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a b s t r a c t

High resolution inorganic carbon isotope stratigraphy provides a new tool for correlating the Neopro-
terozoic Shaler Supergroup with the Mackenzie Mountains Supergroup. Previous stratigraphic studies
established a widely accepted basis for correlation between the two supergroups. This contribution
introduces a revised, testable hypothesis for the correlation of the Shaler and Mackenzie Mountains
supergroups, based on matching distinctive features in the Shaler Supergroup �13C data with the previ-
eywords:
haler Supergroup
eoproterozoic

sotope stratigraphy
hemostratigraphic correlation

ously published �13C curve for the Mackenzie Mountains Supergroup. The hypothesis suggests that some
lithologically similar units in the two basins were deposited diachronously, and that a significant discon-
formity may exist within the Wynniatt Formation of the Shaler Supergroup. An important implication of
the newly proposed correlation is that the flora and fauna of the Wynniatt Formation predate the “Bitter
Springs” isotopic stage, placing a new constraint on the chronology of the Neoproterozoic fossil record.
ictoria Island
ackenzie Mountains Supergroup

. Introduction

The early Neoproterozoic was the time of transition from the
elative environmental quiescence of the Mesoproterozoic Era to
he dramatic evolutionary, geochemical, and climatological events
f the Cryogenian and Ediacaran periods (e.g., Anbar and Knoll,
002; Bartley and Kah, 2004; Hoffman, 1999). The development
f a better understanding of the history of this critical interval
as been hindered by difficulties in the global correlation of the
arly Neoproterozoic sedimentary record. In the absence of bios-
ratigraphically useful index fossils and high-precision U–Pb ages,
dvances in global Neoproterozoic stratigraphic correlation have
elied largely on (a) detailed �13C chemostratigraphy (e.g., Kaufman
nd Knoll, 1995; Hill and Walter, 2000; Halverson et al., 2005), and
b) lithostratigraphic correlation based on the global occurrence
f diagnostic sedimentary structures in the cap carbonates of

ryogenian glacial deposits (e.g., Allen and Hoffman, 2005).

This contribution presents new high-resolution �13C data from
he Shaler Supergroup on Victoria Island in northwestern Canada
Fig. 1). These chemostratigraphic data are then used to propose
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regional and global correlations with other Neoproterozoic sed-
imentary successions. Lithostratigraphic observations have long
been used to correlate the Shaler Supergroup with the Mackenzie
Mountains Supergroup, also in northwest Canada (Fig. 2). In Neo-
proterozoic time the two regions were part of the same superbasin
in northwest Laurentia. The �13C curve from the Shaler Supergroup
is compared with a published �13C record from the Mackenzie
Mountains Supergroup (Halverson, 2006). The new data have sev-
eral trends and features recognizable in the data from Mackenzie
Mountains Supergroup. While some of these features occur in strata
that are traditionally thought to be correlative based on lithostratig-
raphy, others occur in lithostratigraphically distinct units. On the
basis of these observations a new hypothesis regarding the cor-
relation of the Shaler and Mackenzie Mountains supergroups is
developed, emphasizing the observation that similar lithofacies are
not always time-equivalents.

The new geochemical dataset provides a means of integrating
the Shaler Supergroup into the global picture of the evolving Neo-
proterozoic Earth. Such a synthesis is critical for placing the diverse
Shaler fauna and flora (Butterfield and Rainbird, 1998; Butterfield,
2005a,b) into the complex history of instability and change in Neo-

proterozoic carbon cycling, climate, and geodynamics. The Shaler
Supergroup hosts acritarchs and multicellular eukaryotes, and it
may contain stem-group dinoflagellates (Butterfield and Rainbird,
1998). The correlation hypothesis presented here implies that the
Shaler Supergroup fauna predates the “Bitter Springs Stage” (BSS)

dx.doi.org/10.1016/j.precamres.2010.05.012
http://www.sciencedirect.com/science/journal/03019268
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Fig. 1. Geologic maps of the study area: (a) location of Minto Inlier (MI) and Mackenzie Mountains Supergroup (MMSG); (b) formations of the Proterozoic Minto Inlier,
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odified from Christie et al. (1963); (c) northeastern domain of Minto Inlier, modifi
ed box in panel (b) marks area expanded in panel (c). (For interpretation of the r
rticle.)

f the early Neoproterozoic. The BSS is the first large negative �13C
xcursion of the Neoproterozoic (Halverson et al., 2007b) and is
hought to mark an episode of true polar wander (TPW) (Maloof
t al., 2006). Any phylogenetic inference made from the Wynniatt
ormation fossils will benefit from the resolution of the chronos-
ratigraphic issue the new �13C stratigraphy present.

. Geologic setting

Victoria Island is located in the Canadian Arctic Archipelago
Fig. 1). Neoproterozoic sedimentary and volcanic rocks of the
haler Supergroup are exposed in the Minto Inlier, a ∼350 km long
nd 100 km wide northeast–southwest trending topographic high
hat runs across the island (Thorsteinsson and Tozer, 1962). These
ocks were deposited in the Amundsen Basin (Amundsen Embay-
ent of Young (1981)), a shallow cratonic sea on northwestern

present coordinates) Laurentia within the supercontinent Rodinia
Rainbird et al., 1996). The primary structure of the Minto Inlier is
he Holman Island Syncline, which produces gentle dips (generally

10◦) on both limbs (Christie et al., 1963).

.1. Stratigraphy
Northwestern Laurentia contains an extensive Proterozoic
tratigraphic record. Three unconformity-bounded sedimentary
uccessions are recognized; from oldest to youngest they are
eferred to as Successions A, B, and C (Young et al., 1979). The
m Rainbird et al. (1995). Red star in panel (b) indicates location of section 05RAT53.
ces to color in this figure legend, the reader is referred to the web version of the

Shaler Supergroup is part of Succession B, as is the Mackenzie
Mountains Supergroup of the northern Cordillera. Other putative
Succession B strata include the Katakturuk Dolomite (Sadelerochit-
Shublik Mountains), the Lower Tindir Group (Tatonduk Inlier),
Fifteen Mile Group (Coal Creek and Hart River Inliers), and the
Pinguicula Group (Wernecke Mountains) (Rainbird et al., 1996).
However, recent stratigraphic and chemostratigraphic studies have
challenged some of these traditional correlations; for example, the
Katakturuk Dolomite has been shown to be younger (Macdonald
et al., 2009b), and the Penguicula Group is significantly older
(Thorkelson et al., 2005).

The Shaler Supergroup (Fig. 2) consists of, in ascending order, the
Rae Group (Escape Rapids, Mikkelsen Islands, Nelson Head, and Aok
formations), the Reynolds Point Group (Grassy Bay, Boot Inlet, Fort
Collinson, and Jago Bay formations), and a set of ungrouped forma-
tions (Rainbird et al., 1996 and references within). The ungrouped
formations are the Minto Inlet, Wynniatt, Kilian, and Kuujjua for-
mations.

The Rae Group unconformably overlies Paleoproterozoic
sedimentary rocks of the Goulburn Supergroup (Thorsteinsson
and Tozer, 1962) along the northeastern margin of Minto Inlier
(Campbell, 1981) and overlies Mesoproterozoic sedimentary rock

of the Husky Creek Formation in the Coppermine Homocline west
of Coronation Gulf (Baragar and Donaldson, 1973). The Escape
Rapids and Mikkelsen Islands formations represent a marine trans-
gression and subsequent development of an intertidal-supratidal
carbonate platform (Rainbird et al., 1994). The mudstones and
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ig. 2. Generalized stratigraphy of the Shaler Supergroup in the Minto Inlier, Vic-
oria Island (Rainbird et al., 1994) and its lithologic correlation to the Mackenzie

ountains Supergroup, northwest Canada, redrawn from Rainbird et al. (1996).

uartzarenites of the Nelson Head Formation have been interpreted
s a prograding marine delta overlain by a regionally extensive
uvial braidplain (Rainbird et al., 1994). The top of the Nelson
ead Formation is marked by a major marine transgression with
eposition of fine-grained siliciclastic rocks which are overlain
y a distinctive orange-weathering stromatolitic dolostone, the
ok Formation (Fig. 3a) (Rainbird et al., 1994). This stromatolitic
nit has traditionally been used as a marker bed throughout the
mundsen Basin and the Mackenzie Mountains (Jefferson and
oung, 1989; Rainbird et al., 1996).

Above the Rae Group, the alternating clastic-dominated and
arbonate-dominated formations of the Reynolds Point Group have
een interpreted to represent third-order sequences correspond-
ng to eustatic sea level changes on a subsiding platform (Morin and
ainbird, 1993). The lowermost unit, the Grassy Bay Formation,
egins with a carbonaceous mudstone that represents drowning
f the Aok carbonate platform. Young and Long (1977) attributed
his facies change to an abrupt increase in subsidence rate. The
search 181 (2010) 43–63 45

deep water mudstone coarsens upward, representing a prograding
delta. These pass to fluvial quartzarenites before clastic sediment
supply ceased, allowing for the reestablishment of significant car-
bonate sedimentation (Young and Long, 1977). The overlying Boot
Inlet Formation is interpreted to be a cyclically prograding, storm-
dominated carbonate ramp; it includes a well-studied patch reef
facies (Morin and Rainbird, 1993; Narbonne et al., 2000). Above
the Boot Inlet Formation, the cross-bedded, carbonate-cemented,
quartzarenites of the Fort Collinson Formation are thought to be
fluvial deposits reworked in a shallow marine setting. These grade
into intertidal to lagoonal carbonates of the Jago Bay Formation
(Rainbird et al., 1994).

