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The rise of animals occurred during an interval of Earth history that
witnessed dynamic marine redox conditions, potentially rapid plate
motions, and uniquely large perturbations to global biogeochemical
cycles. The largest of these perturbations, the Shuram carbon
isotope excursion, has been invoked as a driving mechanism for
Ediacaran environmental change, possibly linked with evolutionary
innovation or extinction. However, there are a number of contro-
versies surrounding the Shuram, including its timing, duration, and
role in the concomitant biological and biogeochemical upheavals.
Here we present radioisotopic dates bracketing the Shuram on two
separate paleocontinents; our results are consistent with a global
and synchronous event between 574.0 + 4.7 and 567.3 + 3.0 Ma.
These dates support the interpretation that the Shuram is a primary
and synchronous event postdating the Gaskiers glaciation. In addi-
tion, our Re-Os ages suggest that the appearance of Ediacaran mac-
rofossils in northwestern Canada is identical, within uncertainty, to
similar macrofossils from the Conception Group of Newfoundland,
highlighting the coeval appearance of macroscopic metazoans
across two paleocontinents. Our temporal framework for the termi-
nal Proterozoic is a critical step for testing hypotheses related to
extreme carbon isotope excursions and their role in the evolution
of complex life.

Neoproterozoic | Shuram | Re-Os geochronology | Ediacaran | carbon
isotopes

In addition to recording the radiation of animals (1), extreme
climate events (2), oscillating global redox conditions (3-5),
and geomagnetic instability that could be linked to rapid plate
motion (6, 7), Neoproterozoic rocks host Earth’s most negative
carbon isotope excursions (CIEs) (8). These CIEs have been
interpreted to record perturbations to the global carbon cycle of
a magnitude unlike any recorded before or since (9). The largest
among them, the Shuram CIE is globally represented by an
abrupt ~17%o drop from enriched carbonate carbon isotope
(613Cmb) values to highly depleted values of —12%o, before
slowly recovering to a less enriched background state (10)
(Fig. 1). Despite being recorded across more than six paleo-
continents and a variety of depositional settings, the Shuram CIE
has remained one of the most enigmatic geochemical events of
the Proterozoic Eon, with three key controversies surrounding
this event: 1) its onset and duration (11, 12); 2) its primary or
diagenetic origin (13-15); and 3) its temporal proximity and
causal relationship to marine redox fluctuations, glaciation, and
the evolution and/or extinction of the Ediacaran biota (16-20).

Statistical analyses indicate that Ediacaran macrofossils can be
assigned into three distinct recurrent taxonomic associations, termed
assemblages, that may reflect successive episodes of biotic turnover (23,
24). The rise and fall of Ediacaran assemblages is not well constrained
geochronologically, and the apparent appearances and disappearances
of these assemblages may also be subject to potential paleoenvir-
onmental biases. The earliest Avalon assemblage, which consists almost
exclusively of fossils preserved in marine slope and basinal depositional
environments, is dominated by large fractal organisms (termed fronds)
and possible sponges and cnidarians (25). The younger, more diverse
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White Sea assemblage includes more complex and mobile taxa such as
Dickinsonia and the bilaterian Kimberella and largely occurs in marine
subtidal to intertidal shelf settings (26). Finally, the terminal Ediacaran
Nama assemblage is highly depauperate and dominated by early bilat-
erian trace fossils, tubiculous fauna, and the earliest biomineralizing
animals, all of which occur in a variety of shallow-marine carbonate and
siliciclastic environments (27). Although these assemblages appear to
hold up across Ediacaran paleocontinents, the fundamental lack of
Ediacaran geochronological constraints has precluded linking biotic
turnover to key tectonic or biogeochemical perturbations, such as the
Shuram CIE (28, 29).

In the absence of a reliable chronology, two age models for the
Shuram CIE and its relationship to Ediacaran geoevents and bio-
events have emerged (28). Both presume the termination occurs
circa 550 Ma, an assumption informed by an ash dated to 551.1 + 0.7
Ma above the Shuram CIE in the Doushantuo Formation of South
China (30), and which puts the CIE in association with a purported
extinction of the White Sea assemblage (18, 19). Critically, however,
these models differ in placing the onset of the Shuram CIE at circa
580 Ma (thus potentially linked with the Gaskiers glaciation; ref. 17)
versus circa 560 Ma. As a result, estimates for the duration of the
excursion range from <10 to ~30 My, highlighting an ambiguity in
current Ediacaran chronologies that makes it impossible to confi-
dently link the Shuram CIE to global biogeochemical cycles or the
radiation or extinction of soft-bodied Ediacaran fossils.

