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The Ediacaran Gametrail Formation of northwestern Canada chronicles the evolution of a
complex carbonate ramp system in response to fluctuations in relative sea level and
regional tectonic subsidence alongside exceptional global change associated with the
Shuram carbon isotope excursion (CIE). Here, we use extensive outcrop exposures of the
Gametrail Formation in the Wernecke Mountains of Yukon, Canada, to construct a
shelf-slope transect across the Shuram CIE. Twelve stratigraphic sections of the
Gametrail Formation are combined with geological mapping and a suite of geochemical
analyses to develop an integrated litho-, chemo-, and sequence stratigraphic model for
these strata. In the more proximal Corn/Goz Creek region, the Gametrail Formation
represents a storm-dominated inner to outer ramp depositional setting, while slope
depositional environments in the Nadaleen River region are dominated by hemipelagic
sedimentation, turbidites, and debris flows. The magnitude of the Shuram CIE is largest
in slope limestones which underwent sediment-buffered diagenesis, while the CIE is
notably smaller in the inner-outer ramp dolostones which experienced fluid-buffered
diagenesis. Our regional mapping identified a distinct structural panel within the
shelf-slope transect that was transported ~30 km via strike-slip motion during the
Mesozoic—Cenozoic Cordilleran orogeny. One location in this transported structural

block contains a stromatolite reef complex with extremely negative carbon isotope values
down to ~ -30%o, while the other location contains an overthickened ooid shoal complex
that does not preserve the characteristic negative CIE associated with the Shuram event.
These deviations from the usual expression of the Shuram CIE along the shelf-slope
transect in the Wernecke Mountains, and elsewhere globally, provide useful examples for

how local tectonic, stratigraphic, and/or geochemical complexities can result in
unusually large or completely absent expressions of a globally recognized CIE.

1. Introduction

Neoproterozoic carbonate rocks are a primary record of
the profound biological and climatic changes which oc-
curred in the prelude to the Cambrian explosion. This is be-
cause carbonate rocks commonly encode sedimentological,
biological, and primary geochemical information from sea-
water at the time of their deposition. Northwestern Canada
(Yukon and Northwest Territories, NWT) hosts extensive
exposures of Neoproterozoic carbonate successions, many
of which form an integral part of global paleontological and

geochemical compilations from this time interval (for ex-
ample, Halverson et al., 2005; Kaufman et al., 1997; Mac-
donald et al., 2010, 2013; Rooney et al., 2015). The carbon-
ate carbon (813C) record of Neoproterozoic carbonate rocks
is unique in the geological record for its volatility, which is
thought to have resulted from a more unstable global car-
bon cycle prior to the advent of biomineralization and the
expansion of the neritic carbonate factory in the Paleozoic
(for example, Zeebe & Westbroek, 2003).

The late Neoproterozoic ca. 575-567 Ma Shuram carbon
isotope excursion (CIE) is the largest known carbonate car-
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bon isotope perturbation in Earth history and occurs just
after the ca. 580 Ma regional Gaskiers glaciation and the
first appearance of the Ediacaran Avalon fossil assemblage
(Canfield et al., 2020; Grotzinger et al., 2011; Matthews et
al., 2021; Rooney et al., 2020). The Shuram CIE has been
previously documented in the Gametrail and Last Chance
formations of the Mackenzie, Wernecke, and Ogilvie Moun-
tains of central Yukon and western NWT (Busch et al., 2021;
Macdonald et al., 2013; Moynihan et al., 2019; Pyle et al.,
2004). The exceptional exposure and preservation of the
Gametrail Formation (Fm) in this region makes it an impor-
tant resource for understanding the geological and paleo-
ceanographic origin of the Shuram CIE (Busch et al., 2022).
Furthermore, the Gametrail Fm’s clear stratigraphic posi-
tion directly above the first appearance of Ediacaran fos-
sils in northwestern Canada provides a unique opportunity
to investigate the environmental context surrounding the
proliferation of the first putative metazoan fossil assem-
blages (Moynihan et al., 2019; Sperling et al., 2015). In ad-
dition, preliminary studies of the Gametrail Fm’s extensive
outcrop distribution in the Wernecke Mountains indicates
that it encompasses both proximal and distal environments
(Aitken, 1989; Fritz et al., 1983; Macdonald et al., 2013;
Pyle et al., 2004); thus, this region serves as an important
archive of the Shuram CIE’s expression across a paleoba-
thymetric transect.

A multitude of models have been proposed for the origin
of the Shuram CIE, including disconnection from open
ocean DIC, diagenetic alteration in both deep and shallow
burial environments, methane release, authigenic carbon-
ate formation, and non-steady state carbon cycle behavior
primarily involving the oxidation of a large pool of isotopi-
cally negative dissolved organic carbon (DOC) (for example,
Bjerrum & Canfield, 2011; Derry, 2010; Fike et al., 2006;
Knauth & Kennedy, 2009; Li et al., 2017; Rothman et al.,
2003; Schrag et al., 2013). The role of carbonate diagene-
sis in driving the Shuram CIE and other large CIEs in the
Neoproterozoic continues to be debated as the origin of the
anomaly eludes a definitive explanation (Ahm et al., 2021;
Burns & Matter, 1993; Cui et al., 2017; Derry, 2010; Knauth
& Kennedy, 2009). Busch et al. (2022) recently investigated
the role of diagenesis in the expression of the Shuram CIE
with a global geochemical and stratigraphic compilation
and suggested that burial and meteoric diagenesis were not
driving mechanisms for the excursion; instead, changes to
the locus and intensity of primary productivity in shal-
low marine environments may have facilitated local isotope
reservoir effects that drove the Shuram CIE. To provide
more sedimentological, geochemical, and stratigraphic
context for the Shuram CIE in northwestern Canada, we
constructed a shelf-slope transect of the Gametrail Fm in
the Wernecke Mountains. By combining the sedimentology
and sequence stratigraphy of this unit along a paleobathy-
metric transect with geochronological measurements (Re-
Os) and a suite of geochemical analyses (that is, §44/40Ca,
Sr/Ca, Mn/Sr, U/Ca) used for deconvolving the effects of
mineralogy and early marine diagenesis on paleoenviron-
mental proxies, we aim to provide new insights on the
global expression of this enigmatic geochemical event.

1.1. Geological Background and Previous Work

Proterozoic strata of the Wernecke Mountains are ex-
posed along the southeastern apex of the Yukon block, a tri-
angular-shaped region in north-central Yukon that formed
a relatively high-standing crustal block throughout much
of the early Paleozoic (fig. 1; Jeletzky, 1962; Morrow, 1999).
The Wernecke Mountains contain exposures of the ca.
1.7-1.4 Ga Wernecke Supergroup, the ca. 1.2-0.78 Ga
Mackenzie Mountains Supergroup, and the ca. 0.78-0.54
Ga Windermere Supergroup (fig. 1; Eisbacher, 1981; Mac-
donald et al., 2013, 2018; Medig et al., 2016; Pyle et al.,
2004; Strauss et al., 2015; Thorkelson et al., 2005; Young
et al., 1979). The Neoproterozoic Windermere Supergroup
contains three km-scale shale to carbonate “Grand Cycles”
(Aitken, 1966, 1978, 1989) that likely represent first-order
depositional sequences within what has been interpreted as
a simple passive margin succession (Mustard, 1991; Mus-
tard & Roots, 1997; Narbonne & Aitken, 1995; Ross, 1991;
Ross et al., 1995).

Recent studies have highlighted evidence for protracted
Neoproterozoic-early Paleozoic extensional tectonism and
sedimentation throughout northwestern Canada (for exam-
ple, Beranek, 2017; Busch et al., 2021; Campbell et al.,
2019; Maurice Colpron et al., 2002; Link et al., 2017;
Moynihan et al., 2019; Post & Long, 2008; Strauss et al.,
2015). Additionally, paleomagnetic data from the Mount
Harper volcanic rocks of the Coal Creek inlier suggest the
Yukon block may have been rotated counterclockwise rel-
ative to autochthonous Laurentia in the Cryogenian-Edi-
acaran (Eyster et al., 2016). Collectively, these different
lines of evidence suggest that a simple passive continental
margin was not established until well after deposition of
the Windermere Supergroup, most likely not until the mid-
dle to late Cambrian (Moynihan et al., 2019, and references
therein).

Ediacaran strata of the uppermost Windermere Super-
group in the Wernecke Mountains have been assigned to
the Rackla Group (Moynihan et al., 2019) and include six
separate units (fig. 2): an ~100-350 m thick fine-grained
siliciclastic succession called the Sheepbed Fm (Gabrielse et
al., 1973), an ~60-750 m thick mixed siliciclastic-carbonate
unit called the Nadaleen Fm (Moynihan et al., 2019), the
~80-650 m thick carbonate Gametrail Fm that is described
herein (Aitken, 1989), an ~100-550 m thick mixed siliciclas-
tic-carbonate succession called the Blueflower Fm (Aitken,
1989), and an ~50-100 m thick carbonate unit called the
Risky Fm, which is correlative with an ~100-300 m thick
carbonate unit called the Algae Fm in the southern Wer-
necke Mountains (formerly of the Hyland Group; Cecile,
2000; Moynihan et al., 2019). The base of the Sheepbed Fm
was dated to ca. 632 Ma (Rooney et al., 2015), while the up-
per Nadaleen Fm has been dated to ca. 575 Ma (Rooney et
al., 2020). The Gametrail Fm has no previous geochrono-
logical constraints, but a new Re-Os date from the second
depositional sequence of the unit is presented herein (see
below). The Fireweed member of the Last Chance Fm, which
is correlative with the upper Gametrail Fm (fig. 2; Busch
et al., 2021), has been dated to ca. 567 Ma in the adjacent
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Figure 1. Simplified map displaying the distribution of Mesoproterozoic-early Cambrian strata in northwestern
Canada with major structural and paleogeographic elements labeled accordingly. The red polygon outlines the
study area presented as a detailed geological map in figure 3. (A) Corn/Goz Creek region; (B) Nadaleen River
region. Note: the Ediacaran-Cambrian map unit refers to those formations not currently included in the
Windermere Supergroup. Inset map showing major tectonic elements adapted from Gibson et al. (2021). Bedrock
geology from the Yukon Geological Survey (2022) and Okulitch and Irwin (2016). Shaded relief elevation data
courtesy of the United States Geological Survey (2019). Mtns-Mountains; YT-Yukon Territory; NWT-Northwest

Territories; BC-British Columbia; FS—fault system.