The formations above the Reynolds Point group are, from old-
est to youngest, the Minto Inlet (Fig. 3b), Wynniatt (Fig. 3c), Kilian
(Fig. 3d), Kuujjua, and Natkusiak (Fig. 3d) formations. The Minto
Inlet Formation is comprised of <100 m to 250 m of interbedded
sulfate evaporites and carbonates (Fig. 3b). It likely represents a
period of high and fluctuating salinity due to intermittent closing
of interior seaways connecting the intracratonic Amundsen Basin
to the open ocean (Young, 1981). The base of the overlying Wynni-
att Formation marks a return to shallow marine conditions with
normal salinity (Fig. 3c). Dolostones of the Wynniatt Formation
display textures characteristic of an energetic subtidal and inter-
tidal zone, including mudcracks (Fig. 4a), ribbonites (i.e., dolosiltites
deposited above storm wave base), ooids (Fig. 4b), intraforma-
tional conglomerate (Fig. 4c), and stromatolites. There are rare
evaporitic beds in the Wynniatt Formation, indicating intermittent
returns to the sabkha-like conditions of Minto Inlet time. The Kil-
ian Formation conformably overlies the Wynniatt; it consists of two
cycles of subtidal to supratidal relative sea level change (Rainbird,
1991, 1993). In the northeast domain of the Minto Inlier, six Kil-
ian units are recognized: the lower evaporite member (Fig. 4d),
the lower cyclic carbonate member, the middle evaporite member,
the upper cyclic carbonate member, the clastic-carbonate mem-
ber, and the tan carbonate member (Rainbird, 1991). In section
S9, a series of peritidal parasequences ends abruptly with a pre-
viously undocumented flooding surface. Overlying the flooding
surface is a siltstone overlain by a diamictite. The diamictite is
6–11 m thick with a violet argillite matrix, angular centimeter-sized
dolostone clasts, and sand-sized stringers and grain trains. Above
the diamictite are several meters of siltstone and limestone brec-
cias, all indicative of deep water sedimentation. In the southwest
domain, the flooding surface at the top of the Kilian Formation is
not observed; rather the formation contains an upper evaporite
member and a red shaly carbonate member above the tan carbon-
ate member. In the southwest, carbonate sedimentation comes to
an abrupt end at the Kilian-Kuujjua contact, where mature fluvial
quartzarenites appear. The Kuujjua is interpreted to represent a
wide braided river system with a southeasterly source.

A low angle unconformity separates the top of the Shaler
Supergroup from the overlying Natkusiak Formation in the north-
east domain (Jefferson, 1985). In the northeast domain, lahar-like
volcaniclastic diamictite (Rainbird, 1993) fills decameter-scale
grabens in the Kilian tan carbonate member (Fig. 3d). The dominant
lithology of the Natkusiak is amygdaloidal basalt with vesicular,
ferruginized flow tops. These basalts are derived from the same
magmas that fed the numerous diabase sills that intrude the Shaler
Supergroup throughout the Minto Inlier as demonstrated by field
(Jefferson, 1985) and petrogenetic studies (Dostal et al., 1986). Fur-
ther geochronology studies may be able to distinguish whether
there were multiple episodes of sill emplacement.
2.2. Geochronology

There are few high-precision radiometric dates to constrain the
age of the Shaler Supergroup. A minimum age of 723+4

−2 Ma is pro-
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ig. 3. Rocks of the Shaler Supergroup. (a) Aok Formation: orange-weathering grain
nhydrite and grey limestone ribbonite. (c) Wynniatt Formation: grey carbonates wit
lock faulting dropping Natkusiak diamictite and basalt flows onto Kilian tan carbo

n this figure legend, the reader is referred to the web version of the article.)

ided by a composite suite of U–Pb dates from baddeleyite and
ircons from the numerous diabase sills that intrude the Minto
nlier (Heaman et al., 1992). The sampled material includes the
ppermost sill below the Natkusiak flood basalts in the northeast-
rn domain, where it intrudes the tan carbonate member of the
ilian Formation. The Natkusiak flood basalts capping the Shaler
upergroup have not been directly dated, but the uppermost sill
ntrudes the lowest basalt flow in the southwestern domain of
he Minto Inlier (Heaman et al., 1992); therefore, the oldest flood
asalts are no younger than 723 Ma.

A maximum age of 1267 ± 2 Ma for the base of the Shaler Super-

roup is provided by a U–Pb (baddeleyite) age obtained from the
ackenzie Dike Swarm (LeCheminant and Heaman, 1989), which

ntrudes and feed the extensive basaltic flows of the Coppermine
iver Group (Baragar and Donaldson, 1973). The Coppermine Group

s in turn unconformably overlain by the Rae Group, which is the
s and biostromes. Cliff on right is ∼10 m tall. (b) Minto Inlet Formation: interbedded
resistant diabase sills at top. Sill is ∼ 20 m thick. (d) Kilian and Natkusiak formations:
ember. Photo shows ∼70 m of strata. (For interpretation of the references to color

lowermost stratigraphic package of the Shaler Supergroup on Vic-
toria Island. Single grain analysis of detrital zircons (TIMS) from
fluvial quartzarenites of the Nelson Head Formation yielded an age
of 1077 ± 4 Ma (Rainbird et al., 1992), providing a maximum age
for the upper Rae Group and for the chemostratigraphic data pre-
sented here, which are all derived from strata above the Nelson
Head Formation.

Radiometric data therefore constrain deposition of the Reynolds
Point Group and overlying strata between < 1077 and 72 Ma, a
350 Ma interval.
3. Chemostratigraphy

New high-resolution, stratigraphically controlled �13C, and �18

O measurements for carbonate rocks of the Shaler Supergroup are
presented (Table 1). The analysis begins in the stromatolites of the
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ig. 4. Wynniatt Formation: (a) polygonal mudcrack surface in grey limestone ribbo
onglomerate in grey limestone ribbonite (section S14). Kilian Formation: (d) bedd
nterpretation of the references to color in this figure legend, the reader is referred

ok Formation (Rae Group), and extend through the upper Kilian
ormation. Samples were collected from the area near Kilian Lake,
n the northeast part of the Minto Inlier (Fig. 1c, coordinates listed
n Table 2). An additional small set of samples of the uppermost
ilian Formation was collected from one section in the southwest
omain (section 05RAT53, Fig. 1b).

.1. ı13C and ı18 O methods

Carbonate samples were collected at regular intervals in the
ourse of stratigraphic logging and geologic mapping. Clean lime-
tones and dolostones with minimal siliciclastic component or
econdary veining were sampled. Samples were slabbed, and
0–50 mg of powder were microdrilled from fresh surfaces along
edding where visible. Carbonate powders were baked in a 40 ◦C
ven for at least 12 h to eliminate any residual water. �13C and �18 O
ere measured simultaneously at the Harvard University Labora-

ory for Geochemical Oceanography on a VG Optima dual inlet mass
pectrometer with a modified Isocarb preparation device. Approx-
mately 1 mg of each sample was reacted in a 90 ◦C common H3PO4
ath for 8–10 min. Liberated CO2 gas was collected and purified
ryogenically. Sample gas and an in-house reference gas were ana-
yzed four times each in the course of each measurement. The CM-2
ararra Marble standard was measured seven times during each
un of 53 samples to calibrate samples to the V-PDB standard, pro-
ide a measure of uncertainty, and monitor potential memory effect
ssociated with the common acid bath system. Analytical uncer-
ainties (1�) for both �13C and �18 O were < 0.1 ‰, and memory
ffect for �13C was consistently < 0.2 ‰.
.2. ı13C and ı18 O results

The carbon isotope curve for the Shaler Supergroup (Fig. 5)
s a composite of 17 measured stratigraphic sections, correlated
ection S6); (b) ooids in grey limestone grainstone (section S14); (c) intraformational
ydrite, red and orange siltstone and argillite (section S4, muskoxen for scale). (For
web version of the article.)

through field and map observations. The lower portion of the Wyn-
niatt Formation is reproduced in two locations in the northeast
domain (S1/S2 and S14/S6), and the tan carbonate member of
the Kilian Formation is reproduced in both the northeast (S9) and
southwest domains (05RAT53).

�13C of the upper Aok Formation sits between 2 and 3‰. The
Boot Inlet Formation shows �13C oscillating between 3 and 6‰.
The other carbonate formation of the Reynolds Point Group, the
Jago Bay, was not sampled in this study. Samples from limestones
in the uppermost Minto Inlet Formation have �13C clustered around
−1 ‰. Above this there is a large stepwise jump to values over 4‰
in the lower Wynniatt Formation. The �13C of the Wynniatt fluc-
tuates between 2 and 8‰ before taking a precipitous dive to −5 ‰
below a large diabase sill. Immediately above the sill, Wynnniatt
�13C values return to a range between 6 and 8‰. The transition
to the Kilian Formation initiates a gradual decline in �13C over
several hundred meters, reaching a nadir of −4 ‰ in the tan car-
bonate member immediately underlying the first basalt flows of
the Natkusiak Formation.

4. Discussion

4.1. Reliability of Neoproterozoic ı13C measurements

The reproducibility of �13C signals in Neoproterozoic carbon-
ates worldwide has demonstrated that �13Ccarb is a generally robust
geochemical proxy (e.g., Derry et al., 1992; Kaufman et al., 1991;
Kaufman and Knoll, 1995). However, the fidelity of �18 O values

recorded in Neoproterozoic carbonates and their relationship to the
�18 O composition of the seawater in which they were precipitated
is subject to much debate. Carbon in sedimentary carbonate rocks
is buffered against significant isotopic exchange during rock–fluid
interactions, but oxygen is not; the ratio of the amount of carbon
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Table 1
Summary of �13C and �18 O values measured in this study. “ls” = limestone and “dl” = dolomite.

Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S1 8.2 4.71 −5.45 Is Wynniatt
S1 8.7 4.69 −4.36 Is Wynniatt
S1 9.2 4.44 −5.57 Is Wynniatt
S1 10.2 3.89 −7.14 Is Wynniatt
S1 10.7 4.48 −7.44 Is Wynniatt
S1 11.7 5.20 −6.57 Is Wynniatt
S1 12.9 5.06 −6.65 Is Wynniatt
S1 13.4 4.69 −7.45 Is Wynniatt
S1 13.8 5.34 −6.27 Is Wynniatt
S1 14.5 5.77 −5.89 Is Wynniatt
S1 15.6 4.53 −8.57 Is Wynniatt
S1 16.6 4.89 −7.59 Is Wynniatt
S1 17.6 5.29 −6.89 Is Wynniatt
S1 18.2 4.09 −9.46 Is Wynniatt
S1 18.9 4.22 −8.70 Is Wynniatt
S1 19.9 4.63 −5.97 Is Wynniatt
S1 20.3 4.11 −4.63 Is Wynniatt
S1 20.8 3.72 −4.45 Is Wynniatt
S1 21.9 3.43 −5.08 Is Wynniatt
S1 22.5 3.77 −2.55 Is Wynniatt
S1 23.3 3.36 −5.08 Is Wynniatt
S1 23.9 2.06 −9.69 Is Wynniatt
S1 24.3 3.45 −6.09 Is Wynniatt
S1 25.5 2.35 −10.57 Is Wynniatt
S1 25.6 2.39 −10.87 Is Wynniatt
S1 27.2 3.34 −12.74 Is Wynniatt
S1 28.2 1.40 −12.72 Is Wynniatt
S1 32.3 2.27 −11.44 Is Wynniatt
S1 32.9 3.33 −8.91 dl Wynniatt
S1 33.7 3.90 −7.77 dl Wynniatt
S1 34.5 3.17 −9.45 dl Wynniatt
S1 35.5 3.88 −7.69 dl Wynniatt
S1 36.2 3.93 −8.07 dl Wynniatt
S1 36.7 4.08 −7.83 dl Wynniatt
S1 37.2 3.80 −7.91 dl Wynniatt
S1 37.7 3.81 −7.71 dl Wynniatt
S1 38.2 4.45 −5.92 dl Wynniatt
S1 38.7 3.60 −7.56 dl Wynniatt
S1 39.2 3.64 −6.94 dl Wynniatt
S1 39.7 3.69 −6.48 dl Wynniatt
S1 40.2 3.48 −6.81 dl Wynniatt
S1 40.7 3.18 −9.00 dl Wynniatt
S1 41.7 3.83 −7.46 dl Wynniatt
S1 42.2 3.40 −8.96 dl Wynniatt
S1 43.3 3.22 −9.11 Is Wynniatt
S1 44.1 2.49 −9.23 dl Wynniatt
S1 61.3 4.05 −4.54 dl Wynniatt
S1 62.1 4.24 −3.88 dl Wynniatt
S1 62.6 4.19 −4.26 dl Wynniatt
S1 63.6 4.09 −4.52 dl Wynniatt
S1 64.3 2.58 −9.02 Is Wynniatt
S1 64.9 4.02 −5.00 Is Wynniatt

