given that
it apparently occurred over >1 My (ca. 6-7 My; Rooney et al,,
2020). Because the Ca isotope system responds quickly to changes
in input/output fluxes due to the dependence of both calcium car-
bonate precipitation and dissolution on the carbonate saturation
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state (Komar and Zeebe, 2016), even on sub-My timescales there
should be an approximate balance between the Ca isotopic compo-
sition of weathering sources (BSE, ~ —0.96%o; Blittler and Higgins,
2017; Skulan et al., 1997) and carbonate sinks.

The canonical carbon cycle steady state model is that volcanic
inputs of CO, (~—5%0) are balanced by two sinks, calcium car-
bonate precipitation (813C = ~+1%0) and organic C burial (§13C
= ~—29%) (e.g., Kump and Arthur, 1999). A §13C excursion of the
magnitude observed (up to ~25%o) occurring over an estimated
duration of ca. 6-7 My (Rooney et al., 2020) is difficult to reconcile
in terms of C isotope mass balance in this simple model. Injec-
tions of isotopically negative C (e.g., from methane release) drive
transient negative excursions of varying magnitudes that generally
last less than 1 My (e.g., Kump and Arthur, 1999). This model for
813C excursions underscores the difficulty of maintaining a global
DIC reservoir with values less than the mantle input (~—5Y%)
for much longer than the residence time of C in the oceans (ca.
0.1 My).

5.3.2. Shuram CIE as a local phenomenon

One possibility for reconciling Ca and C isotope mass balance
with the large changes observed in §*4/40Ca and §'3C data from
the Shuram CIE is that the disparate continental margins exam-

uctivity and coupled isotope reservoir effects maintain local §'3Cpyc at highly negative

ined herein were disconnected from average global marine DIC
during the excursion (Fig. 7). This is also possible if the succes-
sions with the Shuram CIEs are not precisely synchronous in tim-
ing or duration, even though they occur within the same ~6-7 My
window of geologic time. Indeed, many of the localities with the
Shuram CIE remain undated (Rooney et al., 2020). Alternatively,
the Shuram-bearing strata could be synchronous but not reflec-
tive of the average §44/49Ca values of buried carbonate minerals.
In this case, another carbonate sink enriched in #*Ca and '3C must
exist to compensate for the low §%¥/40Ca and §'3C values gener-
ally associated with the CIE. One possibility is that, in addition to
strata recording the Shuram CIE, there are also coeval carbonate
sediments that have undergone fluid-buffered alteration by sea-
water and do not contain the characteristic negative §'3C values
(similar to what has been discussed for the Trezona CIE; Ahm et
al,, 2021). The observed depth dependence of §44/4°Ca and §'3C
(Fig. 4-6) supports this scenario, where the more fluid-buffered
successions contain smaller CIEs. Other possibilities for sinks with
more positive §44/40Ca include authigenic carbonate (Blittler et al.,
2015) and carbonate veins in oceanic crust, which generally have
§44/40C3 values higher than BSE (Blittler and Higgins, 2017).
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5.4. Potential drivers of the Shuram CIE

Recent studies have highlighted how Neoproterozoic sea level
fluctuations may have influenced the expression of various CIEs
through altering the diagenetic conditions experienced by shallow
water carbonate rocks (Ahm et al., 2021; Bold et al., 2020; Hoffman
and Lamothe, 2019). We now explore several proposed drivers for
the Shuram CIE that are linked with eustatic fluctuations and rec-
oncile them with the new geochemical data presented herein. We
emphasize that these explanations need not be, and likely are not,
mutually exclusive.

5.4.1. Diagenesis and authigenesis

Numerous studies have proposed that the Shuram CIE may not
be representative of global seawater DIC and instead represents
post-depositional alteration during meteoric (Knauth and Kennedy,
2009) or burial diagenesis (Derry, 2010). Other studies have pro-
posed the excursion is caused by widespread early marine dia-
genesis associated with the precipitation of authigenic carbonate
that became incorporated into Shuram CIE successions (Laakso and
Schrag, 2020; Macdonald et al., 2013; Schrag et al., 2013).