Ogilvie Mountains of Yukon (Rooney et al., 2020). There are
no geochronological constraints from the Bluefower Fm,
but the unconformity that marks the top of the Risky Fm
roughly corresponds to the Ediacaran-Cambrian boundary
(Aitken, 1989; Kaufman et al., 1997; Narbonne et al., 1994).

The type section of the Gametrail Fm is in the Sekwi
Brook region of the Mackenzie Mountains (NWT) where it
overlies brown and dark grey turbiditic shale, siltstone, and
minor carbonate of the Nadaleen Fm (originally assigned
to the Sheepbed Fm; Aitken, 1989; Macdonald et al., 2013).
At Sekwi Brook, the Gametrail Fm consists of 322 m of
ribbon-bedded lime mudstone, dolostone, and debris-flow
breccia/rudstone and records a conformable upper contact
with turbiditic shale and sandstone and minor carbonate
of the Blueflower Fm (figs. 1, 2; Aitken, 1989). The Ga-
metrail nomenclature was first extended into the Corn/Goz
Creek region of the Wernecke Mountains by Aitken (1989)
and then expanded to the Nadaleen River area by Moyni-
han (2014). A graphical summary of the historical nomen-
clature for the Rackla Group is summarized in table 1. The
sedimentology and stratigraphy of the Gametrail Fm in the
Wernecke Mountains has been previously documented in
the Corn/Goz Creek region, where, despite complications
in the original correlation of the Fm between locations
(see discussion in Macdonald et al., 2013), large changes in
unit thickness and gross sedimentology were identified and
interpreted to reflect a depth gradient between the more

proximal northern and more distal southern areas (Aitken,
1989; Fritz et al., 1983; Macdonald et al., 2013; Narbonne
et al., 1985; Pyle et al., 2004). In the Nadaleen River region
of the Wernecke Mountains, the sedimentology and stratig-
raphy of the Gametrail Fm have been interpreted to repre-
sent deposition in a slope environment, suggesting that the
shelf-slope transition occurs between the Corn/Goz Creek
and Nadaleen River regions (fig. 3; Moynihan et al., 2019).

Contrary to previous work (for example, Aitken, 1989;
Fritz et al., 1983; Macdonald et al., 2013; Pyle et al., 2004),
we separate the Goz D and F locations (herein referred to as
the “Goz D-F block”) from the Corn Creek/Goz transect be-
cause our revised mapping indicates this area is displaced
northwestward by ~30 km of dextral strike-slip motion as-
sociated with a prominent splay of the Snake River fault
system (fig. 3). As discussed below, this is supported by dra-
matic shifts in the thickness and lithofacies of the Game-
trail Fm, as well as ambiguity in the boundary between the
underlying Nadaleen and Ice Brook formations, all of which
support separation of the Goz D-F block from the shelf-
slope transect.

2. Methods

Field work was undertaken in the Wernecke Mountains
over three- to four-week summer field seasons from 2017
to 2019. Nine camps were situated within exposures of the
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Table 1. Correlation chart of historical nomenclature
for the Rackla Group in the Wernecke Mountains,
Yukon, Canada.

Rackla Group where twelve composite stratigraphic sec-
tions of the Gametrail Fm were measured by measuring
stick and Jacob staff (coordinates of logged sections are
provided in Supplementary Materials S1). In addition to
these observational data, we present unpublished (n = 913)
and previously published (n = 698; Busch et al., 2022) trace
element and carbonate carbon (8§13C), oxygen (§180), cal-
cium (644/40Ca), and magnesium (§26Mg) isotope measure-
ments from hand samples collected within these measured
sections (geochemical data are presented in Supplementary
Materials S2). Here we briefly review the geochemical
methodologies, but detailed methods are provided in Sup-
plementary Materials S3 and Busch et al. (2022).
Limestone and dolostone hand samples (0.1-0.5 kg) were
collected approximately every meter throughout detailed
measured stratigraphic sections and targeted to avoid ob-
vious fracturing or veining. Mineralogy (limestone vs.
dolomite) was determined in the field and clean carbonates
with minimal siliciclastic components were targeted for
geochemistry. The samples were then slabbed perpendicu-
lar to bedding using a lapidary saw and ~5-10 mg of pow-
der was drilled from individual laminations using a drill
press with a tungsten-carbide drill bit. Unpublished car-
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Figure 3. Bedrock geology of the Corn/Goz Creek, Bonnet Plume, and Nadaleen River regions of the Wernecke Mountains, Yukon (NTS 106F, C, B). Mapping includes
recent work by the authors and previous work by Blusson (1974), Colpron et al. (2013), Macdonald et al. (2018), Moynihan (2014, 2016), Norris (1982), Roots et al.
(1995), and Thorkelson and Wallace (1998); previously published work compiled by the Yukon Geological Survey (2022).
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bonate rock samples were analyzed at Dartmouth College
for paired 613C and &80 isotopic measurements following
the same methods outlined in Busch et al. (2021, 2022).
Carbonate samples were also analyzed at Princeton Univer-
sity for Ca and Mg isotope and trace element analyses fol-
lowing methods outlined in Bléttler et al. (2015), Higgins et
al. (2018), and Busch et al. (2022).

A new Re-Os date is presented herein from an organic-
rich dolostone horizon (JB1714, 31.3 m) that was analyzed
at the Yale University Metal Geochemistry and Geochronol-
ogy Center. Sampling protocols followed methods outlined
previously in Strauss et al. (2014) and involved excavating
an ~25-cm-deep trench into the outcrop to avoid sampling
surficial weathered material, as well as sampling horizon-
tally for up to 65 cm along a single <3-cm-thick horizon to
maximize the spread of 187Re/!1880s values (Kendall et al.,
2009). Laboratory methods followed protocols outlined in
Rooney et al. (2020). The Re and Os elemental abundances
and isotopic data are presented in Supplementary Materials
S4.

3. Sedimentology and Lithostratigraphy of the
Gametrail Formation

One major challenge that has plagued researchers in
attempts at northwestern Canadian Ediacaran lithostrati-
graphic and chronostratigraphic correlation is the presence
of complex siliciclastic-carbonate facies change from shelf
to slope localities (table 1; for example, Aitken, 1984, 1989;
Fritz et al., 1983; Narbonne et al., 1985). Despite differ-
ences in thickness, lithofacies, and exposure/preservation
between various localities, the Gametrail Fm can be cor-
related between the proximal Corn/Goz Creek and distal
Nadaleen River areas; however, ambiguities still exist in
our understanding of the Goz D-F panel, which will be dis-
cussed below. We have grouped our study locations into
distinct areas within the shelf-slope transect, primarily
based upon similar lithofacies between measured sections.
Facies associations (FA) and interpretations for the inferred
depositional environments are summarized in table 2. A
synthesis of our paleoenvironmental interpretations is pre-
sented as a combined sedimentological and sequence
stratigraphic model in the Discussion.

The major lithostratigraphic boundaries that we inter-
pret as formational contacts herein are consistent with re-
cent work in the Wernecke Mountains (Macdonald et al.,
2013; Moynihan et al., 2019), although below we propose
updating the Gametrail-Blueflower formational boundary
in the Nadaleen River area from Moynihan et al. (2019) and
the Sekwi Brook type area from Aitken (1989). Through-
out the study area (fig. 3), basalmost carbonate strata of
the Gametrail Fm appear abruptly above various siliciclastic
lithofacies of the upper Nadaleen Fm (figs. 4, 5). Although
the basal contact is rarely completely exposed, it is inferred
to be locally disconformable at Goz A and B due to the
presence of a subaerial exposure surface at the formation
boundary (fig. 5); the basal contact at Goz C and in the
Goz D-F block is unknown due to poor exposure. In the
Nadaleen River area (fig. 3), the contact between the upper
Nadaleen and Gametrail formations is well-exposed and

marked by a gradational and conformable (yet abrupt)
change from siliciclastic to carbonate lithofacies (fig. 4C,
D). In the Corn/Goz Creek region, the Gametrail-Blueflower
formational boundary is commonly marked by a sharp tran-
sition into siliciclastic-dominated strata directly above car-
bonate lithofacies of the upper Gametrail Fm (fig. 4A, B).
In the Nadaleen River area, this upper contact is generally
well-exposed and characterized by a sharp change from
silty limestone to fine-grained siliciclastic strata of the
lower Blueflower Fm (fig. 4C). Previously, the Gametrail-
Blueflower contact was defined as a vague transition from
carbonate- to siliciclastic-dominated strata lower in the
succession (previously the lower carbonate member of the
Blueflower Fm of Moynihan et al., 2019); here, we propose
assigning all these mixed siliciclastic-carbonate strata to
the Gametrail Fm so the contact is a more clearly defined
lithological boundary (see Discussion).