S2 1.5 4.31 −5.25 Is Wynniatt
S2 2.4 4.61 −3.80 Is Wynniatt
S2 3.0 4.64 −2.91 Is Wynniatt
S2 4.0 4.93 −3.85 Is Wynniatt
S2 4.5 4.74 −2.92 Is Wynniatt
S2 5.1 4.99 −3.13 Is Wynniatt
S2 5.6 4.32 −2.77 Is Wynniatt
S2 6.3 4.33 −1.59 Is Wynniatt
S2 6.8 4.56 −1.52 Is Wynniatt
S2 7.2 4.26 −3.84 Is Wynniatt
S2 8.5 4.08 −3.95 Is Wynniatt
S2 10.1 6.24 −6.45 Is Wynniatt
S2 10.5 6.56 −5.82 Is Wynniatt
S2 11.0 5.41 −5.53 Is Wynniatt
S2 11.5 5.84 −6.47 Is Wynniatt
S2 12.0 6.69 −6.03 Is Wynniatt
S2 12.8 6.42 −6.31 Is Wynniatt
S2 13.4 6.53 −6.38 Is Wynniatt
S2 14.1 6.38 −6.64 Is Wynniatt
S2 15.6 6.53 −6.77 Is Wynniatt
S2 16.6 6.50 −6.77 Is Wynniatt
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Table 1 (Continued )

Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S2 17.1 6.09 −6.57 Is Wynniatt
S2 17.6 6.27 −6.80 Is Wynniatt
S2 18.0 6.98 −6.89 Is Wynniatt
S2 18.5 6.74 −6.60 Is Wynniatt
S2 18.9 7.35 −5.25 Is Wynniatt
S2 20.1 7.04 −5.30 Is Wynniatt
S2 20.7 7.46 −5.28 Is Wynniatt
S2 21.2 7.78 −5.12 Is Wynniatt
S2 21.8 7.58 −5.08 Is Wynniatt
S2 22.4 7.71 −5.70 Is Wynniatt
S2 23.1 7.60 −5.60 Is Wynniatt
S2 23.7 7.41 −5.29 Is Wynniatt
S2 24.8 7.37 −5.27 Is Wynniatt
S2 25.3 7.75 −5.49 Is Wynniatt
S2 25.8 7.69 −5.20 Is Wynniatt
S2 26.8 7.57 −5.35 Is Wynniatt
S2 27.6 6.55 −6.38 Is Wynniatt
S2 28.1 7.69 −5.59 Is Wynniatt
S2 28.7 7.05 −7.09 Is Wynniatt
S2 29.3 8.18 −5.83 Is Wynniatt
S2 30.0 8.12 −6.01 Is Wynniatt
S2 30.5 8.18 −5.76 Is Wynniatt
S2 31.0 7.90 −6.11 Is Wynniatt
S2 31.5 7.16 −6.46 Is Wynniatt
S2 33.6 6.85 −6.18 Is Wynniatt
S2 36.3 6.30 −6.27 Is Wynniatt
S2 36.9 6.25 −6.23 Is Wynniatt
S2 37.6 6.28 −6.37 Is Wynniatt
S2 38.5 6.29 −6.51 Is Wynniatt
S2 39.3 6.98 −6.68 Is Wynniatt
S2 50.7 6.44 −6.46 Is Wynniatt
S2 51.8 5.56 −6.74 Is Wynniatt
S2 51.9 5.84 −7.41 Is Wynniatt
S2 52.6 5.73 −6.96 Is Wynniatt
S2 53.2 5.67 −7.20 Is Wynniatt
S2 53.7 5.76 −7.00 Is Wynniatt
S2 55.0 4.75 −7.65 Is Wynniatt
S2 55.6 4.75 −7.43 Is Wynniatt
S2 56.2 4.58 −7.60 Is Wynniatt
S2 57.0 4.75 −7.59 Is Wynniatt
S2 57.9 5.06 −7.58 Is Wynniatt
S2 58.5 5.04 −7.52 Is Wynniatt
S2 59.3 4.95 −7.95 Is Wynniatt
S2 59.4 5.78 −7.12 Is Wynniatt
S2 59.8 5.40 −7.22 Is Wynniatt
S2 60.7 5.61 −7.15 Is Wynniatt
S2 61.3 5.38 −7.16 Is Wynniatt
S2 62.7 5.38 −7.33 Is Wynniatt
S2 63.4 5.49 −6.87 Is Wynniatt
S2 64.1 5.50 −7.14 Is Wynniatt
S2 64.8 5.86 −6.39 Is Wynniatt
S2 65.4 4.61 −7.62 Is Wynniatt
S2 66.0 4.39 −8.37 Is Wynniatt
S2 66.5 4.27 −9.51 Is Wynniatt
S2 67.6 4.12 −9.10 Is Wynniatt
S2 68.8 4.30 −8.70 Is Wynniatt
S2 70.0 4.64 −9.28 Is Wynniatt
S2 70.9 4.71 −9.49 Is Wynniatt
S2 71.7 4.57 −9.48 Is Wynniatt
S2 72.8 4.50 −9.39 Is Wynniatt
S2 73.5 4.41 −9.28 Is Wynniatt
S2 74.9 5.12 −8.21 Is Wynniatt
S2 75.6 5.01 −8.17 Is Wynniatt
S2 76.2 4.85 −8.21 Is Wynniatt
S2 77.7 4.46 −7.87 Is Wynniatt
S2 78.6 4.38 −8.13 Is Wynniatt
S2 79.4 4.53 −8.27 Is Wynniatt
S2 80.2 3.68 −9.21 Is Wynniatt
S2 81.5 2.88 −9.21 Is Wynniatt
S2 82.1 3.55 −9.17 Is Wynniatt
S2 83.1 4.89 −8.00 Is Wynniatt
S2 84.4 1.35 −11.48 Is Wynniatt
S2 85.3 1.07 −11.31 Is Wynniatt
S2 86.3 1.66 −10.05 Is Wynniatt
S2 87.8 4.84 −8.99 Is Wynniatt
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Table 1 (Continued )

Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S2 89.0 4.50 −9.03 Is Wynniatt
S2 90.0 3.97 −9.00 Is Wynniatt
S2 90.9 4.42 −8.70 Is Wynniatt
S2 91.0 5.92 −8.22 Is Wynniatt
S2 92.0 4.72 −10.03 Is Wynniatt
S2 93.5 3.20 −11.07 Is Wynniatt
S2 94.7 6.20 −8.54 Is Wynniatt
S2 96.0 4.16 −9.71 Is Wynniatt
S2 98.0 4.86 −9.26 Is Wynniatt
S2 101.0 4.07 −8.42 Is Wynniatt
S2 102.0 3.83 −6.71 Is Wynniatt
S2 103.5 4.95 −5.26 Is Wynniatt
S2 105.0 2.38 −9.47 Is Wynniatt
S2 106.5 1.49 −11.80 Is Wynniatt
S2 108.5 −4.15 −10.16 Is Wynniatt
S2 110.3 −5.17 −10.61 Is Wynniatt
S2 111.8 −0.65 −11.09 Is Wynniatt
S2 114.5 −4.99 −10.28 Is Wynniatt

S4 0.3 5.16 −5.53 dl Wynniatt
S4 0.9 5.11 −5.69 dl Wynniatt
S4 1.1 4.34 −6.61 dl Wynniatt
S4 1.8 4.42 −5.91 dl Wynniatt
S4 2.3 4.32 −5.85 dl Wynniatt
S4 3.0 4.43 −6.01 dl Wynniatt
S4 3.4 4.45 −5.32 dl Wynniatt
S4 3.7 4.45 −5.86 dl Wynniatt
S4 4.4 4.53 −6.19 dl Wynniatt
S4 4.9 4.28 −6.53 dl Wynniatt
S4 5.2 4.14 −6.32 dl Wynniatt
S4 5.5 4.33 −5.69 dl Wynniatt