Meteoric diagenesis as a driver for the excursion is inconsis-
tent with the sedimentological, geochemical, and stratigraphic data
presented herein that indicate the base of the excursion is associ-
ated with significant flooding of all examined carbonate margins
(Fig. 3). Most of the deep-water limestones deposited at the base
of the transgression, which have the most negative §'3C values,
are also interpreted here to be sediment-buffered after deposition
(Fig. 5), which is the opposite of what would be expected if mete-
oric diagenesis was indeed the driver for the Shuram CIE. Although
there is evidence for subaerial exposure and fluid-buffered diagen-
esis at the upper sequence boundary of the Shuram T-R sequence
(Fig. 2H, 3), the available geochemical data indicate that meteoric
fluids did not infiltrate deep enough to influence the syn-Shuram
rocks deposited at the base of the transgression, nor did they al-
ter the local host dolostones to the extent that they no longer bear
the negative §13C values of the CIE (Fig. 4, 5).

Burial diagenesis as a driver for the Shuram CIE is inconsistent
with isotope conglomerate tests performed on the Wonoka Forma-
tion in Australia (Husson et al., 2015b) and with the geochemical
data presented herein (low §*4/4°Ca values and high Sr/Ca ratios,
Fig. 4). The isotope conglomerate tests indicate that very negative
bulk §'3C and §'80 values were acquired in Wonoka carbonates
before erosion and re-deposition into penecontemporaneous brec-
cia deposits present at some localities and could not have been
developed as a result of late-stage burial diagenesis (Husson et al.,
2012). Burial diagenesis is also not consistent with the regional N-
S isotopic pattern that follows the transgression preserved in the
Johnnie Fm of Death Valley (Bergmann et al., 2011).

Classically employed sampling protocols may actively bias
against textures indicative of authigenic carbonate, but extensive
petrographic examination of the samples included in this compi-
lation identified no significant authigenic phases approaching the
proposed ~45% portion of all precipitated carbonate required to
drive the Shuram CIE (Laakso and Schrag, 2020). We also did not
identify any positive §'3C outlier values from within the Shuram
CIE. Although SIMS analyses of samples from the Shuram nadir in
Australia found an authigenic dolomite phase with more positive
813C values (~—5 to +6%o), point counts of these same samples
suggested these phases were an insignificant component of the
bulk carbonate (between 3% and 20%; Husson et al., 2020). In addi-
tion, the carbonate samples measured here with the most negative
813C values comprise outer shelf and slope deposits dominated by
suspension deposition of detrital carbonate, with no evidence for
void-filling or porosity-occluding cements, seafloor precipitates, or
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secondary nodules which would potentially comprise the hypothe-
sized deep-water authigenic carbonate sink (Fig. 2D-F).

There is no obvious prediction for authigenic carbonate pro-
duction as it relates to base level fluctuations, but condensed
sedimentary horizons, which often concentrate phosphatic, ferro-
manganese, and carbonate authigenic minerals, commonly occur
at the base of the transgressive sequences or at the interval of
maximum flooding (e.g., F6llmi, 2016). This would suggest that the
rocks at the base of the Shuram excursion flooding sequence would
be subject to the largest amount of condensation; however, these
strata notably lack characteristic authigenic textures common in
condensed horizons. This could indicate that carbonate production
and accumulation rates were sufficiently high during the Shuram
transgression to preclude significant condensation and authigene-
sis.

5.4.2. Linked global transgression and local changes to DIC

Global marine transgressions can influence the distribution of
shallow carbonate environments in profound ways. In the case of
shallow-gradient carbonate ramps, which fit the platform architec-
ture for most locations considered herein (Fig. 6), it is expected
that a large transgression would have significantly expanded car-
bonate inner to middle ramp sedimentation. Shallow-water ma-
rine environments are generally conducive to enhanced evapora-
tion and associated carbonate precipitation, and during periods
of marine evaporation (and photosynthetic primary productivity),
isotope reservoir effects in partially restricted water masses can
drive local DIC to extreme depleted (Lazar and Erez, 1990) or en-
riched (Stiller et al., 1985) compositions. Photosynthetic drawdown
in these restricted water mass systems may drive atmospheric CO;
invasion, leading to large fractionations in 813Cpic (up to —14%)
(Lazar and Erez, 1990), although this process is associated with no-
table declines in carbonate saturation state.