3.1. Northern Corn/Goz Creek - Nadaleen River
shelf-slope transect

3.1.1. Goz A-C: Description

The northern Corn/Goz Creek region includes sites Goz
A-C and extends ~27 km along the shelf-slope depositional
transect (fig. 5). At Goz A and B, the Gametrail Fm is 80.2
and 113.5 m thick, respectively, while it is 209 m thick at
Goz C (fig. 6). At Goz A and B, lowermost Gametrail car-
bonate strata overlie Nadaleen mixed carbonate-siliciclas-
tic strata with local subaerial exposure surfaces (fig. 7A)
and consist of interbedded light grey, fine-grained dolo-
grainstone (FA1), microbialite (FA4), oolitic dolograinstone
(FA6), and intraclast rudstone (FA2) that are locally trun-
cated by an erosional surface with up to ~1.4 m of relief (fig.
7B). At Goz B, interbedded dolograinstone and dolobound-
stone comprising this basal sequence also contain black
chert. Above this erosional surface, characteristic orange-
tan, hummocky and ripple cross-laminated silty dolograin-
stone strata of FA1 dominate the lower ~15-50 m of the
unit at all sites (FAl; figs. 6, 7E). The bright coloration
of FA1 makes the Gametrail Fm an easily identifiable unit
throughout the northern Corn/Goz Creek region.

Overlying this FA1-dominated interval, the upper Game-
trail Fm becomes characterized by interbedded intraclast
rudstone (FA2) and stromatolitic doloboundstone (FA3), es-
pecially at Goz A and B. The intraclast rudstone intervals
are composed of tabular gravel- to cobble-sized clasts of
fine-grained dolograinstone or crystalline dolostone that
occur in a silty dolograinstone matrix (fig. 7F), similar to
descriptions of carbonate flat-pebble conglomerates (for
example, Myrow et al., 2004). Stromatolites are commonly
small (~5-10 cm tall and 2.5-5 cm in diameter) and com-
prised of laterally linked hemispheroidal, nodular, or con-
ical morphologies that often appear to nucleate on top of
the intraclast rudstone beds.

At Goz A and B, this interbedded FA 1-2-3 interval gives
way to thin- to medium-bedded microbialite (FA4) and oc-
casional large stromatolitic bioherms (FA3) with m-scale
domal morphologies (fig. 6). There is a notable lack of stro-
matolitic doloboundstone at Goz C within this same strati-
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Table 2. Summary of Lithofacies in the Gametrail Formation of the Wernecke Mountains, Yukon, Canada.

Depositional
Lithofacies Composition Bedding Style/Structures Environment Distribution
Carbonate
Facies:
FA1: Fine- Tan-orange to grey fine-grained Thin- to medium-bedded; generally ripple Inner to Goz A-C.
grained dolograinstone composed of cross-laminated and occasionally planar- outer ramp
dolograinstone interlocking anhedral crystals of laminated; occasional hummocky or subtidal.
dolomite and minor terrigenous silt; swaley cross-stratification; locally
locally includes shale or dolomudstone contains Fe-concretions and nodular
partings. chert.
FA2: Intraclast Tan-orange to grey intraclast rudstone Thin- to thick-bedded; occasionally base Inner to Goz A-D,
rudstone with tabular gravel- to cobble-sized of beds scour into underlying strata; outer ramp Nadaleen
subrounded clasts of fine-grained locally interbedded with fine-grained subtidal or River
dolograinstone, crystalline dolostone, dolograinstone and/or stromatolitic slope. region.
stromatolitic doloboundstone, or silty doloboundstone. Commonly associated
limestone; matrix consists of fine- with soft sediment deformation in
grained silty dolograinstone, deeper-water settings.
dolomudstone, or silty limestone.
FA3: Light to dark grey, tan-orange, or Stromatolites range from ~5-20 cm in Inner to Goz A, B, D,
Stromatolitic maroon stromatolitic doloboundstone; height and ~2.5-20 cm in diameter; often outer ramp F.
doloboundstone stromatolite morphologies include interbedded with intraclast rudstone and subtidal.
laterally linked hemispheroidal, fine-grained dolograinstone in ~0.5-2m
nodular, and conical in both low- and thick parasequences; locally contains
high-inheritance forms; stromatolites vuggy or sparry diagenetic textures;
occasionally nucleate on top of bioherms range from25cmto 1 min
intraclast rudstone beds. Also height and 25 cm to 1.5 min diameter;
comprise large, m-scale domal locally contain a clotted, irregular fabric.
bioherm constructions.
FA4: Light to dark grey planar to wavy Thinly laminated and wavy or irregular Inner to Goz A-D,
Microbialite laminated doloboundstone; ("crinkly") planar laminations; beds are outer ramp Nadaleen
distinguished from FA3 by crinkly, flat commonly ~0.5 to 1.5 m thick. subtidal or River
laminations and lack of synoptic relief. lagoonal. region.
EA5: Coated Light to dark grey packstone and Thin- to thick-bedded; generally cross- Inner to GozDandF.
graindolo- wackestone dominated by coated bedded at the ripple- to dune-scale; outer ramp
packstone/ grains; clasts are generally thin, contains tabular and lenticular bedding subtidal or
wackestone elongate cortoids ranging from 2 to 20 configurations; beds are often normal lagoonal.
mm in length and are mostly locally- graded; locally contains vuggy or sparry
derived microbialite or stromatolite; diagenetic textures.
locally clasts include gravel-sized
aggregates; matrix is composed of
dolomudstone.
FA6: Pisolitic/ Light grey pisolitic or oolitic Thin- to thick-bedded; generally trough Intertidal to GozAandF.
oolitic grainstone; grains subrounded to well- cross-stratified; tabular and lenticular subtidal
dolograinstone rounded and well- to poorly-sorted; bedding configurations; occasionally shoal
occasionally contain granule- to interbedded with stromatolitic complex.
pebble-sized aggregate grains; matrix doloboundstone; locally contains vuggy or
composed of dolomite spar or sparry diagenetic textures.
medium- to very coarse-grained quartz
sand.
FA7:Lime- Light grey to orange lime- Thin- to thick-laminated; generally planar; Quter ramp GozCand
/dolomudstone /dolomudstone; often interbedded often occurs as the final subdivisionin a subtidal to the
with FA2 and FA8 at the cm-scale; partial or full Bouma sequence; locally Slope. Nadaleen
breaks with a characteristic conchoidal contains soft sediment deformation. River
fracture. region.
FA8: Silty Tan, maroon, or grey-green silty Thin-laminated and thin-bedded; often Outer ramp Restricted
limestone limestone; composed of interlocking planar with partial to full Bouma subtidal to to the
crystals of anhedral calcite with sequences; locally contains pyrite which slope. Nadaleen
terrigenous silt and rare euhedral stains outcrop with Fe-oxides; locally River
dolomite; sometimes interbedded with contains soft sediment deformation, region.
FAZ2; silty limestone can be silt- or including chaotic bedding, slump folds,
carbonate-dominated. flame structures, and load casts.
EA9: Sandy Tan to orange sandy dolostone or grey- Thin- to medium-bedded; generally Outer ramp Goz C,NE
lime-/dolostone green sandy limestone; sand- to trough cross-stratified or ripple cross- subtidal to Rackla, and
granule-sized dolograinstone with laminated; rarely contains hummocky slope. Nadaleen
fine- to medium-grained quartz and/or cross-stratification; locally contains Mtn.

lithic clasts; clasts display moderate
sorting and are subangular to well-
rounded; locally contains rip-up clasts

lenses of silty dolograinstone.
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Depositional
Lithofacies Composition Bedding Style/Structures Environment Distribution
of dolograinstone; matrix is silty
dolograinstone or calcareous siltstone.

Diagenetic

Facies:

FA10: Light grey or maroon crystalline Generally thick-bedded and massive with Inner ramp Goz A-D.

Crystalline dolostone; composed of anhedral to little to no preservation of carbonate subtidal or

dolostone euhedral crystalline dolomite spar; textures or sedimentary structures; lagoonal;

locally associated with FA14. locally contains fenestral and/or zebra mid-outer
dolomite textures, as well as Fe-oxide or ramp
distinct maroon staining. subtidal.

Siliciclastic

Facies:

FA11: Shale Dark grey to black fissile shale. Fissile. Inner to Restricted
outer ramp to Goz C.
subtidal.

FA12: Siltstone Dark grey to brown siltstone. Occurs as thin drapes on sandstone beds Inner to Goz Cand

of FA13. outer ramp SE Rackla.
subtidal.