S6 0.5 3.94 −4.64 Is Wynniatt
S6 1.0 5.24 −7.83 Is Wynniatt
S6 1.2 5.18 −7.82 Is Wynniatt
S6 1.8 5.19 −8.49 Is Wynniatt
S6 2.3 4.98 −8.31 Is Wynniatt
S6 2.7 5.22 −8.31 Is Wynniatt
S6 3.1 4.82 −8.25 Is Wynniatt
S6 3.6 4.99 −8.12 Is Wynniatt
S6 3.9 4.96 −7.89 Is Wynniatt
S6 4.3 5.05 −8.06 Is Wynniatt
S6 4.8 5.16 −7.45 Is Wynniatt
S6 5.2 5.02 −7.19 Is Wynniatt
S6 5.6 5.10 −7.11 Is Wynniatt
S6 6.3 5.42 −7.30 Is Wynniatt
S6 6.8 5.39 −7.39 Is Wynniatt
S6 7.3 5.11 −7.10 Is Wynniatt
S6 7.8 5.09 −7.07 Is Wynniatt
S6 8.3 5.08 −7.11 Is Wynniatt
S6 8.7 5.31 −6.95 Is Wynniatt
S6 9.1 5.21 −6.90 Is Wynniatt
S6 9.4 5.29 −6.70 Is Wynniatt
S6 9.9 5.48 −6.69 Is Wynniatt
S6 10.5 5.29 −6.55 Is Wynniatt
S6 10.9 5.29 −6.75 Is Wynniatt
S6 11.3 5.28 −6.62 Is Wynniatt
S6 11.6 5.37 −6.72 Is Wynniatt
S6 11.8 5.01 −6.37 Is Wynniatt
S6 12.1 5.43 −6.68 Is Wynniatt
S6 12.8 5.59 −6.40 Is Wynniatt
S6 13.4 5.40 −6.68 Is Wynniatt
S6 13.8 5.44 −6.69 Is Wynniatt
S6 14.2 5.50 −6.69 Is Wynniatt
S6 14.7 5.26 −6.78 Is Wynniatt
S6 15.0 5.19 −6.70 Is Wynniatt
S6 15.3 5.05 −7.17 dl Wynniatt
S6 15.8 5.69 −7.18 Is Wynniatt
S6 16.2 5.65 −6.60 Is Wynniatt
S6 16.7 5.93 −6.32 Is Wynniatt
S6 17.2 6.15 −6.73 Is Wynniatt
S6 17.7 6.77 −6.47 Is Wynniatt
S6 18.2 7.11 −6.15 Is Wynniatt
S6 18.7 7.01 −6.07 Is Wynniatt
S6 19.2 6.91 −6.53 Is Wynniatt
S6 19.6 6.40 −6.50 Is Wynniatt
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Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S6 20.2 6.60 −6.53 Is Wynniatt
S6 20.7 7.15 −6.34 Is Wynniatt
S6 21.3 6.69 −6.75 Is Wynniatt
S6 21.9 7.07 −6.45 Is Wynniatt
S6 22.3 6.66 −6.63 Is Wynniatt
S6 22.8 6.73 −6.54 Is Wynniatt
S6 23.4 6.56 −6.77 Is Wynniatt
S6 23.9 6.55 −7.52 Is Wynniatt
S6 24.3 6.91 −6.72 Is Wynniatt
S6 24.8 6.25 −6.60 Is Wynniatt
S6 25.1 6.15 −6.78 dl Wynniatt
S6 25.7 6.43 −7.00 Is Wynniatt
S6 26.1 6.19 −6.56 Is Wynniatt
S6 26.5 6.28 −6.93 Is Wynniatt
S6 27.0 5.95 −7.75 Is Wynniatt
S6 27.5 6.10 −7.73 Is Wynniatt
S6 28.0 5.77 −7.63 Is Wynniatt
S6 28.2 5.79 −7.53 Is Wynniatt
S6 29.2 5.71 −6.54 Is Wynniatt

S7 0.2 6.13 −5.86 Is Wynniatt
S7 0.8 6.24 −5.19 Is Wynniatt
S7 1.2 6.05 −5.19 Is Wynniatt
S7 1.6 6.28 −5.67 Is Wynniatt
S7 2.1 6.31 −5.76 Is Wynniatt
S7 2.6 5.83 −6.11 Is Wynniatt
S7 3.2 5.77 −5.96 Is Wynniatt
S7 3.8 5.35 −6.21 Is Wynniatt
S7 4.3 6.02 −6.69 Is Wynniatt
S7 4.9 6.24 −6.49 Is Wynniatt
S7 5.3 5.86 −6.31 Is Wynniatt
S7 5.9 5.70 −7.60 Is Wynniatt
S7 6.5 5.73 −7.76 Is Wynniatt
S7 6.9 6.35 −6.32 Is Wynniatt
S7 7.5 5.69 −7.49 Is Wynniatt
S7 8.0 6.64 −5.69 Is Wynniatt
S7 8.6 5.90 −6.37 Is Wynniatt
S7 9.2 5.52 −7.72 Is Wynniatt
S7 10.0 5.53 −6.27 Is Wynniatt
S7 10.5 6.37 −5.80 Is Wynniatt
S7 10.9 5.30 −7.91 Is Wynniatt
S7 11.5 6.26 −6.46 Is Wynniatt
S7 12.0 5.79 −7.24 Is Wynniatt
S7 12.6 5.56 −7.26 Is Wynniatt
S7 13.2 6.30 −5.64 Is Wynniatt
S7 13.6 6.12 −5.80 Is Wynniatt
S7 15.1 6.45 −5.15 Is Wynniatt
S7 15.7 6.24 −6.28 Is Wynniatt
S7 16.2 6.29 −6.16 Is Wynniatt
S7 16.6 5.79 −6.42 Is Wynniatt
S7 17.2 6.37 −5.57 Is Wynniatt
S7 17.5 6.22 −5.00 Is Wynniatt
S7 17.9 6.19 −4.87 Is Wynniatt
S7 18.5 6.11 −4.70 Is Wynniatt
S7 19.0 6.03 −5.19 Is Wynniatt
S7 19.4 5.97 −5.02 Is Wynniatt
S7 19.7 5.94 −5.06 Is Wynniatt

S9 0.1 1.65 −9.19 Is Kilian
S9 1.3 1.87 −10.12 Is Kilian
S9 4.3 0.89 −10.42 Is Kilian
S9 5.0 0.72 −10.31 Is Kilian
S9 32.3 −0.41 −3.64 dl Kilian
S9 33.3 0.42 −4.71 dl Kilian
S9 35.5 0.74 −3.65 dl Kilian
S9 35.9 0.76 −4.03 dl Kilian
S9 36.4 1.06 −4.13 dl Kilian
S9 38.7 0.55 −4.35 dl Kilian
S9 50.3 1.96 −4.41 dl Kilian
S9 50.8 1.37 −2.96 dl Kilian
S9 52.2 −0.38 −2.95 dl Kilian
S9 52.7 0.82 −3.75 dl Kilian
S9 54.6 1.14 −4.28 dl Kilian
S9 59.6 −1.99 −4.03 dl Kilian
S9 66.4 −0.35 −3.19 dl Kilian
S9 68.2 −1.69 −3.70 dl Kilian
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Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S9 73.2 −0.23 −3.52 dl Kilian
S9 89.0 −2.50 −9.36 Is Kilian
S9 89.5 −2.32 −11.57 Is Kilian
S9 89.8 −3.51 −8.93 Is Kilian
S9 90.3 −3.72 −9.96 Is Kilian
S9 91.7 −4.06 −9.30 Is Kilian
S9 92.2 −3.92 −9.39 Is Kilian

S10 1.6 6.51 −5.75 Is Wynniatt
S10 2.3 6.04 −5.78 Is Wynniatt
S10 3.0 6.32 −5.67 Is Wynniatt
S10 3.6 6.30 −5.95 Is Wynniatt
S10 4.2 6.16 −5.79 Is Wynniatt
S10 4.8 6.10 −5.91 Is Wynniatt
S10 5.3 5.86 −6.37 Is Wynniatt
S10 5.8 6.20 −6.20 Is Wynniatt
S10 6.4 6.11 −6.04 Is Wynniatt
S10 7.0 6.56 −5.97 Is Wynniatt
S10 9.2 6.18 −5.74 Is Wynniatt
S10 9.8 6.29 −6.18 Is Wynniatt
S10 10.4 6.55 −6.07 Is Wynniatt
S10 10.9 7.04 −5.99 Is Wynniatt
S10 12.1 7.15 −5.70 Is Wynniatt

S11 0.2 6.03 −7.44 Is Wynniatt
S11 0.7 6.28 −7.38 Is Wynniatt
S11 1.3 6.77 −7.09 Is Wynniatt
S11 2.0 7.30 −7.04 Is Wynniatt
S11 3.0 7.18 −7.11 Is Wynniatt
S11 3.7 7.49 −6.90 Is Wynniatt
S11 4.7 7.77 −6.69 Is Wynniatt
S11 5.3 7.96 −6.42 Is Wynniatt
S11 5.8 7.28 −6.50 Is Wynniatt
S11 6.6 7.71 −6.64 Is Wynniatt
S11 7.1 7.55 −6.59 Is Wynniatt
S11 7.7 7.31 −6.52 Is Wynniatt
S11 8.2 7.60 −6.54 Is Wynniatt
S11 8.6 7.44 −6.48 Is Wynniatt