Significance

Our understanding of the interactions between animal evolu-
tion, biogeochemical cycling, and global tectonics during the
Ediacaran Period (635 to 541 Ma) is severely hampered by lack
of a robust temporal framework. The appearance and extinc-
tion of the earliest fossil animals are hypothesized to correlate
with upheavals in biogeochemical cycles—foremost the
Shuram carbon isotope excursion, possibly the largest known
disturbance to the global carbon cycle. However, without age
constraints on the excursion’s timing and duration, its driving
mechanisms, global synchroneity, and role in Ediacaran geo-
biological evolution cannot be evaluated. We provide radio-
isotopic ages for the onset and termination of the Shuram,
evaluate its global synchroneity, and show that it is divorced
from the rise of the earliest preserved animal ecosystems.
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Fig. 1.

Simplified stratigraphy and chemostratigraphy of Ediacaran sedimentary rocks in northwestern Canada and Oman. Sampled horizons indicated with

stars and compilation of carbon isotope data are in S/ Appendix, Table S1. Previously published geochronological constraints are from U-Pb zircon ages on ash
beds (21) and Re-Os ages on organic-rich sedimentary rocks (22). Fm, Formation.

Developing a high-resolution chronology for the Shuram CIE has
proven difficult as Ediacaran fossil assemblages only have broad
assemblage-scale biostratigraphic utility and previous radioisotopi-
cally dated horizons only have provided loose constraints on the
Shuram CIE’s termination (21, 30). Moreover, chemostratigraphic
correlations of well-dated fossiliferous Ediacaran successions, such
as the Conception Group of Newfoundland (17) or the Charnian
Supergroup of the United Kingdom (31), are not possible due to the
paucity of carbonate sedimentation in those basins. Here, we present
a high-resolution chronology for the Shuram CIE with five rhenium-
osmium (Re-Os) dates from mixed carbonate and siliciclastic sedi-
mentary rocks bracketing the excursion on two different paleo-
continents (Figs. 1 and 2). To develop this age model, we collected
organic-rich shale and calcareous mudstone samples from the
Ediacaran Nafun Group of Oman and the Rackla Group of Yukon,
Canada, respectively (Fig. 1 and SI Appendix, Figs. S1 and S2). These
dates provide critical insights into the timing and tempo of biological
innovations and environmental upheavals during the terminal
Proterozoic.

Geological Setting of the Nafun (Oman) and Rackla (Canada)
Groups

The Ediacaran Nafun Group of Oman is exposed in the central Huqf
Desert and northern Oman in the Al Hajar Mountains, and penetrated
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by multiple drill cores in the South Oman Salt Basin and Huqf-
Haushi High areas (SI Appendix, Fig. S1). In the subsurface and in
outcrops of the Hugf Desert, the Nafun Group has not undergone
significant metamorphism or deformation, and its sedimentology,
stratigraphy, and geochemistry has been extensively studied (32-39).
Radioisotopic constraints on the Nafun Group are limited to mini-
mum depositional ages derived from detrital zircons (21, 40), al-
though extensive dating of volcaniclastic and ash units in the
overlying Ara Group and Fara Formation have yielded latest Edia-
caran ages (21).

The Khufai Formation of the Nafun Group is predominantly
carbonate and lies stratigraphically above a Cryogenian (circa 635
Ma) Marinoan diamictite and cap carbonate succession. The onset
of the Shuram CIE is captured in the uppermost Khufai Formation
(32). The transition to the overlying eponymous Shuram Formation
is marked by a sharp shift to siltstone with occasional interbedded
limestone, which increases in abundance moving up-section (32, 37,
38). These interbedded limestone strata record the nadir of the
Shuram CIE and its subsequent shift to less negative 813Cam, values;
full recovery occurs in the overlying carbonate-rich Buah Formation
(81 Appendix, Fig. S2 and Table S1). In deep-water sections, like those
sampled for this study, a thick silicyte (rock containing >90% cryp-
tocrystalline silica) occurs in the upper Buah Formation (41). An
unconformity between the Buah Formation and overlying carbonate
and evaporite of the Ara Group is often seen in the subsurface; in the
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Fig. 2. Re-Os isochron diagrams for dated horizons. (A) Well L: Khufai Formation, Oman. (B) Well M: Buah Formation, Oman. (C) J1719: Nadaleen Formation,
Wernecke Mountains, Yukon. (D) J1443: Nadaleen Formation, Wernecke Mountains, Yukon. (E) A1707: unit PH4, Ogilvie Mountains, Yukon. All isotopic
composition and elemental abundance data are presented in S/ Appendix, Table S2.