FA13: Dark grey, brown, or orange lithic Thin- to medium-bedded; ripple cross- Inner to Restricted

Sandstone arenite; fine- to very coarse-grained lamination and trough cross- outer ramp to Goz C.

quartz and lithic fragments of shale stratification; lenticular bedding subtidal.
and carbonate; subangular; poorly- configurations; interbedded with FA11
sorted. and FA12.
FA14: Pebble Light grey to tan matrix-supported Occurs as laterally discontinuous to Associated Restricted
Conglomerate pebble conglomerate; clasts are vertical pipes within stromatolitic with toGoz A
granule- to gravel-sized and composed bioherms and other carbonate facies; no subaerial and B.
of quartzite, chert, dolograinstone, and discernable internal sedimentary exposure
crystalline dolostone; subrounded to structures. surface and
subangular; poorly-sorted; matrix filled
composed of medium- to coarse- paleokarst
grained sandy dolograinstone and spar. cavities.

graphic interval; instead, it is dominated by intraclast rud-
stone (fig. 6). Goz C also contains a prominent 20.3 m thick
interval of massive crystalline dolostone composed of an-
hedral to euhedral dolomite with abundant void- and frac-
ture-filling euhedral quartz veins, followed by a recessive
interval and interbedded silty dolograinstone and sandy
dolostone unit (FA9; fig. 6).

At all locations in this northern part of the transect,
there is a prominent stratigraphic boundary towards the
upper part of the Gametrail Fm above which strata are
either poorly exposed, composed of crystalline dolostone
with little to no preservation of carbonate textures, or com-
prised of nodular to concretionary microbialite or stroma-
tolitic doloboundstone (fig. 6). At Goz A, this stratigraphic
boundary (~50 m in JB1706/]B1707)) is locally marked by
a 6.4 m deep subvertical pipe of matrix-supported pebble
conglomerate (FA13) composed of poorly sorted, sub-
rounded to subangular, granule- to cobble-sized clasts of
quartzite, dolograinstone, and crystalline dolostone set in
a medium- to coarse-grained sandy dolograinstone matrix
(fig. 7D). Along strike, isolated pods of this conglomerate
and minor sandstone occur sporadically throughout the
host carbonate strata. This interval at Goz B (~85 m in
JB1713) is represented by a 1.5 m thick interval of coarsely
crystalline dolostone before an abrupt transition into re-
cessive, poorly exposed black shale (FA11; fig. 6). Laterally
along this surface, we have recognized m-scale topographic
relief along this surface (fig. 7C), as well as similar subverti-
cal pipes and irregular pods composed of matrix-supported

conglomerate. At Goz C (~160 m in JB1822), there is a dis-
tinctive 5.4 m thick interval of poorly sorted trough cross-
stratified sandy dolostone (FA9) with resedimented carbon-
ate clasts before a transition into ~6 m of interbedded shale,
siltstone, and sandstone (FA11-13; fig. 6).

3.1.2. Goz A-C: Interpretation

The Gametrail Fm of the Wernecke Mountains has com-
monly been interpreted as recording marine storm-domi-
nated carbonate ramp sedimentation (Busch et al., 2022;
Macdonald et al., 2013; Pyle et al., 2004). Lowermost Ga-
metrail Fm carbonate strata at Goz A-B directly overlie
Nadaleen Fm strata with prominent mudcracks (fig. 7A),
signifying that local subaerial exposure of unknown dura-
tion occurred prior to marine flooding in these shallowest
settings. The presence of oolitic dolograinstone in the di-
rectly overlying and lithologically diverse lower part of the
Gametrail Fm at Goz A-B likely confirms deposition in a
shallow-water inner ramp setting, as the formation and de-
position of ooids preferentially occurs in high-energy subti-
dal to intertidal environments (for example, Diaz & Eberli,
2019). The common occurrence of intraclast rudstone, or
flat-pebble conglomerate, throughout the Goz A-C panel,
but in greater abundance at Goz C, also suggests consistent
deposition above storm wave base, as they are commonly
thought to form during storm wave action or reworking of
shoreline deposits in peritidal or subtidal settings (for ex-
ample, Myrow et al., 2004). Storm-influenced inner to outer
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Figure 4. Photographs of selected localities from the northern Corn/Goz Creek and Nadaleen River regions. (A)
Image looking southeast at the Rackla Group of Goz A. Yellow star indicates location of Re-Os date shown in
figure 2; Nadaleen Fm is 87.5 m thick for scale. (B) Image looking southeast at the Rackla Group of Goz B. Note
the significant thickness increase and change in outcrop character in the Nadaleen Fm compared to Goz A. Tents
are arrowed for scale and the S1-3 depositional sequences are labeled in the Gametrail Fm. (C) Typical outcrop
style of the Gametrail Fm in the Nadaleen River area. The S2 and S3 depositional sequences are labeled
accordingly in the Gametrail Fm and it is locally ~265 m thick for scale. (D) Image looking east at the Gametrail
Fm in the southern Nadaleen River area (Section G2 of Moynihan et al., 2019). Yellow star indicates the interval
sampled for Re-Os geochronology (fig. 2) in the black shale member (bsm) of the Nadaleen Fm. Also shown are
boundaries between the upper carbonate member (ucm) and green siliciclastic member (gsm) of the Nadaleen

Fm.

ramp sedimentation is also consistent with the presence of
hummocky and ripple cross-stratification throughout the
bulk of the Gametrail Fm in these locations (fig. 7E). The in-
terbedded microbialite, stromatolitic doloboundstone, and
crystalline dolostone in the uppermost Gametrail Fm at
Goz A and B (fig. 6) could reflect an up-section transition to
peritidal sedimentation, as the association of microbialite
and vuggy dolostone is a characteristic feature of peritidal
carbonate deposits (James & Wood, 2010); however, the
lack of clear subaerial indicators and dominance of stro-
matolitic and cross-laminated dolograinstone facies (fig. 6)
more likely indicates a consistent inner-middle ramp set-
ting with background quiescent sedimentation punctuated
by storm events. Broadly, the greater abundance of shal-
low marine subtidal to intertidal lithofacies and the thinner
expression of the Gametrail at Goz A-B (~80-115 m) com-
pared with Goz C (~210 m) confirms a deepening direction
to the south in the Corn/Goz Creek region (figs. 5, 6; Pyle et
al., 2004).

There are at least three depositional sequences sepa-
rated by subaerial exposure surfaces in the Gametrail Fm
at Goz A-C. The first sequence boundary is well-exposed at
Goz A-B where it is characterized by an irregular erosional
surface that truncates the lithologically diverse lower part

of the Gametrail Fm (fig. 7B), sharing many characteristics
with “scalloped” erosional features documented in other
subaerial exposure surfaces on carbonate platforms (for ex-
ample, Read & Grover, 1977). This lower sequence bound-
ary is either absent or covered at Goz C (fig. 6). The second
sequence boundary is manifest by the prominent litholog-
ical breaks and localized subvertical pipes and pockets of
matrix-supported pebble conglomerate at Goz A-B (fig. 7C,
D), the latter of which has the characteristic composition
and morphology of filled paleokarst voids and breccia pipes
(for example, Maslyn, 1977). This second sequence bound-
ary is also represented by a sharp transition to crystalline
vuggy dolostone locally around Goz B that is interpreted to
reflect early diagenetic fabric-destructive dolomitization,
potentially in the mixing zone between marine and me-
teoric groundwater in the phreatic zone (for example, Ba-
diozamani, 1973). At Goz C, this surface is represented by
the appearance of sandy dolostone with both resedimented
carbonate clasts and coarse-grained quartz sand higher in
the section (fig. 6) that likely indicates shoaling into an
emergent setting. The recessive interval of poorly exposed
black shale and siltstone above the second sequence bound-
ary at Goz B-C (fig. 6) probably represents deepening into
a lagoonal or protected subtidal environment. Finally, the
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uppermost carbonate interval dominated by concretionary
microbialite/stromatolitic doloboundstone and crystalline
dolostone (fig. 6) at Goz A-C indicates a third shoaling se-
quence into an emergent and/or peritidal environment be-
neath the subaerial exposure surface that marks the Game-
trail-Blueflower contact.

3.1.3. Nadaleen River: Description

The Nadaleen River region (figs. 3, 8) includes three sites
located along or adjacent to the Rackla belt, an east-west
trending Carlin-type gold mineralization zone between the
Dawson Thrust and Kathleen Lakes Fault (Moynihan et al.,
2019; Pinet et al., 2022; Tucker et al., 2012). Within this re-
gion, there are two distinct lithological domains that will
be discussed separately: 1) the NW Rackla and Nadaleen
Mountain locations, and 2) the SE Rackla section (fig. 6).
The latter is in proximity to measured sections G1, G2, and
G3 of the Gametrail Fm described in Moynihan et al. (2019).

The NW Rackla and Nadaleen Mountain sites share
many similarities and are separated by only ~10 km (figs. 6,
8-9). The basal contact with the Nadaleen Fm at the NW
Rackla site is marked by an abrupt shift from interbedded
siltstone and fine-grained sandstone to monotonous grey-
green calcareous siltstone (FAS; fig. 6). At Nadaleen Moun-
tain, the boundary is characterized by an abrupt contact
between calcareous black shale and matrix-supported rud-
stone with lime mudstone clasts in a sandy limestone ma-
trix (FA2; fig. 6). The thickness of the Gametrail Fm in this
region ranges from 220-265.6 m, and it is largely domi-
nated by maroon to green calcareous siltstone that is often
interbedded with lime mudstone (FA8). This facies contains
abundant partial (primarily T,j.) to full Bouma sequences

cde

and soft sediment deformation, including slump folds and
chaotic bedding, in addition to intraformational truncation
surfaces (fig. 6). Although the sections in this domain are
dominated by FAS, there are isolated instances of strat-
iform to lenticular intraclast rudstone beds with tabular
subrounded pebble to cobble-sized clasts of lime mudstone
set within a tan silty matrix (FA3) and fine- to coarse-
grained sandy limestone with abundant ripple cross-lam-
ination (FA9; fig. 6). There is no discernable stratigraphic
trend in the progression of carbonate lithofacies from the
base to the top of the Gametrail Fm at these locations (fig.
6). At NW Rackla, the upper contact with the Blueflower Fm
is not exposed, while at Nadaleen Mountain the contact is
covered (fig. 6).