S14 6.0 1.95 −9.53 Is Wynniatt
S14 6.8 2.53 −9.51 Is Wynniatt
S14 7.4 2.75 −9.30 Is Wynniatt
S14 8.2 3.17 −9.06 Is Wynniatt
S14 8.9 3.04 −7.70 Is Wynniatt
S14 11.7 4.76 −4.54 dl Wynniatt
S14 12.6 4.43 −5.32 dl Wynniatt
S14 13.4 4.02 −5.32 Is Wynniatt
S14 14.1 4.12 −3.76 dl Wynniatt
S14 16.4 6.46 −6.40 Is Wynniatt
S14 17.1 6.34 −6.40 Is Wynniatt
S14 17.7 6.10 −6.54 Is Wynniatt
S14 18.4 6.56 −6.26 Is Wynniatt
S14 19.1 6.76 −6.28 Is Wynniatt
S14 20.0 6.50 −6.66 Is Wynniatt
S14 20.8 6.44 −6.51 Is Wynniatt
S14 21.6 6.48 −6.45 Is Wynniatt
S14 22.2 6.37 −7.14 Is Wynniatt
S14 23.1 6.14 −5.73 Is Wynniatt
S14 23.9 7.01 −5.76 Is Wynniatt
S14 24.7 5.35 −5.74 Is Wynniatt
S14 25.5 6.68 −5.86 Is Wynniatt
S14 26.4 7.31 −5.64 Is Wynniatt
S14 27.2 7.42 −6.55 Is Wynniatt
S14 27.9 7.32 −6.04 Is Wynniatt
S14 28.7 7.22 −6.22 Is Wynniatt
S14 29.4 7.31 −6.14 Is Wynniatt
S14 30.2 7.26 −5.84 Is Wynniatt
S14 31.0 7.56 −5.91 Is Wynniatt
S14 31.8 7.63 −6.28 Is Wynniatt
S14 32.6 7.84 −6.44 Is Wynniatt
S14 33.4 7.91 −6.10 Is Wynniatt
S14 34.2 7.08 −6.91 Is Wynniatt
S14 35.1 6.82 −6.53 Is Wynniatt
S14 35.8 6.82 −6.34 Is Wynniatt
S14 36.5 6.86 −5.99 Is Wynniatt
S14 37.2 6.86 −6.00 Is Wynniatt
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Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S14 37.9 6.20 −6.30 Is Wynniatt
S14 38.7 6.07 −6.31 Is Wynniatt
S14 39.4 6.84 −6.12 Is Wynniatt
S14 40.2 6.17 −6.05 Is Wynniatt
S14 40.9 5.99 −6.06 Is Wynniatt
S14 41.5 6.67 −6.45 Is Wynniatt
S14 42.2 6.81 −5.49 Is Wynniatt
S14 42.9 6.13 −5.47 Is Wynniatt
S14 43.6 5.93 −5.71 Is Wynniatt
S14 44.3 5.97 −5.72 Is Wynniatt
S14 45.0 6.78 −6.30 Is Wynniatt
S14 45.7 6.34 −6.38 Is Wynniatt
S14 46.6 5.57 −6.77 Is Wynniatt
S14 47.4 5.95 −7.20 Is Wynniatt
S14 48.1 5.39 −7.20 Is Wynniatt
S14 48.8 4.76 −7.15 Is Wynniatt
S14 49.4 4.86 −8.05 Is Wynniatt
S14 50.1 5.08 −7.80 Is Wynniatt
S14 50.8 5.13 −7.78 Is Wynniatt
S14 51.5 5.25 −7.79 Is Wynniatt
S14 52.2 5.35 −7.45 Is Wynniatt
S14 52.9 5.47 −7.26 Is Wynniatt
S14 53.5 5.13 −7.26 Is Wynniatt
S14 54.3 5.51 −7.31 Is Wynniatt
S14 55.0 5.40 −7.34 Is Wynniatt
S14 55.7 5.67 −7.23 Is Wynniatt
S14 55.7 5.60 −7.27 Is Wynniatt
S14 56.4 5.53 −7.14 Is Wynniatt
S14 57.2 5.53 −7.18 Is Wynniatt
S14 57.9 5.35 −7.47 Is Wynniatt
S14 58.6 5.40 −7.29 Is Wynniatt
S14 59.0 5.85 −6.14 dl Wynniatt
S14 59.7 4.94 −7.46 Is Wynniatt
S14 60.3 4.67 −7.85 Is Wynniatt
S14 60.5 4.80 −7.85 Is Wynniatt
S14 61.3 4.51 −7.94 Is Wynniatt
S14 62.0 4.30 −8.32 Is Wynniatt
S14 63.4 4.23 −8.67 Is Wynniatt
S14 64.1 4.32 −8.47 Is Wynniatt
S14 64.8 4.39 −8.51 Is Wynniatt
S14 65.6 4.47 −8.83 Is Wynniatt
S14 66.3 4.75 −8.87 Is Wynniatt
S14 67.1 4.89 −8.05 Is Wynniatt
S14 67.8 5.26 −7.69 Is Wynniatt
S14 68.5 5.30 −7.78 Is Wynniatt
S14 68.5 5.27 −7.80 Is Wynniatt
S14 69.2 4.75 −9.38 Is Wynniatt
S14 69.2 4.73 −9.39 Is Wynniatt
S14 69.8 4.98 −8.16 Is Wynniatt
S14 69.8 4.96 −8.16 Is Wynniatt

S15 0.8 2.24 −8.07 Is Aok
S15 1.2 2.19 −8.86 Is Aok
S15 2.1 2.48 −8.18 Is Aok
S15 4.1 2.04 −9.36 Is Aok
S15 4.1 2.01 −9.38 Is Aok
S15 5.3 2.28 −7.69 Is Aok
S15 6.1 2.38 −8.63 Is Aok
S15 7.3 2.40 −9.20 Is Aok
S15 8.8 2.10 −8.81 Is Aok
S15 9.5 2.30 −9.21 Is Aok
S15 10.3 2.15 −9.51 Is Aok
S15 11.6 2.30 −9.10 Is Aok
S15 12.4 2.36 −9.18 Is Aok
S15 13.3 2.94 −8.37 Is Aok
S15 14.0 2.67 −8.02 Is Aok
S15 15.8 1.96 −7.29 Is Aok
S15 16.6 2.01 −7.24 Is Aok
S15 17.2 2.14 −7.08 Is Aok
S15 18.3 1.99 −7.41 Is Aok
S15 19.1 2.12 −7.51 Is Aok
S15 20.4 2.52 −7.19 Is Aok
S15 21.5 2.70 −8.14 Is Aok
S15 22.1 2.61 −7.34 Is Aok
S15 23.4 2.79 −7.87 Is Aok
S15 24.8 3.15 −7.14 Is Aok
S15 25.4 3.10 −7.78 Is Aok
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Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

S15 26.5 3.12 −7.94 Is Aok

S16 0.9 4.16 −8.15 Is Boot Inlet
S16 1.6 4.19 −8.28 Is Boot Inlet
S16 2.6 4.34 −7.96 Is Boot Inlet
S16 3.3 4.30 −7.94 Is Boot Inlet
S16 4.1 4.20 −7.99 Is Boot Inlet
S16 5.3 4.16 −7.98 Is Boot Inlet
S16 6.5 4.18 −7.75 Is Boot Inlet
S16 7.4 4.22 −7.82 Is Boot Inlet
S16 8.1 3.80 −7.89 Is Boot Inlet
S16 17.2 4.23 −7.20 Is Boot Inlet
S16 19.2 4.61 −7.43 Is Boot Inlet
S16 20.1 4.75 −8.19 Is Boot Inlet
S16 22.3 4.57 −8.57 Is Boot Inlet
S16 29.5 0.94 −9.05 Is Boot Inlet
S16 31.0 0.63 −9.24 Is Boot Inlet
S16 32.3 3.63 −8.23 Is Boot Inlet
S16 33.6 4.73 −8.42 Is Boot Inlet
S16 34.4 4.77 −7.92 Is Boot Inlet
S16 40.8 5.02 −6.14 Is Boot Inlet
S16 41.7 5.09 −6.09 Is Boot Inlet
S16 42.5 5.06 −6.96 Is Boot Inlet
S16 43.2 5.01 −7.17 Is Boot Inlet
S16 44.9 4.87 −6.39 Is Boot Inlet
S16 45.6 4.43 −6.57 Is Boot Inlet
S16 46.5 4.56 −5.85 Is Boot Inlet
S16 48.6 4.73 −7.71 Is Boot Inlet
S16 49.9 4.62 −7.55 Is Boot Inlet
S16 50.8 4.56 −7.11 Is Boot Inlet
S16 51.7 4.64 −6.97 Is Boot Inlet
S16 52.8 4.21 −7.47 Is Boot Inlet
S16 54.9 4.43 −7.18 Is Boot Inlet
S16 55.3 4.46 −7.36 Is Boot Inlet
S16 56.5 4.07 −8.13 Is Boot Inlet
S16 58.9 4.40 −7.14 Is Boot Inlet
S16 59.7 4.18 −6.74 Is Boot Inlet
S16 60.8 4.08 −7.33 Is Boot Inlet
S16 61.4 3.25 −6.77 Is Boot Inlet
S16 62.4 3.40 −7.38 Is Boot Inlet
S16 63.2 3.71 −6.48 Is Boot Inlet
S16 64.3 3.48 −6.65 Is Boot Inlet
S16 65.1 3.77 −6.55 Is Boot Inlet
S16 66.0 3.97 −7.44 Is Boot Inlet
S16 67.1 4.26 −6.79 Is Boot Inlet
S16 68.0 4.20 −6.32 Is Boot Inlet
S16 69.0 4.25 −6.89 Is Boot Inlet
S16 79.7 4.25 −5.95 Is Boot Inlet
S16 81.7 4.87 −5.82 Is Boot Inlet
S16 83.0 4.78 −6.42 Is Boot Inlet
S16 85.8 4.33 −6.46 Is Boot Inlet
S16 89.0 4.08 −5.85 Is Boot Inlet
S16 91.5 3.97 −6.98 Is Boot Inlet
S16 92.9 3.83 −6.66 Is Boot Inlet
S16 95.9 3.93 −6.27 Is Boot Inlet
S16 97.7 3.50 −6.42 Is Boot Inlet
S16 100.0 3.85 −5.47 Is Boot Inlet
S16 104.0 3.80 −5.60 Is Boot Inlet
S16 110.0 4.57 −6.33 Is Boot Inlet
S16 114.3 4.59 −6.94 Is Boot Inlet
S16 116.1 4.69 −5.29 Is Boot Inlet
S16 119.4 4.90 −6.75 Is Boot Inlet
S16 122.9 5.38 −6.45 Is Boot Inlet
S16 124.0 4.98 −6.54 Is Boot Inlet
S16 129.3 4.38 −7.69 Is Boot Inlet
S16 131.0 4.66 −7.37 Is Boot Inlet
S16 132.4 4.42 −7.15 Is Boot Inlet
S16 133.5 4.39 −6.83 Is Boot Inlet

05RAT53 0 −2.83 −11.58 Kilian
05RAT53 3 −2.97 −9.50 Kilian
05RAT53 6 −3.17 −8.56 Kilian
05RAT53 9 −4.20 −8.13 Kilian
05RAT53 12 −4.14 −8.15 Kilian
05RAT53 27 −3.55 −7.46 Kilian
05RAT53 29 −3.53 −7.65 Kilian
05RAT53 35 −2.71 −7.61 Kilian
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Section number Stratigraphic height (m) �13C (‰, V-PDB) �18O (‰, V-PDB) Carbonate mineralogy Formation

05RAT53 38 −2.47 −7.67 Kilian
05RAT53 41 −1.21 −7.55 Kilian
05RAT53 44 −2.05 −7.53 Kilian
05RAT53 51 −2.13 −5.98 Kilian
05RAT53 60 −3.67 −4.89 Kilian
05RAT53 64 −2.96 −5.05 Kilian
05RAT53 67 −2.68 −4.87 Kilian
05RAT53 69 −2.91 −4.98 Kilian
05RAT53 90 −1.07
05RAT53 93 −0.84
05RAT53 96 −1.37

Table 2
GPS coordinates of measured sections.