Oman Mountains, the Buah is overlain by volcaniclastic strata of the
Fara Formation (39, 42, 43). Fossils of Ediacaran biota are not known
from any Nafun Group strata, but Cloudina and Namacalathus are
reported in Ara Group drill core (44). Two cores, Well L and Well M,
drilled by Petroleum Development Oman in the last decade, sample
the deepest water environments of the South Oman Salt Basin (S/
Appendix, Fig. S1). The stratigraphic position of samples from Wells L
and M are shown within the context of Thamoud-6, a deep-water well
that has been described previously (10, 34, 37, 39, 44) (SI Appendix,
Figs. S1 and S2).

The Rackla Group is exposed throughout the Mackenzie, Wer-
necke, and Ogilvie Mountains of Yukon and Northwest Territories,
Canada (45) (Fig. 1 and SI Appendix, Fig. S3). Rackla Group strata in
the Wernecke and Mackenzie Mountains overlie a circa 635 Ma
Marinoan glacial-cap carbonate succession and begin with the
Sheepbed Formation, the base of which is dated to 632.1 + 5.9 Ma
(22). The Sheepbed Formation is overlain by mixed carbonate and
siliciclastic strata of the Nadaleen Formation (45) (previously termed
“June beds” in ref. 29), which hosts Avalon assemblage Ediacaran
macrofossils, including the discoid fossils Aspidella and Hiemolora, the
erniettomorph Namalia, and various rangeomorphs (46). The
Nadaleen has highly enriched 8'°Cg,y, values up to +9%o (Fig. 1).
The overlying carbonate-dominated Gametrail Formation hosts an
abrupt drop in 8'3C_arp values as low as —13%o within the nadir of the
Shuram CIE (29, 45), before recovering to values around 0 to +2 near
the contact with the overlying Blueflower Formation. The Blueflower
contains a diverse assemblage of trace fossils, rangeomorphs, tubular
and discoid fossils, and a putative dickinsoniid (47). These strata are
followed by the terminal Ediacaran carbonate-dominated Algae and
Risky formations, which are both unconformably overlain by lower-
most Cambrian strata of the Narchilla and Ingta formations, re-
spectively, which host small shelly and diverse trace fossil assemblages
(29, 45).

Ediacaran strata of the Ogilvie Mountains (Rackla Group) comprise
a series of informal map units labeled PH3 and PH4 (29, 48, 49) (S/
Appendix, Fig. S3). Unit PH3 consists predominantly of black shale that
directly overlies an unnamed Cryogenian glacial deposit and cap
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carbonate pair belonging to the circa 635-Ma Marinoan glaciation (29).
This is succeeded by the Shuram CIE-bearing unit PH4, which records
an abrupt shift to highly depleted 8'>Ce,;, values down to —9%o (45) (ST
Appendix, Table S1). A concretionary limestone unit at the top of unit
PH4 has been loosely correlated with the Blueflower Formation and
records a return to enriched 8'C,y, values of 0 to +2%o (SI Appendix,
Fig. S3). Units PH3 and PH4 are truncated by an angular unconformity
beneath informal unit PH5, which is composed of siltstone and sand-
stone that contain diagnostic early-middle Cambrian trace fossils (48).

Re-0s Geochronology

Two samples of organic-rich shale of the Khufai and Buah forma-
tions were retrieved from Well L and Well M of the South Oman
Salt Basin for Re-Os geochronology (Fig. 1; SI Appendix, Fig. S1;
and Materials and Methods). Samples from Well L of the basal
Khufai Formation were deposited prior to the onset of the Shuram
CIE and yield a Re-Os depositional age of 578.2 + 5.9 Ma (26,n =7,
mean square of weighted deviates [MSWD] = 0.97 [all isochrons
generated in this study are model 1, and total uncertainties include
the uncertainty in the '8’Re constant, A; ref. 50]), with an initial
18705/'880s (Osi) value of 1.15 + 0.05 (Fig. 24 and SI Appendix,
Table S2). Buah Formation samples from Well M, which record the
post-Shuram recovery to positive 613CC3,b values, yield a depositional
age of 562.7 + 3.8 Ma (20, n = 7, MSWD = 1.40) with an Osi value of
0.68 + 0.01 (Fig. 2B).