The SE Rackla site is located over 50 km from the NW
Rackla and Nadaleen Mountain localities and marks a dis-
cernable difference in the recorded lithofacies (figs. 6, 8).
Moynihan et al. (2019) also noted a distinct E-W transition
in carbonate lithofacies within the Nadaleen River area,
and our SE Rackla section is close to their G2 and G3 mea-
sured sections (fig. 8). The SE Rackla section is a similar
thickness (294.4 m) to the G2 and G3 sections of Moynihan
et al. (2019), and the basal contact with the Nadaleen Fm is
characterized by an abrupt change from fine- to medium-
grained sandstone and siltstone to ~3 m of orange-weath-
ering thin-bedded lime mudstone (FA7). Above this basal
interval, there is ~8 m of interbedded lime mudstone and
green-grey calcareous siltstone with rare Bouma T, sub-
divisions and flute casts (FAS8; figs. 6, 9C). Until the upper
~90 m of the section, these strata are dominated by silty
limestone (FA8) and lime mudstone with infrequent partial
Bouma sequences (fig. 9A, B). Interspersed throughout the
lower part of the section there are rare slump folds, thicker
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Figure 5. Bedrock geology of the northern Corn/Goz Creek region of the Wernecke Mountains, Yukon. Measured
stratigraphic sections are plotted as red circles and presented in figure 6.
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Figure 6. Detailed measured sections and carbon and calcium isotope stratigraphy of the Gametrail Fm across a shelf-slope depositional transect between the northern
Corn/Goz Creek and Nadaleen River regions of the Wernecke Mountains, Yukon. Inset map on the left depicts the location of each measured section. Calcium isotope
data is colored by the log;,Sr/Ca ratios (mmol/mol). Dip-corrected paleocurrent data from the NW Rackla location is plotted as a rose diagram (arrow indicates the
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intervals of tan silty limestone (FAS8), and localized zones
of silicification (figs. 6). Between ~150 and 200 m there are
frequent intervals of intraclast rudstone composed of gran-
ule- to cobble-sized tabular clasts of lime mudstone in a
tan silty limestone matrix that often fines upwards (FA2;
figs. 6, 9D). Slump folds and convolute bedding, as well as
an intraformational truncation surface, were also observed
in this interval. There is a distinct boundary at ~210 m,
which is recorded by a facies transition to silt-dominated
silty limestone interbedded with lime mudstone (figs. 4C,
6); this was previously considered the Gametrail-Blueflower
Fm contact. We suggest the upper contact with the Blue-
flower Fm is instead marked by a more obvious and abrupt
shift from interbedded lime mudstone and silty limestone
to fissile siltstone and shale.

3.1.4. Nadaleen River Area: Interpretation

Lithofacies observed in the Nadaleen River region
broadly support previous interpretations for deposition in
a slope setting (Moynihan et al., 2019). The preponderance
of fine-grained lithologies, abundant normal grading, and
full to partial Bouma sequences suggest an environment
dominated by suspension and sediment gravity sedimen-
tation below maximum storm wave base (Bouma, 1962).
The presence of abundant soft-sediment deformation and
rare intraformational truncations are also diagnostic of a
slope environment (for example, Playton et al., 2010). Fur-
thermore, the common occurrence of matrix- and clast-
supported intraclast rudstone in these successions are in-
terpreted as debris flow or slump deposits with clast
lithologies that suggest they were locally derived from the
shelf and/or slope system (for example, Moscardelli &
Wood, 2008). The prominent influx of terriginous silt to-
wards the top of the Gametrail Fm at the SE Rackla location
(~210 m; fig. 6) and other sections described by Moynihan
et al. (2019) could indicate a shoaling from the toe of slope
or middle slope to the upper slope, but this is not entirely
diagnostic and could result from upslope sediment delivery
dynamics. Longitudinal differences in lithofacies could sug-
gest lateral heterogeneity in the slope environment or dif-
ferences in water depth (fig. 6). For example, overall
coarser-grained lithofacies and more abundant density and
turbidity currents at the NW Rackla and Nadaleen Moun-
tain sites (fig. 6) could indicate a position within a toe of
slope channel-levee complex that funneled coarser material
towards the basin floor. However, due to the large distances
between the measured stratigraphic sections and our lack
of sedimentological data between them, it is not possible
to assign these lateral differences to specific environments
within the overall slope depositional system.

3.2. Goz D-F block
3.2.1. Goz D: Description

Goz D records a striking difference in lithofacies from
the northern Corn/Goz Creek and Nadaleen River locations
discussed above. Within the Goz D area, there is also sig-
nificant variation in unit thicknesses and lithofacies, even

in locations separated by a few kilometers (fig. 10; Pyle et
al., 2004), which is suggestive of a more complex deposi-
tional setting. Given the complex nature of the inferred de-
positional system, it is possible that the regional chronos-
tratigraphic correlation of these strata, which have herein
been assigned to the Gametrail and Blueflower formations
following Pyle et al. (2004) and Macdonald et al. (2013), will
need to be further modified (see Discussion).

There are two distinct lithological domains among our
five measured stratigraphic sections of the Gametrail Fm in
the Goz D area that will be discussed separately: 1) mul-
tiple sections dominated by cross-stratified coated grain
packstone, wackestone, and grainstone (FA5), and 2) a sec-
tion dominated by decameter-thick stromatolitic bioherms.
The first lithological domain is represented by the north-
western-most and southwestern-most measured sections
(JB1817/18, JB1820, JB1821, JB1714/1816; figs. 10, 11)
where the exposed Gametrail Fm is 82.9-173.3 m thick
and the basal contact with the underlying siliciclastic unit
(Nadaleen/Ice Brook undivided) is covered. These sections
commence with thin-bedded trough cross-stratified coated
grain pack-/wackestone (FA5) that is interbedded with
dolomudstone (FA7) and microbialite (FA4; fig. 11D). The
microbialite facies comprise much of the basal Gametrail
Fm in this area (fig. 10) and are locally associated with stro-
matolitic doloboundstone (FA3). Above this lower interval,
most sections are dominated by interbedded coated grain
pack-/wackestone, crystalline dolostone (FA10), and stro-
matolitic doloboundstone (fig. 10). The pack-/wackestone
intervals are commonly trough cross-stratified with elon-
gate aggregate clasts that range from 2-10 mm. Towards
the top of sections JB1817/18, JB1820, and JB1821, there are
~2-11 m thick intervals of stromatolitic doloboundstone
(FA3), which are either preserved as m-scale domal stro-
matolitic bioherms or cm-scale stromatolites interbedded
with reworked doloboundstone intraclasts and local vuggy
textures (fig. 10). In contrast, the upper portion of sec-
tion JB1714/1816 is dominated by ~1.4-10 m thick pack-
ages of medium-bedded, matrix-supported intraclast rud-
stone with gravel- to cobble-sized sub-rounded clasts of
doloboundstone (FA2; fig. 10). Where exposed, the upper-
most beds of the Gametrail Fm in these sections contain
a fenestral or vuggy texture with localized brecciation and
abundant ferruginous carbonate or oxide cements.

The second lithological domain is captured in a single
95.8 m thick stratigraphic section (JB1815) in the central
part of this area that is dominated by spectacular amalga-
mated stromatolitic bioherms with significant synoptic re-
lief (figs. 10, 11B). The base of the Gametrail Fm is not
exposed at this locality, but the section begins with in-
terbedded dolomudstone (FA7) and cross-stratified coated
grain pack-/wackestone (fig. 10). This is succeeded by an
interval of stromatolitic doloboundstone with hemispher-
oidal stromatolites (~2 cm in diameter) and microbialite
interbedded with trough cross-bedded coated grain pack-
stone (fig. 10). A 4.2 m thick occurrence of thick-bedded
clast-supported intraclast conglomerate appears above this
basal sequence with granule- to cobble-sized, subangular to
subrounded clasts of coated grain pack-/wackestone within
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Figure 7. Photo panel of representative lithofacies and stratigraphic relationships from the Gametrail Fm in the
northern Corn/Goz Creek region. (A) Mudcracks along a bedding surface of interbedded calcareous siltstone and
sandstone at the contact between the Nadaleen and Gametrail formations at Goz A. Coin is 1.9 cm in diameter.
(B) Erosional contact (yellow line) between grey stromatolitic doloboundstone (FA3) and tan cross-laminated
silty dolograinstone (FA1) marking the S1-S2 sequence boundary at Goz B. Pencil is 14 cm long. (C) Relict
paleokarst topography at the S2-S3 sequence boundary (yellow line) at Goz B. Yellow arrow depicts distinct karst
breccia fill and white star outlines geologist for scale; BFF-Blueflower Fm. (D) Paleokarst cavity (outlined in
yellow) filled with granule- to cobble-sized clasts of carbonate, chert, and quartzite in a carbonate-cemented
quartz sand matrix (FA14) within vuggy recrystallized dolostone (FA10) of the upper Gametrail Fm at Goz A. Rock
hammer is 33 cm long. (E) Characteristic tan-orange ripple cross-laminated silty dolograinstone (FA1)
interbedded with microbialite (FA4) in the lower Gametrail Fm at Goz B. Coin is 2.7 cm in diameter. (F) Intraclast
rudstone (FA2) composed of tabular pebble/cobble dolograinstone clasts in a silty dolograinstone matrix from
the lower Gametrail Fm at Goz A. Coin is 2.7 cm in diameter.