Section number Latitude Longitude

S1 N 72◦13.261′ W111◦41.146′

S2 N 72◦13.065′ W111◦41.730′

S4 N 72◦07.219′ W111◦38.583′

S6 N 72◦11.718′ W111◦43.560′

S7 N 72◦10.836′ W111◦40.872′

S8 N 72◦11.275′ W111◦45.549′

S9 N 72◦03.669′ W111◦49.442′

S10 N 72◦09.315′ W111◦38.689′

S11 N 72◦09.765′ W111◦38.968′

S12 N 72◦12.315′ W111◦47.210′
◦ ′ ◦ ′
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S13 N 72 11.993 W111 48.857
S14 N 72◦11.876′ W111◦43.765′

S15 N 72◦15.945′ W109◦59.367′

S16 N 72◦17.080′ W109◦58.488′

n the rocks to the amount of carbon dissolved in fluids is orders
f magnitude higher than the ratio for oxygen. Therefore, the oxy-
en isotopic composition of carbonate rocks is subject to resetting
hrough a host of post-depositional processes including meteoric
iagenesis.

Like most Neoproterozoic carbonates worldwide, the samples
rom the Shaler Supergroup are highly depleted in �18 O (mean
alue of −7.0 ± 1.6 ‰), raising the issue of whether the �13C and
18 O of the samples reflect a primary signal, or whether the original
13C and �18 O values have been significantly altered by diagene-
is. Analysis of covariation of �13C–�18 O in the measured sections
hows that there is usually some degree of positive correlation
Table 3). Such isotopic covariation has been argued to represent
iagenetic overprinting. However, diagenetic overprinting is not
he only mechanism that produces �13C–�18 O covariation, and
ccurrence of such correlation does not require diagenetic over-

rinting of the �13C signal.

A possible rationale for questioning the validity of the upper por-
ion of section S2 is that it is capped by a ∼50 m thick diabase sill,
hich could have introduced hydrothermal fluid to some portion of

able 3
ummary of �18 O vs. �13C covariation parameters for measured sections.

Section Slope (d18O/d13C) r2 n

S1 1.49 0.35 52
S2 0.5 0.31 114
S4 0.64 0.26 12
S6 0.27 0.09 63
S7 1.69 0.38 37
S9 0.63 0.16 25
S10 0.18 0.1 16
S11 0.53 0.72 14
S12 0.64 0.66 5
S14 0.61 0.4 87
S15 0.52 0.05 27
S16 0.42 0.14 66
−4.36 Kilian
−4.78 Kilian
−4.25 Kilian

the upper part of S2; limestones in the 5 m immediately below the
sill have been strongly metasomatized, and it is noted that the �13C
dives to depleted values in the 10 m below the sill. However, iso-
topic covariation is not observed beneath any of the other sills that
intrude the Shaler Supergroup in this study, and the other sections
that do demonstrate covariation are not close to any sills. Moreover,
the isotopic depletion is one-sided (observed immediately beneath
sills but not above); any metasomatic isotopic alteration should be
two-sided unless the sill acts as a cap and sets up a closed convec-
tion system below. At section S16, a 6-m thick diabase sill intrudes
the Boot Inlet Formation, yet limestones in contact with it imme-
diately above and immediately below demonstrate no enrichment
or depletion in �13C (see section S16 in Fig. 5, above meter level
200). Therefore, it is unlikely that hydrothermal fluids accompany-
ing intrusion of the sills are related to the isotopic covariations or
�13C depletions.

Contact metamorphism and subsequent decarbonation can lead
to depletion in �13C, necessitating an examination of the negative
�13C anomalies in S2 and S9 for geochemical evidence of decar-
bonation. Although they are not well constrained due to weak
correlation between �13C and �18O, the �18O/�13C slope in the
upper portion of S2 and S9 are 0.55 and 0.63, which do not match
slopes of 2 found in theoretical and empirical studies of decar-
bonated rocks (Shieh and Taylor, 1969; Boulvais et al., 1998). The
magnitude of �13C depletion in both sections is∼10 ‰. Such intense
depletion can occur in carbon-limited systems with near complete
decarbonation. However, the Shaler samples have a low detrital
silica content, and thus the depletion of �13C due to decarbonation
reactions is probably no greater than 1‰. Therefore, the negative
anomalies cannot be explained by contact metamorphism from
basalt flows (S9) or diabase sills (S2), and the �13C anomalies are
parsimoniously interpreted as primary ocean signals.

A comparison of the isotopic measurements from the tan car-
bonate member in the northeast (section S9) and the southwest
(section 05RAT53) domains provides a further test of the reliability
of the �13C signal. Although they are separated by 200 km (present
coordinates), both sections record a negative isotope anomaly
within the tan carbonate member, with values measured between
−2 and −4 ‰ (Fig. 5). This is a strong positive result on a test of �13C
coherence across the Amundsen Basin, especially in light of the fact
that the samples from the southwest domain are more than 100 m
below the nearest basalt flow whereas the northeast samples are
immediately below a basalt flow.

In addition, a previous study of the geochemistry of Shaler
Supergroup carbonates demonstrated that �13C was not correlated
to variations in Mn/Sr (Asmerom et al., 1991). This is an indication

that meteoric diagenesis, which tends to increase Mn/Sr, did not
alter �13C. Because the samples studied by Asmerom et al. (1991)
were taken from the same locations as the samples in the present
contribution, they provide additional confidence that the �13C data
reported here are primary.
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Fig. 5. Composite carbon isotope curve for the Shaler Supergroup plotted alongside simplified lithostratigraphy of measured sections (see Fig. 1 for locations). Sections
numbered Sn are in the northeastern Minto Inlier, where the Kuujjua Formation is absent. Section 05RAT53 is in the southwest domain (see Fig. 1 for location). DPP = “double
positive peaks” referenced in text.
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Fig. 6. (a) Formation-by-formation lithostratigraphic correlation of Shaler Supergroup with Mackenzie Mountains, after Rainbird et al. (1996), (b) Chemostratigraphic
correlation based on �13C. Stratigraphic height scaled to the thicker sections in the Mackenzie Mountains. The factor by which each formation of the Shaler Supergroup was
scaled in order to match the thickness of the correlative unit is indicated to the right of each figure and labeled “scaling factor.” In (a) the scaling factor varies between units
by as much as a factor of 10, with some units requiring expansion and others compression. In (b) the scaling factors are much more consistent, and each is an expansion.
The “Bitter Springs Stage” refers to the anomalously low set of �13C values in the Mackenzie Mountains Supergroup. See Fig. 5 for legend. Mackenzie Mountains Supergroup
data, including location of BSS, from Halverson (2006) and Halverson et al. (2007a).
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.2. Chemostratigraphic correlation of the Shaler and Mackenzie
ountains supergroups

The Shaler Supergroup has traditionally been correlated with
he Mackenzie Mountains Supergroup based on lithostratigraphy
Jefferson and Young, 1977; Rainbird et al., 1996), stromatolite bios-
ratigraphy (Aitken and Long, 1978; Jefferson and Young, 1989),
nd sequence stratigraphy (Long et al., 2008). The Shaler Super-
roup �13C records presented here and the high-resolution data
rom the Mackenzie Mountains (Halverson, 2006) provide a new
ool for correlating the rocks in the region. The major assumptions
f �13C chemostratigraphic correlation schemes are that (a) the
13C of the global ocean is well-mixed, such that isotopic trends
re recorded worldwide, and (b) the �13C values recovered from
he rock samples record the �13C values of the ocean (or the early
iagenetic pore waters) at the time of sedimentation (or earliest
iagenesis). Although the Shaler Supergroup was deposited in an

ntracratonic basin (Rainbird, 1991; Morin and Rainbird, 1993) that
ay have been intermittently restricted from the open ocean, it
ould have been connected to the open ocean through cratonic

eaways, as fossils recovered from the Wynniatt Formation indicate
onrestricted marine conditions (Butterfield and Rainbird, 1998).
lthough evaporitic facies occur extensively in the Minto Inlet and
ilian formations, > 95% of the �13C data reported here come from
on-evaporitic carbonate rocks. The �13C secular curve (Fig. 5) is

nterpreted to represent isotopic trends in the global ocean com-
osition.

With these assumptions, a direct formation-by-formation com-
arison of the �13C records from the Amundsen Basin and the
ackenzie Mountains Supergroup (Fig. 6a) indicates that forma-

ions thought to be correlative (Jefferson and Young, 1977; Rainbird
t al., 1996) do not host parallel �13C curves. The �13C profiles
o not demonstrate a tight correspondence, and distinctive �13C
atterns observable in both basins are stratigraphically offset. This
bservation compels us to consider whether lithostratigraphically
quivalent units may have been deposited at different times. Recent
ork has placed the strata in a sequence stratigraphic framework

Long et al., 2008), loosening the strict formation-by formation cor-
elations and allowing for some temporal variability in time of
eposition. Below we outline a hypothesis for the relative timing
f the deposits in the Amundsen Basin and Mackenzie Mountains
upergroup that is based on (a) comparison of the �13C curves and
b) the assumption that �13C trends are isochronous.

An alternate correlation between the two regions can be devel-
ped by using distinctive features of the �13C curves to drive the
orrelation (Fig. 6b). This scheme obeys the few geochronological
onstraints available (see Section 2.2) and attempts to preserve a
egree of lithostratigraphic coherence between the two basins. The
rimary isotopic features used in the correlation are (a) the rela-
ively low �13C values of the Aok Formation and the lower Platform
ssemblage, (b) the “double positive peaks” in the lower Wynni-
tt Formation and the lower Upper Carbonate Formation (DPP in
ig. 5), (c) the negative anomalies at the top of the lower Wynniatt
ormation and in the middle of the Upper Carbonate Formation,
nd (d) the negative anomalies in the upper Kilian Formation and
he Coates Lake Group. �13C data from Katherine Group K6 is not
vailable, making some of the comparisons with the Rae Group less
ell-constrained. In order to give the best chemostratigraphic cor-

elation to the Mackenzie Mountains Supergroup and to explain the
tepwise jump from −5 to +6 ‰ within the measured sections of

he Wynniatt Formation, a hiatus separating the lower and upper
ortions of the Wynniatt Formation is introduced. Field evidence
or such a hiatus has not yet been observed, but its presence is
estable by mapping out the lower-upper Wynniatt Formation con-
search 181 (2010) 43–63

tact occupied by a diabase sill at Kilian Lake (near sections S1 and
S2), and looking for an exposure where the interval is not intruded
by a sill. Measuring the �13C of a suite of high-resolution sections
through the transition from lower to upper Wynniatt Formation
spanning the entire length of the Minto Inlier would strengthen
the isotopic record of this key interval.