We suggest that a global transgression paired with enhanced
evaporation and shallow-water primary productivity may have cre-
ated an ideal scenario in which newly flooded carbonate ramps
and platforms were disconnected from open marine DIC and sub-
ject to carbonate isotopic reservoir effects (Fig. 7). This scenario
would be capable of driving local ramp or platformal DIC to ex-
tremely depleted values that could be captured in rapidly accu-
mulating shallow-water carbonates (and redeposited deeper-water
sediments) without requiring unrealistic changes to the global car-
bon cycle. Temporary oceanographic disconnection of shallow wa-
ter masses from the global oceans is consistent with the observed
aged water masses and variable carbonate isotopic compositions
observed on the modern Bahama Bank (Geyman and Maloof, 2019,
and references therein). In addition, high rates of Ediacaran pri-
mary productivity (e.g., Gao et al., 2020), which could be reflected
in the highly positive §13C background state of Ediacaran carbon-
ates (e.g., Ahm et al., 2021; Halverson et al., 2010; Kaufman et
al,, 1997), may have provided the local reductants to facilitate this
type of scenario without the need to invoke intense evaporative
conditions such as those seen in modern CO, invasion scenarios
(e.g., Lazar and Erez, 1990). In fact, there are no recorded evap-
orites in the Shuram-bearing strata examined herein (see Cui et
al. (2021) for a recent compilation of sulfate minerals through the
Shuram CIE), and there is no reason to believe that local ramp or
platformal restriction and evaporation was significant enough to
initiate the precipitation of evaporites beyond carbonate minerals.

This scenario has specific predictions for the fractionation im-
parted on carbon by photosynthesis in shallow-water Ediacaran
environments. If local pre-excursion positive §'3Cpic was main-
tained through diurnal cycling of organic matter (Geyman and
Maloof, 2019), such that primary producers were not CO,-limited,
there would likely have been a larger fractionation between DIC
and organic carbon (Popp et al., 1998). In contrast, the drawdown
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of surface water DIC during the CIE by intense photosynthesis
would result in a smaller fractionation due to the lower concentra-
tion of CO, (Popp et al., 1998). §13Corg data from Oman and South
China support this scenario, with reported decreases in A3C of
~15%0 associated with the downturn and nadir of the Shuram CIE
(Lee et al., 2013; McFadden et al., 2008).

Elevated ramp or platformal evaporative conditions in shal-
low water settings during the Shuram CIE could have resulted
in the widespread nucleation of carbonate (and elevated precip-
itation rates); this, in turn, may have facilitated disequilibrium
between these shallow water masses and marine DIC through
the associated rapid accumulation rates (Fig. 7, panel 3). The
predominance of fine-grained carbonate mud in Shuram-bearing
siliciclastic-dominated successions could reflect the onset of these
types of nucleation-dominated conditions (e.g., Strauss and Tosca,
2020). Indeed, the rapid precipitation of carbonate during the Shu-
ram CIE could be manifest in the §4%/40Ca and trace elemental
data presented herein, which are also precipitation rate dependent:
higher precipitation rates commonly lead to lower §44/40Ca, higher
Sr/Ca, and lower Mn/Ca (Tang et al., 2008).

It is notable that other extreme Neoproterozoic CIEs are in-
terpreted as occurring during similar order marine transgressions,
such as the Bitter Springs (Halverson et al., 2007), Russeya/ls-
lay (Halverson et al., 2018; Strauss et al., 2015), Taishir (Lau et
al., 2017), and Trezona CIEs (Ahm et al., 2021). This highlights
a common, yet entirely non-unique, physical forcing mechanism
that may be at the core of Neoproterozoic carbonate carbon iso-
topic volatility. Whether the scenario described above is applicable
to these CIEs or Neoproterozoic carbonate platform systems more
broadly remains to be tested, as does navigating the apparent con-
tradiction of rapid CO, invasion and the associated decrease in
carbonate saturation states (e.g., Lazar and Erez, 1990).

6. Conclusions

We present a new compilation of stratigraphic and geochem-
ical data from the Shuram CIE that further demonstrates the
isotopic excursion is a globally synchronous primary seawater
phenomenon but not representative of average global DIC. De-
spite occurring within a range of different depositional envi-
ronments across multiple paleocontinents, our results indicate
the excursion is recorded in a prominent marine flooding event
and is largest in deeper-water locations where diagenesis is pre-
dominantly sediment-buffered, while the excursion is smaller in
shallower-water sections with indications of more fluid-buffered
diagenesis. These observations can be reconciled if the full mag-
nitude of the CIE is largely a shallow-water phenomenon that is
preferentially preserved in deep-water successions because of the
better preservation potential. The evidence presented here agrees
with previous studies that argue against meteoric and burial di-
agenesis as drivers for this excursion. We propose that carbonate
margins around the world had a similar response to this global
transgression but that current mass balance considerations suggest
the recorded §'3C and §%4/%0Ca isotopic values do not represent
global oceanic reservoirs for these elements. Instead, the Shuram
transgression may have primed shallow marine environments for
enhanced productivity and/or evaporation capable of driving local
isotope reservoir effects in rapidly accumulating carbonate succes-
sions.
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