Three samples from black calcareous mudstone horizons in the
Rackla Group were sampled for Re-Os geochronology in order to
bracket the Shuram CIE in northwestern Canada (Figs. 1 and 2 and
SI Appendix). Sample J1719 of the upper Nadaleen Formation in the
Wernecke Mountains yields a pre-Shuram Re-Os depositional age of
574.0 = 47 Ma (26, n = 8, MSWD = (.75) with an Osi value of
0.60 + 0.01 (Fig. 2C), and sample J1443 of the upper Nadaleen
Formation yields a similar depositional age of 575.0 + 5.1 Ma (2o,
n =5, MSWD = 1.20) with an Osi value of 0.60 + 0.01 (Fig. 2D).
Above the Shuram CIE, sample A1707 from map unit PH4 in
the Ogilvie Mountains yields a post-Shuram depositional age of
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567.3 £ 3.0 Ma (20, n = 6, MSWD = 0.81) with an Osi value of
0.61 + 0.04 (Fig. 2E).

Onset, Duration, and Synchroneity of the Shuram CIE
Excursion

The geochronological data presented here yield consistent and
overlapping age constraints for the onset and termination of the
Shuram CIE on separate paleocontinents. In Oman, onset of the
excursion occurred after 578.2 + 5.9 Ma, with termination by 562.7 +
3.8 Ma; the excursion’s duration in Oman is thus constrained to be
less than 15.5 + 7.0 My (Fig. 3). In northwestern Canada, the ex-
cursion is constrained to have lasted no more than 6.7 + 5.6 My,
beginning after 574.0 + 4.7 Ma and ending by 567.3 + 3.0 Ma (Fig. 3
and ST Appendix, Tables S1 and S3). A recent study of siliciclastic-
hosted 8'Cgup data from fossiliferous strata in the Conception
Group of Newfoundland noted an isotopic trend, potentially cor-
relative with the Shuram CIE (51), that is temporally constrained
between 574.17 + 0.66 and 562.5 + 1.1 Ma (17, 51, 52). These dates
are compatible with those from Oman and northwestern Canada,
and if this isotopic trend is correlative with the Shuram CIE, these
data suggest a duration in Newfoundland of less than 11.7 + 1.3 My
(Fig. 3). Critically, the Re-Os dates from northwestern Canada and
Oman demonstrate that the Shuram CIE is recorded in coeval strata on
multiple paleocontinents within analytical uncertainty, consistent with a
global and synchronous event. These constraints also permit in-
terpretation of the Shuram CIE as a series of short and asynchronous
events in separate basins in this time window. However, the Shuram
CIE—which exhibits remarkable consistency in its expression across
multiple successions (9)—is more parsimoniously interpreted as a single
isochronous event. The congruence of ages from multiple paleo-
continents also suggests an accuracy for the mean ages that is greater
than the strict uncertainty derived for individual ages. Interpretation of
the Shuram CIE as a synchronous event indicates that the excursion
occurred in all locations after 574.0 + 4.7 Ma. This temporal framework
indicates the Shuram CIE is at least 5.2 + 4.8 My younger than the
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Gaskiers deglaciation (17), severing a potential mechanistic link to the
immediate aftermath of glaciation as a driver for the excursion (Fig. 3).

Toward Calibration of the Ediacaran Period

The dates presented herein have important implications for the
appearance of macroscopic eukaryotes in the fossil record of north-
western Canada and globally (Fig. 4). A recently dated ash in the Drook
Formation of Newfoundland ~25 m above the first appearance of ive-
sheadiomorphs and frondose fossils constrains the appearance of the
Ediacaran biota to >574.17 + 0.66 Ma (52) (Fig. 4). The 574.0 + 4.7 Ma
Re-Os date from the Nadaleen Formation is identical, within un-
certainty, suggesting these organisms were globally distributed and likely
appeared before the Shuram CIE based on their stratigraphic distribu-
tion in northwestern Canada (Fig. 4). It has been proposed that Avalon
taxa originally evolved in deep-water habitats as a physiological refuge
(53); the significance of this synchronous first appearance datum in
northwestern Canada and Newfoundland remains unclear, but it is at
least consistent with the hypothesis that deep-water slope environments
on different continental margins harbored early macroscopic life.