Studies of Proterozoic, Phanerozoic, and modern oceans show
that �13C values are spatially variable by as much as 2-3‰ (Hoffman
et al., 2007; Kroopnick, 1985; Saltzman et al., 2000; Veizer et al.,
1999). For this reason, correlations are generally not based on
absolute values, but on parallel secular changes observed in given
environments at different locations (e.g., correlation of the Neopro-
terozoic Tsumeb Subgroup between the Otavi carbonate platform
and foreslope in Namibia (Halverson et al., 2005), variable expres-
sion of major �13C excursions in end Ordovician strata around the
globe (Laporte et al., 2009; Melchin and Holmden, 2006; Panchuk
et al., 2006), or the compilation of foraminiferal �13C data from
the Atlantic and Pacific oceans showing clear trends with offset
between basins since the middle Miocene (Zachos et al., 2001)).

In Fig. 6, each of the units of the Shaler Supergroup is scaled
independently to match either the lithostratigraphy (Fig. 6a) or the
chemostratigraphy (Fig. 6b) of the Mackenzie Mountains Super-
group. The graphs on the right side of the Shaler stratigraphic
columns show the factor by which each unit was scaled to pro-
duce the correlation, based on the measured thicknesses of the
Shaler Supergroup and those reported in Halverson (2006) for the
Mackenzie Mountains Supergroup. Significant thickness variations
have been documented across both basins (Long et al., 2008), and
the plots in Fig. 6 would look different if different measured sec-
tions were used. The present comparison is made because these
are the thicknesses measured for the sections that yielded the
�13C data under consideration. The lithostratigraphic correlation
requires that units scale unevenly. For example, the lower Wynniatt
Formation is scaled by a factor of 0.7 while the Boot Inlet Forma-
tion is scaled by a factor of 6.5. The mean lithostratigraphic scaling
factor is 2.8 ± 2.0. The chemostratigraphic correlation scales each
unit more evenly. The mean chemostratigraphic scaling factor is
2.2 ± 0.7. In both cases the Shaler strata are 2–3 times thinner
than their counterparts in the Mackenzie Mountains, in agree-
ment with previous measurements (Long et al., 2008). Because
the Shaler and Mackenzie Mountains supergroups were probably
part of the same subsiding superbasin, we expect a direct rela-
tionship between the sediment thicknesses accumulated in each
basin over time. This result has potentially interesting implica-
tions for the interpretation of basin subsidence mechanisms in the
region. In a large restricted basin such as the modern Mediterranean
Sea, significant facies changes (due to base level change or uni-
form subsidence) are recorded as isochronous “bathtub rings.” The
intracratonic sag model for subsidence in the Amundsen Basin and
Mackenzie Mountains may need to be modified to reflect geograph-
ically heterogeneous subsidence.

The present chemostratigraphic correlation hypothesis makes
predictions about the Coates Lake Group in the Mackenzie Moun-
tains. The Coates Lake Group has been viewed as a physically
isolated fault-bounded rift basin without regional or global connec-
tions (Jefferson, 1985), and may also be part of Sequence C (Aitken,
1981; Long et al., 2008). The significant �13C anomaly it hosts
(Halverson, 2006) has not been well integrated into the global Neo-
proterozoic chemostratigraphic database. However, the data from
the upper Kilian Formation exhibit a similar, but less pronounced

13
negative � C anomaly (Fig. 5). The Coates Lake anomaly precedes
the Rapitan Group, which includes Sturtian-aged glacial diamictite.
The upper Kilian Formation contains a 6–11 m thick purple silty
diamictite. One possible interpretation is that the diamictite is a
distal equivalent of the glaciogenic Sayunei Formation of the Rapi-
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an Group, the flooding atop the Kilian is related to glacioisostasy or
eglacioeustasy, and the limestone ribbonites and breccias are syn-
r post-glacial. Although the Kilian and Kuujjua formations contain
ultiple sedimentary indicators of a hot and arid climate (such as

esiccation cracks, halite casts, and tepee structures), the hallmark
f Neoproterozoic global glaciation is the sudden appearance of
laciogenic strata worldwide, including on top of tropical carbon-
te platforms. Even so, the suggestion that the Kilian diamictite is
lacial is speculative at this point, as no glaciogenic indicators were
bserved at the one location where the diamictite was observed
S9). Future field observations and chemostratigraphic work on
ictoria Island should be able to determine the lateral extent of

he diamictite, its origin, and its association with the negative �13C
nomaly. Although the negative �13C anomaly in the tan carbonate
ember has been reproduced in the southwest domain (section

5RAT53), it is possible that future work may fail to reproduce the
egative anomaly in other outcrops of the upper Kilian Formation,
hereby casting doubt upon the validity of the new hypothesis. In
he hypothesis presented here, the Kilian and Coates Lake anoma-
ies are correlative and it is suggested that they mark a regional,
nd potentially global, marine isotopic signal. The possibility of a
lobal negative �13C anomaly is considered in Section 4.4.

The BSS is named for the formation where the negative �13C
nomaly was first thoroughly documented, in Units 1 and 2 of the
oves Creek Member of the Bitter Springs Formation (Amadeus
asin, central Australia), in which �13C values change from +5 to −1
nd back to +5‰ (Hill et al., 2000; Swanson-Hysell et al., 2008). The
nomaly is not associated with glacial deposits, in contrast to many
ther Neoproterozoic negative �13C excursions. Anomalies similar
o the Bitter Springs have been reported in correlative strata of the
kademikerbreen Group (northeastern Svalbard) (Halverson et al.,
007b), the Little Dal Group (northwestern Canada), and possibly
thiopia (Alene et al., 2006). The wide geographic distribution of
hese sections in current reconstructions of Rodinia (Li et al., 2008)
uggests that the anomaly is representative of the �13C of the global
cean.

The other possible correlation of the upper Kilian anomaly is
ith the globally documented “Bitter Springs Stage” (BSS) nega-

ive anomaly (Halverson et al., 2005, 2007b; Maloof et al., 2006)
n the Upper Carbonate Formation. The BSS is named for the for-

ation where the negative �13C anomaly was first thoroughly
ocumented, in Units 1 and 2 of the Loves Creek Member of the Bit-
er Springs Formation (Amadeus Basin, central Australia), in which
13C values change from +5 to −1 and back to +5‰ (Hill et al.,
000; Swanson-Hysell et al., 2008). The anomaly is not associated
ith glacial deposits, in contrast to many other Neoproterozoic
egative �13C excursions. Anomalies similar to the Bitter Springs
ave been reported in correlative strata of the Akademikerbreen
roup (northeastern Svalbard) (Halverson et al., 2007b), the Lit-

le Dal Group (northwestern Canada), and possibly Ethiopia (Alene
t al., 2006). The wide geographic distribution of these sections in
urrent reconstructions of Rodinia (Li et al., 2008) suggests that the
nomaly is representative of the �13C of the global ocean. Corre-
ation of the upper Kilian Formation �13C anomaly with the BSS

any difficult implications. First, it eliminates the tight correspon-
ence of the “double positive peaks” in the �13C stratigraphy (DPP
n Fig. 5). Second, it either (a) negates all the lithostratigraphic cor-
elations between the formations below the Wynniatt and Upper
arbonate formations, or (b) requires a tremendous increase in sed-

mentation accumulation rate beginning at the base of the Wynniatt

nd continuing through the rest of the Shaler Supergroup. While
uch a subsidence history might be expected in a foreland or active
ift basin, the Shaler stratigraphy and regional geology are incon-
istent with such an active tectonic setting. Third, correlation of the
search 181 (2010) 43–63 59

upper Kilian and “Bitter Springs” anomalies would require a long
hiatus (>80 Ma) between the allegedly Bitter Springs-aged Kuujjua
Formation and the Natkusiak basalts. However, Rainbird (1993) has
demonstrated that the Kuujjua Formation was unlithified at the
time of the Natkusiak eruptions. For these reasons a “Bitter Springs
Stage” age for the Kilian Formation is unlikely.

The new �13C correlation hypothesis suggests that many of
the units in the Rae Group may not have been deposited at
the same time as their proposed lithostratigraphic equivalents
in the Mackenzie Mountains Supergroup. The distinctive orange-
weathering stromatolitic dolostones of the Aok Formation have
frequently been used as a regional marker bed assumed to be
correlative with the K6 Formation of the Katherine Group in the
Mackenzie Mountains (Jefferson and Young, 1989). This correlation
implies an exceptionally extensive stromatolitic buildup contem-
poraneously spanning the Amundsen Basin and the Mackenzie
Mountains region. The new �13C -based correlation suggests that
the Aok may instead be temporally correlative with the lower
Platform Assemblage of the Little Dal Group. Further �13C work
on the Rae and Little Dal groups will help to elucidate temporal
variability between lithostratigraphically equivalent units, as the
chemostratigraphic correlation presented here implies that few of
the lithostratigraphic correlatives are exactly chronostratigraphi-
cally equivalent. Rather, the �13C correlation hypothesis suggests
that facies patterns migrated over time between the Mackenzie
and Amundsen Embayments in response to relatively higher sub-
sidence rates in the Mackenzie Mountains basin.

The sequence architecture inferred from the �13C correlation is
most evident in the lower part of the stratigraphy (Fig. 6). Under
the new hypothesis, the stromatolites of Katherine Group K6 and
the sandstones of Katherine Group K7 are older than their litho-
logical equivalents in the Shaler Supergroup, the Aok and Grassy
Bay formations. If this is the case, these facies must have prograded
from the Mackenzie Mountains basin to the Amundsen Basin. Based
on detrital zircon geochronology and provenance studies, Rainbird
et al. (1997) proposed that the Katherine Group and Nelson Head
Formation are remnants of an extensive and long-lived fluvial sand
sheet sedimentary system originating from the Grenville orogen.

Similarly, the chemostratigraphic correlation hypothesis pre-
dicts that carbonate sedimentation resumed diachronously after
the sandstones were laid down, first in the Mackenzie Mountains
and then in the Amundsen Basin; the Mudcracked Formation and
lower Platform Assemblage are older than the lower Boot Inlet For-
mation. This suggests that facies were still prograding from the
Mackenzie Mountains to the Amundsen Basin. However, the carbon
isotope correlation indicates that by the end of Platform Assem-
blage/Boot Inlet time both basins were depositing similar facies
contemporaneously. From this point on neither basin significantly
leads or lags in their depositional environment. Such a history is
expected if non-uniform lithospheric stretching were responsible
for the origin of the intracratonic sag; initial thinning would cause
varying subsidence rates in the region, but once thinning ended
thermal subsidence would cause the entire region to subside uni-
formly.