a dolomudstone matrix that laterally transitions into stro-
matolitic bioherms (fig. 10). The remainder of the section
is dominated by amalgamated stromatolitic bioherms char-
acterized by m-scale domal morphologies with crinkly and
irregular laminae, as well as intervals of vuggy, clotted, or
fenestral textures (fig. 10). In some instances, there are
ferruginous cements and laminae within individual stro-
matolites in these buildups (fig. 11C), and locally, there

are smaller conical, planar, or hemispheroidal stromatolites
within the larger bioherms. Based on lateral measured sec-
tions (JB1819), the examined stromatolitic buildups have at
least ~35 m of synoptic relief, as they strike laterally into
fine-grained siliciclastic strata of the lower Blueflower Fm
(figs. 10, 11B). The uppermost beds of the Gametrail Fm
in this section are marked by a zone of brecciation and in-
filled voids composed of carbonate mud, vuggy textures,
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Figure 9. Photo panel of representative lithofacies from the Gametrail Fm in the Nadaleen River region. (A)
Distinctive maroon- and grey-weathering thin-bedded silty limestone (FA8) turbidites with partial Bouma Tcde
and Tde subdivisions. Coin is 2.1 cm in diameter. (B) Characteristic tan- and grey-weathering thin-bedded silty
limestone (FA8) common throughout the Nadaleen River area with partial Bouma Tcde subdivisions. Coin is 2.7
cm in diameter. (C) Flutes on the sole of a fine-grained sandstone bed from the siliciclastic-rich upper part of the
Gametrail Fm. Coin is 2.7 cm in diameter. (D) Successive interbeds of intraclast rudstone (indicated by white
arrows) composed of grey tabular gravel- to cobble-sized clasts of lime mudstone in a tan silty limestone matrix
(FA2) from JB1716. Note how the lower bed is clast-supported, while the upper bed is matrix-supported. Coin is
2.7 cm in diameter. (E) Polymict intraclast rudstone with gravel- to cobble-sized clasts of grey lime mudstone and
tan silty limestone in a silty limestone matrix (FA2). Coin is 2.7 cm in diameter. (F) Normal-graded coarse-
grained wackestone composed of sand- to granule-sized subrounded clasts of lime mudstone in a silty limestone

matrix from JB1716. Coin is 2.7 cm in diameter.

and botryoidal cements with a bright maroon coloration.
The upper contact with the Blueflower Fm is locally cov-
ered, but lowermost exposures of the siliciclastic rocks con-
sist of thin- to medium-bedded quartz arenite with lentic-
ular bedding (fig. 10).

3.2.2. Goz D: Interpretation

Gametrail Fm carbonate lithofacies in the Goz D region
broadly represent deposition within and adjacent to at least
one prominent stromatolite patch reef system, a setting
that was also recognized by Pyle et al. (2004). The abundant
cross-stratified coated grain wackestone and packstone in
adjacent sections are interpreted to represent subtidal de-
posits, where clast material was locally derived from the
stromatolite buildups and could indicate the patch reefs
were situated in a high-energy shallow-water setting (for
example, James & Wood, 2010). The intervals dominated

by microbialite are interpreted to reflect sedimentation in
a more quiescent or protected environment adjacent to the
large stromatolite buildups. Spatially, the northwestern
sections (JB1817/18 and JB1820) are characterized by a
higher proportion of microbialite compared to the other
measured sections (fig. 10), which could reflect an overall
more protected or shoreward setting. In contrast, the cen-
tral section (JB1815) comprises the core of an individual
stromatolite buildup which at the outcrop scale is ~300 m
across and had up to ~35 m of synoptic relief (figs. 10, 11).
The instances of intraclast rudstone in the southeastern
sections (fig. 10) could represent proximal stromatolite reef
talus, which in addition to the predominance of cross-strat-
ified lithofacies and increased thickness of the Gametrail at
these locations, could indicate a higher-energy, basinward
position.

The Goz D carbonate lithofacies share similarities with
other Neoproterozoic stromatolite and thrombolite patch
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reef complexes described elsewhere. For example, in the
Nama Group of Namibia, stromatolite patch reefs interfin-
ger with peri-reef grainstone deposits in an outer ramp set-
ting (Adams et al., 2005), while in the Wilpena Group of
Australia, stromatolite patch reefs interfinger with shale in
a similar outer ramp environment (Lemon, 2000). The stro-
matolite patch reef system described here in the Gametrail
Fm has more indications of shallow-water sedimentation
due to the abundant high-energy subtidal deposits and po-
tential evidence for subaerial exposure at the upper contact
with the Blueflower Fm (see below; fig. 10). Furthermore,
the overall finer-grained reef margin lithofacies compared
to the Nama Group could indicate an environment where
the stromatolite buildups were large enough to sufficiently
protect and sustain a lower-energy shoreward environment.

The upper contact with the Blueflower Fm is locally
marked by bright maroon staining associated with coarse-
grained ferruginous carbonate cements and breccias, which
may reflect evidence for terra rossa development formed
during subaerial exposure and karstification (for example,
Merino & Banerjee, 2008). However, it is unclear if the >35
m of synoptic relief between the base of the Blueflower
Fm clastics and the top of the Gametrail Fm stromatolitic
buildups is a result of erosional beveling or simple filling
of empty accommodation space during subsequent flooding
(or some combination of the two). The lack of clear ev-
idence for karst collapse features and/or fluvial erosion
along the flanks of the buildups, along with the apparent
onlap of generally fine-grained siliciclastic strata of the
Blueflower Fm, suggests this transition may simply record
abrupt cessation of the carbonate system by an increased
flux of siliciclastic detritus.

3.2.3. Goz F: Description

The Goz F location is a new name designation for a re-
gion we investigated to the east of Goz D (figs. 2, 8), just
west of measured sections published by Fritz et al. (1983)
and the “Goz E” locality of Osborne et al. (1986). Measured
sections of the Gametrail Fm at Goz F record another dra-
matic shift in thickness and carbonate lithofacies only 14
km southeast of Goz D (fig. 6). Here, the Gametrail Fm is
exposed primarily as vertical cliff faces due to its relatively
shallow dip (~15°; fig. 11E), precluding the measurement of
a continuous stratigraphic section. Therefore, a composite
section of the Gametrail Fm was pieced together from four
overlapping stratigraphic sections measured within ~3.5 km
of each other where the cliff exposures were navigable.
The estimated total thickness of the Gametrail Fm is ~670
m and the basal contact with the undivided Nadaleen-Ice
Brook formations is covered.

The Gametrail Fm commences with 17 m of medium-
bedded trough cross-stratified coated grain packstone com-
posed of spheroidal to ellipsoidal grains and sharing many
similarities to facies observed at Goz D (FA6; figs. 10, 11F).
Towards the top of this interval, these strata entirely con-
sist of ripple- to dune-scale trough cross-stratified oolitic
dolograinstone with bimodal paleocurrents (FA6; fig. 10).
Most of the overlying strata at Goz F are dominated by
similar monotonous packages of medium- to thick-bedded

oolitic to pisolitic (giant ooid) dolograinstone with amalga-
mated planar bedding and/or visible ripple- to dune-scale
trough cross-stratification (FA6; figs. 10, 11G). Petrographic
examination of the oolitic and pisolitic lithofacies indicate
the matrix is predominantly anhedral dolomite spar, while
the grain nuclei consist of fine-grained dolomite, dolomite
spar, and subrounded fine- to medium-grained quartz sand.
Preservation of radial cortices is exceptional in some grains,
and others are rimmed by isopachous or fibrous cements
(fig. 11G). A cryptic erosional surface with up to ~30 cm of
relief that incises into underlying oolitic dolograinstone oc-
curs at ~70 m and is filled by coarse-grained quartz sand-
stone (fig. 10). This erosional surface is directly overlain
by a package of irregular to convolute bedding with brec-
ciated clasts of dolograinstone, which is then overlain by
a distinctive grapestone-bearing wackestone and packstone
interval composed of granule- to gravel-sized aggregate
grains filled with pisoids and ooids (figs. 10, 11F). Rare in-
tervals of stromatolitic doloboundstone (FA3) do appear in-
frequently throughout the Gametrail Fm at Goz F, which
are characterized by hemispheroidal (2-20 ¢cm in diameter)
and domal (0.5-1 m in diameter) morphologies and local
ferruginous carbonate cements (fig. 10). The upper contact
with the Blueflower Fm is marked by an abrupt covered in-
terval with poorly exposed siltstone and black shale, while
the lowest exposed beds of the overlying Blueflower Fm
consist of trough cross-stratified medium-grained sub-
litharenite interbedded with siltstone (FA11-13; fig. 10).