Calibration of the Shuram CIE also unexpectedly divorces the
stratigraphic and/or evolutionary appearance and disappearance of
the Ediacara biota from previously hypothesized environmental driv-
ers (16, 18). Based on the available data, the Avalon assemblage ap-
pears after the Gaskiers glaciation but before the onset of the Shuram
CIE and associated marine oxygenation (Figs. 3 and 4 and SI Ap-
pendix). The geochronological data reported herein support a revised
age model for Member IV of the Doushantuo Formation of South
China, now assigning Member IV (which records the termination of
the Shuram CIE) an age of circa 565 Ma (30). This means that
modeled estimates of the areal extent of global seafloor euxinia de-
rived from 8°*Mo data in Doushantuo Member IV euxinic shale and
5?*8U data from uppermost Doushantuo Member III carbonates (54)
are older than previously assumed, with proposed global ocean oxy-
genation occurring by circa 565 instead of 550 Ma (16, 54). This is in
strong contrast with the pre-Shuram interval, when 25 to 100% of the
global seafloor was estimated to be anoxic (Fig. 4), thereby implying
an ocean oxygenation event is associated with the Shuram CIE. It was
hypothesized that this oxygenation may have driven or otherwise
allowed for the appearance of the White Sea assemblage (16) due to
their likely higher oxygen requirements (55); however, our age model
for the Ediacaran Period indicates that marine oxygenation as recor-
ded in these geochemical proxies significantly predates the appearance
of White Sea assemblage fossils. There actually may be little to no
published redox geochemical data that is demonstrably from the circa
560 to 555 Ma window when the White Sea assemblage first appears
in the fossil record. In contrast to recent suggestions (18, 19), the
temporal constraints on the Shuram CIE presented here suggest it is
disconnected from the extinction of the White Sea assemblage at circa
550 Ma (Fig. 4).

There are still important nuances to consider in connecting the
Shuram CIE with records of animal evolution, including preserva-
tional controls on the appearance of fossils (56) and long-enduring
questions of the permissible temporal lag between environmental
change and biotic response. However, our temporal framework for
the terminal Proterozoic suggests that evolutionary dynamics in the
Ediacaran Period were, at face value, potentially decoupled from
dramatic environmental changes. This finding highlights the impor-
tance of a robust geochronological framework for linking Pro-
terozoic environmental change with the fossil record.

The synchronous onset and termination of the Shuram CIE in at
least two, but possibly three, sedimentary successions from different
paleocontinents with different lithological expressions and sediment
accumulation rates is difficult to reconcile with a diagenetic origin
for the excursion. Alteration by hydrothermal (13) or meteoric wa-
ters (15) would not be expected to produce similar styles of alter-
ation of different lithofacies over variable stratigraphic thicknesses
of similar durations. Moreover, the Shuram CIE is virtually unique
in its stratigraphic expression and well characterized in marine strata
over multiple paleocontinents and paleolatitudes (9); our docu-
mentation herein of its occurrence within radioisotopic analytical
uncertainty across different paleocontinents bolsters interpretation
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Fig. 4. Composite carbon isotope curve, age constraints, and fossil occurrences for the Ediacaran Period. References used for carbon isotope curve and age
model are listed in the S/ Appendix. *, U-Pb TIMS zircon date; t, U-Pb SHRIMP zircon date; # indicates Re-Os date. The same color is used to plot both ages and
chemostratigraphic data from the same location; dark green ages are from Newfoundland. Dates in bold are Re-Os ages from this study; bolded dark blue ages are
from Oman, and bolded light blue ages are from northwestern Canada. Global diversity, ranges of Ediacara biota constituents, and animal ichnogenera follow (18).
Percent anoxic seafloor area derived from mass balance modeling of Mo and U isotopic data are from refs. 16, 54. WS, White Sea; Frt., Fortunian; £, Cambrian.

of the Shuram CIE as a primary global event—potentially one of the
largest global carbon cycle perturbations in Earth’s history. These
geochronological data do not necessarily require that the Shuram
CIE record global open-marine dissolved inorganic carbon (DIC)
isotopic compositions; a range of carbonate platform-related pro-
cesses (e.g., refs. 57-59) may result in discontinuities in the isotopic
compositions of different DIC pools. Critically, these dates provide
key information for assessing these and other mechanisms capable of
generating such a large, synchronous, and sustained shift in the
isotopic composition of Ediacaran carbonate systems.