The new correlation hypothesis presented here is generally con-
sistent with the earlier correlations (Jefferson and Young, 1977;
Aitken and Long, 1978; Rainbird et al., 1996) but also introduces
several points of variance for further study and testing. A more
detailed picture of shifting facies patterns in northwest Laurentia
in the Neoproterozoic may result from this approach. The data also
suggest a new hypothesis regarding the source of accommodation

space in the basin: lithospheric thinning caused inhomogeneous
intracratonic sag until Platform Assemblage/Boot Inlet Formation
time, at which point thermal subsidence produced uniform subsi-
dence across the region.
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.3. The “Bitter Springs” anomaly and TPW

The “Bitter Springs Stage” (BSS) negative �13C anomaly has
een documented in multiple Neoproterozoic basins throughout
he world (e.g., Halverson et al., 2005, 2007b; Alene et al., 2006;
ill et al., 2000; Maloof et al., 2006). Its absence in the Shaler Super-
roup is a potentially problematic result of the hypothesis proposed
ere (Fig. 6). If the proposed correlation is correct then the data pre-
ented here lead to two possible interpretations: (a) the Amundsen
asin did not always record the �13C of the global ocean, or (b) there

s a disconformity due to ∼10 to 15 Ma of missing stratigraphy. Each
f these possibilities is considered in turn.

During times of evaporite deposition, the Amundsen Basin likely
as not in complete chemical exchange with the global ocean.
arbonates interbedded with gypsum and anhydrite in the Minto

nlet Formation record �13C values of ∼ − 1 ‰, which is signifi-
antly depleted from the +5 ‰ values of carbonates bracketing the
vaporite units. Similar isotopic depletion has been observed in
vaporites of the Gillen Member of the Bitter Springs Formation (N.
wanson-Hysell, personal communication). However, these indi-
ators of basin restriction are not constant throughout the Shaler
upergroup, which is dominated by peritidal and shallow marine
arbonate deposits. Additionally, the bulk of the Shaler �13C record
orrelates very well with the �13C of the Mackenzie Mountains,
he Amadeus Basin, and the Akademikerbreen Group. The simplest
xplanation for the concordance of the �13C stratigraphy of these
equences is that they are all recording the same changes to the
lobal carbon cycle.

Could a profound disconformity separate the lower and upper
ynniatt Formation? Although such a disconformity has not yet

een observed in the field, several lines of reasoning suggest that it
s possible. The first consideration is the duration of the basin sub-
idence, which is a question that has little firm geochronological
ontrol. However, if the basin began to subside (e.g., intracratonic
ag due to lithospheric thinning) sometime after 1077 Ma (the max-
mum age of the Nelson Head Formation of the Rae Group based
n detrital zircon geochronology (Rainbird et al., 1997)), thermal
odels of basin evolution would suggest that the development of

ew accommodation space would taper off within the next 150
illion years (McKenzie, 1978). That is significantly earlier than

12 Ma, which is the best estimate of the age of the initiation of
he BSS, based on U–Pb dating of zircons from the Fifteenmile
roup in the central Ogilve Mountains near the Alaska-Yukon bor-
er (Macdonald et al., 2010).

The BSS has been attributed to a pair of true polar wander (TPW)
vents in the middle Neoproterozoic (Maloof et al., 2006). Two
ndependent data sets suggest that the TPW rotation pole pierced
quatorial Laurentia (Li et al., 2004; Maloof et al., 2006) . Because
his pole is inferred to have been close to the location of the Amund-
en Basin, a TPW rotation about this axis would not have forced a
apid shift in the Amundsen Basin’s paleolatitude. Therefore, any
ttendant changes in relative sea level due to reconfiguration of
he equatorial bulge would have been minimal at the Amundsen
asin, and possibly not observable in the geologic record (Mound
nd Mitrovica, 1998; Mound et al., 1999). Furthermore, the region
ould have stayed in the warm tropical belt of carbonate precipi-

ation, so no marked change in lithology would correspond to the
nset of a TPW event.

.4. The pre-Sturtian “Islay Excursion”
The upper tie point of the Amundsen-Mackenzie chemostrati-
raphic correlation hypothesis proposed here is pinned to the
rchitecture (although not the absolute values) of the negative
13C excursions measured in the Kilian Formation and Coates Lake
search 181 (2010) 43–63

Group (Fig. 6). The Kilian and Coates Lake excursions are remi-
niscent of negative �13C anomalies underneath older Cryogenian
glacial deposits. In East Greenland, bed-groups 19 and 20 of the
uppermost part of the Eleanore Bay Supergroup host a negative
anomaly beneath the glaciogenic UlvesøFormation of the overly-
ing Tillite Group (Fairchild et al., 2000). In the Togari Group of
northwest Tasmania it is the Black River Dolomite that hosts a neg-
ative excursion below glacial diamictite of the Julius River Member
(Calver, 1998). In the Dalradian Supergroup of Scotland, the Lossit
or Islay Limestone contains an anomaly below the Port Askaig Tillite
of the Argyll Group (Brasier and Shields, 2000; McCay et al., 2006).
In northeast Svalbard, the RussoyøMember of the Elbobreen For-
mation has a well-documented negative �13C excursion beneath
the Petrovbreen diamictite, which was originally interpreted as an
older Cryogenian glacial deposit (Brasier and Shields, 2000), rein-
terpreted as younger Cryogenian (Halverson et al., 2004), before
reaffirmation as an older Cryogenian deposit on the basis of new
Sr-isotope data (Halverson et al., 2007a).

The Kilian Formation, which underlies the Natkusiak basalts,
is constrained to be older than 723 Ma because it is intruded by
diabase sills of this age (Heaman et al. (1992) and Section 2.2).
The Coates Lake Group sits unconformably on the Little Dal basalt.
Although it has not been confirmed geochronologically, the Little
Dal basalt may be cogenetic with 779 Ma dikes and sills in the north-
ern Cordillera (LeCheminant and Heaman, 1994); these dikes and
sills intrude the Little Dal and Katherine groups, but not the over-
lying Coates Lake Group (Jefferson and Parrish, 1989). If the Kilian
and Coates Lake excursions are correlative, they should therefore
fall between 779 and 723 Ma.

The negative carbon isotope anomaly found in the Kilian For-
mation below a 6–11 m thick purple silty diamictite at S9 (see
Section 2.1) may be correlative with the anomalies found below
older Cryogenian (“Sturtian”) glacial deposits worldwide. It is here
referred to as the “Islay Excursion” after the location where it
was first documented (Brasier and Shields, 2000). The existence
of a negative carbon isotope anomaly before the older Cryogenian
glaciation is analogous to the well-documented Trezona anomaly
found below younger Cryogenian (“Marinoan”) glacial deposits (as
reviewed in Halverson et al. (2005); Halverson (2006)). As more
data becomes available it may become apparent that the global
carbon cycle instability represented by these negative carbon iso-
tope excursions occurred before the older Cryogenian snowball
glaciations as well as the younger Marinoan glaciation. On Victo-
ria Island, the putative glacial diamictite observed at section S9 of
the upper Kilian Formation needs to be studied in more detail to
confirm glacial features and needs to be located elsewhere in the
basin. If it can be shown to be laterally extensive, and if the carbon-
ates associated with it do indeed have depleted �13C values, then
the Shaler Supergroup would lend support to a pre-Sturtian neg-
ative anomaly. However, negative anomalies of similar magnitude
that are not associated with glaciation have been documented in
the mid-Cryogenian (Macdonald et al., 2009a) and possibly mid-
Ediacaran (Calver, 2000; Fike et al., 2006; McFadden et al., 2008).
The origins of these negative anomalies and their relation to cli-
mate catastrophe and reorganization of geochemical cycles remain
as unresolved questions in Neoproterozoic Earth history.

4.5. Global correlation

The �13C correlation hypothesis presented here allows the geo-

chemical and paleontological records of the Shaler Supergroup to
be integrated into the history of the Neoproterozoic Earth. The �13C
record from the Shaler Supergroup shows good agreement with
features of the global composite �13C curve (Fig. 7) (Halverson et
al., 2007a), including the following: (a) a rising trend in the early
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ig. 7. Integration of the �13C data presented here with the global composite record
laced here coincident with the end of the “Bitter Springs Stage” (Halverson et al., 2

onian period leading to an interval of relatively constant �13C val-
es centered around ∼4 ‰; (b) the double positive peaks that rise
p to ∼8 ‰ preceding the Bitter Sprints isotopic stage; (c) an early
ryogenian peak followed by a well-defined negative �13C excur-
ion (“Islay excursion”) prior to the “Sturtian” global glaciation. The
uggested duration of subsidence (∼180 Ma, Fig. 7) and thickness
f sediment accumulated (> 1 km, Fig. 5) are consistent with geo-
hysical models of long-term subsidence of intracratonic basins
Armitage and Allen, 2010).

The Shaler Supergroup has yielded a small but significant
mount of early Neoproterozoic paleontological data. A diverse
uite of acritarchs (Butterfield and Rainbird, 1998) and carbona-
eous megafossils of the Chuaria-Tawuia assemblage (Hofmann
nd Rainbird, 1995) have been described from the lower Wynniatt
ormation. A complex eukaryote (Butterfield, 2005a) and dinoflag-
llates (Butterfield and Rainbird, 1998) have been identified in
hese strata. If the chemostratigraphic correlation hypothesis is
onfirmed, the lower Wynniatt Formation, and therefore the biota
t hosts, directly predates the BSS. This is a new constraint on the
elative timing isotopic events and biological evolution in the Neo-
roterozoic.

. Conclusions

New high-resolution carbon isotope data from the Shaler Super-
roup of Arctic Canada provide an expanded view of geochemical
uctuations during the early Neoproterozoic. This study uses
etailed �13C data from the Shaler Supergroup to develop a new,
estable hypothesis for correlation with the Mackenzie Moun-

13
ains Supergroup. Using secular variations � C as an independent
hronometer, the new hypothesis is based on matching distinc-
ive features of the �13C curves from both basins. Doing so reveals
hat lithologically correlative units were deposited diachronously;
epositional environments migrated from one basin to the other
ified from Halverson et al. (2007a). The base of the Cryogenian is undefined, and is

over time. A consequence of the new correlation scheme is that
the biota hosted in the Wynniatt Formation of the Shaler Super-
group was deposited prior to the globally observed “Bitter Springs”
isotopic stage. This provides a new means of integrating the pale-
obiological data into the global record of Neoproterozoic Earth
history.
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