3.2.4. Goz F: Interpretation

A shallow subtidal or intertidal interpretation for the Ga-
metrail Fm at Goz F is supported by the ubiquitous oc-
currence of trough cross-stratified coarse-grained carbon-
ate lithofacies that indicate consistent sedimentation above
fair-weather wave base. Overall, these strata resemble
prominent ooid or coated grain shelf margin or interior
shoal complexes, where most of the carbonate sediment is
being consistently reworked by strong wave and/or storm
action (for example, Rankey & Reeder, 2011; Read, 1985;
Trower et al., 2018). The rare occurrence of stromatolitic
doloboundstone within the predominantly coarse-grained
carbonate lithofacies may be similar to other Protero-
zoic-Modern carbonate successions where stromatolites
occur in laterally adjacent protected subtidal or supratidal
settings (for example, Dill, 1991; Hoffman, 1974; Read,
1985). The presence of grainstone with abundant quartz
sand matrix and quartz sand-dominated coated grain cor-
tices may suggest that tidal distributary channels funneled
siliciclastic material into this predominantly subtidal to in-
tertidal setting (fig. 10); however, the lack of abundant
channel morphologies or thick sandstone-dominated inter-
vals suggest an eolian source may also be possible.

The broader depositional context of the Gametrail Fm
in the Goz F region is challenging due to the remarkable
thickness and apparent constancy of the recorded depo-
sitional setting. Shallow-water environments where most
ooids and aggregate grains are produced commonly lack the
accommodation space necessary to preserve an overthick-
ened shoal complex without significant base level rise and/
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Figure 11. Photo panel of field relationships and representative lithofacies from the Gametrail Fm in the Goz D-F
block. Red lines indicate measured sections plotted in fig. 10. (A) Image looking southeast at one of the primary
exposures of the Gametrail Fm in the Goz D panel. Yellow star indicates sampling location for Re-Os date shown
in figs. 10 and 12. (B) Two adjacent stromatolite patch reefs with siliciclastic fill of the Blueflower Fm between
them (brown-weathering rocks in the background). (C) Brightly colored ferruginous carbonate laminae in a
domal stromatolite horizon (FA3) from section JB1815. Coin is 2.7 cm in diameter. (D) Interbedded microbialite
(dark layers; FA4) and gently cross-stratified coated grain pack-/wackestone (lighter layers; FA5). Coin is 2.7 cm
in diameter. (E) Image looking north at the Goz F location. Note thickness contrasts between the Blueflower and
Gametrail formations compared to Goz D. (F) Granule- to cobble-sized grapestone aggregates composed of ooids
and other coated grains in a fine- to medium-grained quartz sand matrix (FA6) at Goz F. Coin is 2.7 cm in
diameter. (G) Plane-polarized light (PPL) photomicrograph of oolitic/pisolitic dolograinstone from the Goz F
region (FA6). Note the radial cortices are visible in some grains and that several of the grain nuclei are

subrounded quartz sand particles.

or tectonic subsidence. Deep intrashelf troughs can accom-
modate thick packages of redeposited oolitic grainstones,
such as those observed in the Glen Rose Formation of the
Houston trough (Soto-Kerans et al., 2021); however, the
dearth of obvious interbedded suspension deposits and the
abundance of wave-generated bedforms and common stro-
matolite occurrences argue against a deeper-water origin
for the Gametrail Fm at Goz F. One possibility is that this

region records a proximal foreslope debris tongue adjacent
to an unidentified paleohigh or embayment (fig. 10; for ex-
ample, Playton et al., 2010). A local paleohigh may have
served as an important source of sediment production for
an adjacent embayment where there was sufficient accom-
modation space to accumulate an overthickened package of
grainstone. The importance of paleohighs and antecedent
topography for the development of ooids shoals has been
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Figure 12. Re-Os isochron diagram for sample
JB1714-31.3 m from the Gametrail Fm at Goz D (see
figs. 8, 10, and 11 for location information). All
isotopic composition and elemental abundance data
are presented in Supplemental S4.

extensively discussed for the Smackover and Buckner for-
mations (Benson et al., 1996) and the thickest Bahamian
ooid accumulations notably occur at the edge of deeper-wa-
ter embayments (Hine et al., 1981).

4. Rhenium-Osmium (Re-0s) Geochronological
Results

An organic-rich microbialite horizon from the lower part
of the Gametrail Fm at Goz D was sampled for Re-Os
geochronology (section JB1714, 31.3 m; figs. 10, 11A) and
yielded a Model 1 depositional age of 566.9 * 3.5 Ma (20,
n =6, MSWD = 1.04) with an initial 1870s/1880s (Os;) com-
position of 0.33 * 0.004 (fig. 12). The Re-Os date is strati-
graphically near the return to 0%o above a highly negative
CIE that is described further below (fig. 10).

5. Geochemical Results

5.1. Northern Corn/Goz Creek — Nadaleen River
shelf-slope transect

The basal part of the Gametrail Fm at Goz A and B con-
tains positive §13C values up to +1.8%o and preserves a
sharp downturn to -4.5%. (fig. 6). At Goz A, §13C profiles
then reach a nadir of -8.5%. with accompanying §44/40Ca
data ranging -1.3 to -1.1%o and generally low Sr/Ca. At Goz
B, 813C profiles reach a nadir of -8.1%. and §44/40Ca mea-
surements range from -1.4 to -1.2%o with higher Sr/Ca val-
ues. The base of the Goz C section begins with negative
813C values of -3.7%o and &§%%40Ca of -1.5%o, which both
gradually increase to ~ -1%o at ~90 m with consistently low
Sr/Ca (fig. 6). In contrast to other sections, a nadir of -7%o
at Goz C occurs much higher in the section and is associ-
ated with higher §4%/40Ca values up to -1%. and slightly el-
evated Sr/Ca (fig 6). All three Nadaleen River measured sec-
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Figure 13. Summary stratigraphic plots of §13C and
544/40C3 data for the Gametrail Fm after Busch et al.
(2022). Gradients in both carbon and calcium isotopes
occur with water depth, where increasing water depth
is generally associated with more negative §44/40Ca
and 813C values, although the Goz D data is an
exception to this trend (see text for discussion). Note
that the most negative §44/40Ca values with the
highest Sr/Ca are not obviously associated with the
813C nadir indicated by the black arrow.

tions have 813C nadirs that occur close to the base of the
Gametrail Fm (ranging from -14.7 to -12.6%o), with more
negative §44/40Ca values (ranging from -1.9 to -1.3%.) and
high Sr/Ca (fig. 6).

At all locations with complete sections of the Gametrail
Fm along the shelf-slope transect, 5!3C values above the
nadir gradually trend towards 0%. before a rapid shift to
positive values (figs. 6, 13). Where there is §44/40Ca data
across this transition at Goz A and C, there is a subtle but
statistically significant shift (mean values (u): pgy = -1.2%o,
ng; = -1.1%o, p < 0.01) to more positive values with low St/
Ca (fig. 6). At the SE Rackla location, the shift to more pos-
itive 513C and &%4/40Ca is of a larger magnitude compared
to the northern Corn/Goz Creek sections, with §13C values
reaching +2.2%. and §%4/40Ca reaching -0.9%o with a de-
crease in Sr/Ca (fig. 6). The Nadaleen Mountain and NW
Rackla sections do not record the uppermost portion of the
Gametrail Fm. At Goz A and C, §13C values are consistently
more positive (ranging from -1.8 to +0.9%o) in the upper
part of the sections, while §44/40Ca values are also consis-
tently more positive (ranging -1.4 to -0.9%o; fig. 6). How-
ever, at SE Rackla the §4%/40Ca profile returns to more neg-
ative values of ~ -1.5%o, while §13C values reach a peak
of +2.2%o0 before declining to -3%o at the contact with the
Blueflower Fm (fig. 6).
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Figure 14. Cross-plots of (A) 8§13C vs. §44/40Ca and (B) 8180 vs. §4%/40Ca from the Gametrail Fm. Sample
symbology indicates bulk mineralogy (limestone vs. dolostone) and color represents relative water depth by
depositional environment. BSE = bulk silicate Earth (-0.96%.; Skulan et al., 1997); SW = seawater (0%o).
Depositional environment color coding is as follows: 1 = inner ramp/reef complex/shoal complex (Goz A/D/F), 2 =
middle ramp (Goz B and Coal Creek inlier; Busch et al., 2022), 3 = outer ramp (Goz C), 4 = slope (NW Rackla,

Nadaleen Mtn, SE Rackla).

5180 data generally covary with 613C in both the Corn/
Goz Creek and Nadaleen River regions (fig. 14). At Goz A-
C, the most negative 5180 values (~ -9%o) occur with the
813C nadir and gradually increase to ~0%o at Goz A and
~ -6%0 at Goz B-C towards the top of the Gametrail Fm.
In the Nadaleen River area, the most negative 5180 val-
ues (~ -14%o) also occur with the §13C nadir and gradually
increase to ~ -8%o. towards the top of the Gametrail Fm.
Like 813C, there is a strong positive covariation between
5180 and 644/40Ca (fig. 14), where more negative §180 val-
ues from the Nadaleen River area limestones are associated
with the most negative §4%/40Ca values, and the Corn/Goz
Creek dolostones have more positive §44/40Ca and &§180
values.

5.2. Goz D-F block

The measured sections from the Goz D-F block contain
significant variation in §13C between adjacent sections (fig.
10); however, it should be noted that only one measured
section from Goz D (JB1714/1816) traverses the entire unit,
including the recessive lower interval with highly negative
513C data that is covered at all the other locations.