Conclusions

Radioisotopic dates for the onset and termination of the Shuram
CIE across multiple paleocontinents provide evidence for the CIE as
a primary and synchronous global event lasting no more than 6.7 + 5.6
My. Together with associated redox geochemical data from coeval
sedimentary successions (16, 29, 54), these geochronological data also
connect the highly depleted 8"°Cearp values of the Shuram CIE to a
period of relative ocean oxygenation. This resolved chronology for the
Ediacaran Period decouples the Shuram CIE from the Gaskiers gla-
ciation circa 580 Ma and the extinction of the White Sea fauna circa
550 Ma and highlights the coeval appearance of macroscopic meta-
zoans across two paleocontinents (Fig. 4). This emerging chronology
provides essential context for evaluating the mechanisms capable of
driving an extraordinarily negative and extended CIE and assessing its
impact on the habitats and evolution of early animals.

Materials and Methods

Sampling for Re-0s Geochronology. Approximately 30 g of carbonaceous shale
and mudstone was sampled from outcrop and drill core in the Nadaleen,
Blueflower, Khufai, and Buah Formations, as well as map unit PH4. Similar to
methods outlined previously (60), for outcrop samples, an approximately
25-cm-deep trench was dug into the outcrop to avoid sampling surficial
weathered material, and sampling was undertaken horizontally for up to
65 cm along a single <3-cm-thick horizon to maximize the spread of '®’Re/

16828 | www.pnas.org/cgi/doi/10.1073/pnas.2002918117

18805 values (61). Drill core samples (Oman) were taken over an interval of
0.8 and 1.41 m for the Khufai and Buah Formations, respectively. Sampling
in core was driven by facies and TOC data, targeting organic-rich shales with
up to 6% TOC. Although sampled vertically, all initial '®’0s/'®80s values for
the Khufai and Buah Formations displayed very little internal variation (S/
Appendix, Table S2).

Carbon and Oxygen Isotope Geochemistry. Carbonate rock samples from
northwestern Canada were analyzed at both Dartmouth College and the Yale
Analytical and Stable Isotope Center; 0.1- to 0.5-kg samples of limestone and
dolostone were collected approximately every meter throughout detailed
measured stratigraphic sections and targeted to avoid obvious fracturing or
veining. The samples were then slabbed perpendicular to bedding using a
lapidary saw, and ~5 to 10 mg of powder was drilled from individual lami-
nations using a drill press with a dental carbide drill bit. Carbonate powders
analyzed at Dartmouth College (JB1704, J1711, JB1707, T1701, J1713, and
JB1801) were reacted with phosphoric acid (HsPO,) at 70 °C on a Gasbench I
preparation device attached to a ThermoFinnigan DeltaPlus XL continuous
flow isotope ratio mass spectrometer. '3C,rp and 8'®0car, Were measured
simultaneously, and isotopic data are reported in standard delta notation as
the per mil difference from Vienna Pee Dee Belemnite (VPDB). Precision and
accuracy were monitored by running a total of 12 standards for every 76
samples using 11:3 sample/standard bracketing. The standard set includes
two external standards (National Bureau of Standards [NBS]-18 and Ele-
mental Microanalysis [EM] Carrara Marble), as well as an internal marble
standard. Samples are measured relative to an internal CO, gas standard and
then converted to the VPDB scale using the known composition of NBS-18
(8"3C = -5.01; 8'80 = —23.20) and the EM-Carrara Marble (5'3C ., = 2.10;
5" 0carp = —2.01). Measured precision was 0.1 to 0.15%o (15) for §'*C,, and
0.15 to 0.2%o (16) for 5'80.,.p. Samples run at the Yale Analytical and Stable
Isotopic Center (J1719) followed an identical procedure using a KIEL car-
bonate preparation device connected to a ThermoFinnigan MAT 253. The
standard set includes the MERC (58'3C = —48.96; 580 = —16.48), PX (8"*Cearp =
2.25; 8"®0carb = —1.79), and YM (8"*Ceart, = —1.59; 8"®0carp, = —6.03) standards
which were calibrated against the NBS-19, NBS-18, and LSVEC international
standards on the VPDB scale. Internal precision was reported as 0.1 to 0.15%o
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(16) for 8"Cearp and 0.1 to 0.15 %o (16) for §'80,b. Carbon and oxygen
isotope geochemistry for Oman are from ref. 39. All data necessary for
replication are included in the submission and/or publicly available from
A.D.R. and M.D.C.
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