At Goz D, the only similarity between the §13C profiles
is a predominance of values close to ~0%o, especially in the
upper part of the Gametrail Fm (fig. 10). Sections JB1820,
JB1815, and JB1821 all have 8§13C profiles that begin at
~0%., while JB1714/1816 and JB1817/18 begin with nega-
tive values ranging from -8.9 to -3.5%.. JB1820 and JB1815

both contain intervals of negative §13C values down to -6.4
and -5.2%o., respectively, while JB1714/1816 records a sharp
decrease in &13C values to -28%.. In contrast, JB1817/18
and JB1821 do not record any negative §13C values below
-3.5%0. Most sections record an interval of more positive
813C values ranging from -1.1 to +2.6%o in the upper part
of the Gametrail Fm, with JB1820 as the notable exception
where §13C values remain negative throughout the section
before reaching values of -6.5%o at the contact with the
Blueflower Fm. Only one section (JB1714/1816) from Goz
D also has accompanying §44/40Ca and trace element data,
and the profile does not contain any observable trend or
significant difference before and after the §13C excursion,
with values ranging from -1.4 to -1%. with low Sr/Ca (fig.
10). Overall, 8130 profiles from the Goz D sections display
significant variation and contain values ranging from -8 to
0%o. Unlike most other locations along the transect, the
most negative 8180 values observed in the Goz D profiles
do not occur with the 813C nadir and overall do not covary
with the §13C data (fig. 14).

The Goz F 813C profile contains no highly negative val-
ues like other Gametrail sections. The composite section
begins with 813C values of -0.3%. and reaches a minimum
nadir of -1.9%. at 53 m (fig. 10). The only coherent trend
in the profile is a gradual increase to maximum positive
813C values of +2.1%o at 164 m, followed by a gradual de-
crease to 0.3%o at the contact with the Blueflower Fm. The
544/40Ca profile also does not display any observable trend,
with values ranging from -1.2 to -0.7%. and accompanying
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low Sr/Ca (fig. 10). 6180 values range between ~ -8 and 0%o
and have more point-to-point variation by comparison with
other localities; however, unlike Goz D, the 6180 data do
positively covary with the §13C and §44/49Ca data.

6. Sequence Stratigraphy of the Gametrail
Formation

Building upon previous work by MacNaughton et al.
(2000), Pyle et al. (2004), and Macdonald et al. (2013) for
the Rackla Group more broadly, we apply a transgressive-
regressive (T-R) sequence stratigraphic approach (Embry,
2009) to interpret the sequence stratigraphy of the Game-
trail Fm in the Wernecke Mountains. Following the T-R
framework, we define subaerial unconformities and their
correlative conformities as the boundary between succes-
sive depositional sequences. The Gametrail Fm contains
two to three distinct T-R sequences in most locations (la-
beled S1, S2, and S3 in fig. 15), albeit with significant differ-
ences between the northern Corn/Goz Creek and Nadaleen
River regions (fig. 15A) and the Goz D-F block (fig. 15B).
Given the complexity of the observed stratigraphic rela-
tionships, these preliminary interpretations will need to be
further integrated with future observations from the brack-
eting Nadaleen and Blueflower formations.

Within the Corn/Goz Creek-Nadaleen River shelf-slope
transect, the base of the first T-R sequence (S1) is marked
by a subaerial exposure surface at Goz A-B and an inferred
disconformity between shallow marine siliciclastic rocks of
the Nadaleen Fm and overlying carbonate strata of the Ga-
metrail Fm at Goz C (fig. 15A). The correlation of this T-
R sequence into deeper water deposits of the Nadaleen
River area is not straightforward given the lack of an equiv-
alent subaerial exposure surface. In the Corn/Goz Creek
region, the S1 T-R sequence is characterized by positive
813C values, in contrast to the overlying S2 sequence which
bears highly negative §!3C values (fig. 6). In contrast, the
basal carbonates of the Gametrail Fm in the Nadaleen River
region commence with highly negative 8§13C values (figs.
6, 15A). The underlying upper carbonate member of the
Nadaleen Fm in the Nadaleen River region records positive
513C values (Moynihan et al., 2019) and could reflect a dis-
tal equivalent to this S1 sequence. However, the presence
of a 574.0 = 4.7 Ma Re-Os depositional age in the Nadaleen
Fm unambiguously beneath this sequence at Goz A and an
overlapping Re-Os date of 575.0 + 5.1 Ma from the lower
black shale member of the Nadaleen Fm in the Nadaleen
River area (Rooney et al., 2020) suggests the deep-water ex-
pression of the S1 sequence is either absent, condensed, or
equivalent to coarse-grained siliciclastic rocks preserved in
the upper black shale and green siliciclastic members of the
Nadaleen Fm (figs. 4D, 15A; Moynihan et al., 2019).

While the base of the S2 sequence is a prominent ero-
sional surface at Goz A-B and covered at Goz C (Fig. 6), it
is most likely a correlative conformity at the base of the
Gametrail Fm in the Nadaleen River area (fig. 15A). This is
supported by highly negative §13C values of the nadir of
the Shuram CIE that characterize this sequence. The upper
boundary of the S2 T-R sequence is marked by a subaer-
ial exposure surface and paleokarst interval at Goz A-B and

the abrupt appearance of siliciclastic strata at Goz C (figs. 6,
15A). In the Nadaleen River region, this boundary is likely
marked by an abrupt but conformable shift to more silici-
clastic-rich carbonate in the upper part of the Gametrail Fm
(figs. 4C, 6).

In the Corn/Goz Creek region, the S3 T-R sequence is
characterized by a poorly exposed, siliciclastic-dominated
transgressive phase and a carbonate-dominated regressive
phase whose top marks the Gametrail-Blueflower contact
(figs. 6, 15A). The upper boundary of the S3 T-R sequence
at all these sites is marked by a subaerial exposure surface
separating vuggy and/or fenestral crystalline dolostone
from siliciclastic rocks of the Blueflower Fm. The S1 and
S3 T-R sequences are notably thinner by comparison with
the S2 sequence, and both are also characterized by positive
513C values. In the Nadaleen River region, the upper S3
sequence boundary is represented by a correlative confor-
mity from carbonate- to siliciclastic-dominated lithologies
at the Gametrail-Blueflower contact (fig. 15A).

In the Goz D locality, the Gametrail Fm appears to only
record a single T-R sequence (S2), while the Goz F region
either contains one or two sequences (fig. 15B). This T-R se-
quence is tentatively correlated with the S2 sequence along
the Corn/Goz—-Nadaleen River shelf-slope transect because
it contains highly negative 813C values and is overlain by
another T-R sequence in the Blueflower Formation that
may ultimately be equivalent to the S3 sequence (figs. 6,
10, 15B). At Goz D, the presumed lower S2 sequence bound-
ary is represented by a disconformity between basal car-
bonate strata of the Gametrail Fm and underlying siliciclas-
tic rocks of the undivided Nadaleen-Ice Brook formations,
while the potential subaerial surface at the top of the Ga-
metrail Fm represents the upper S2 sequence boundary (fig.
15B). The proposed S3 sequence in the overlying Blueflower
Fm at Goz D contains mixed siliciclastic-carbonate rocks
with an upper sequence boundary marked by a prominent
subaerial exposure surface within a prominent sandy oolitic
dolograinstone marker unit in the upper part of the Blue-
flower Fm (boundary of yuletide and disk members of Pyle
et al., 2004). It is also possible that the Gametrail Fm at
Goz D could all be part of sequence S3; however, because
there is a large negative CIE correlated with the Shuram CIE
at the base of the carbonate succession at Goz D (fig. 10),
we retain the current division between the Gametrail and
Blueflower formations as occurring at the S2-S3 sequence
boundary (fig. 15B).

In the Goz F locality, the basal sequence boundary is rep-
resented by a disconformity between carbonate of the Ga-
metrail Fm and underlying siliciclastic rocks of the undi-
vided Nadaleen/Ice Brook formations (fig. 15B). The cryptic
sequence boundary at ~70 m in the measured section, lo-
cally marked by an irregular erosional surface and quartz
sandstone interval, could reflect a boundary between two
T-R sequences; however, this surface could also reflect spa-
tial heterogeneity in the depositional environment at Goz
F since it did form a prominent marker bed throughout the
region (see depositional model in fig. 10). The top of the
Gametrail Fm is marked by a prominent disconformity with
siliciclastic rocks of the Blueflower Fm. In contrast to all
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structural panel. Note how most, if not all, of the Gametrail Fm at Goz F is interpreted to be correlative with the
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other locations in the Wernecke Mountains, the T-R se-
quence(s) at Goz F do not contain highly negative §13C val-
ues (< -3%o), and instead record consistent values around
0%o (fig. 10). Given these relationships, we suggest the Goz
F locality either records a single S3 sequence or a poorly de-
veloped expression of the S2 and S3 sequences (fig. 15B).

7. Discussion

7.1. Regional Correlations and Origins of the Goz
D-F Block

We suggest the prominent siliciclastic unit underlying
the Gametrail Fm in both the Goz A-C transect and the Goz
D-F block is correlative with the Nadaleen Fm of Moyni-
han et al. (2019). Although there are currently no identified
lithofacies of the Sheepbed and/or Cliff Creek formations

American Journal of Science

beneath this siliciclastic unit in the Goz D-F block (fig. 15),
the correlation of these strata with the Nadaleen Fm is sup-
ported by a couple lines of evidence. First, the siltstone-
dominated lithofacies of the sub-Gametrail strata at Goz D
and F are similar to those described from the Nadaleen Fm
at Goz B and C, although the unit is much thicker by com-
parison (Boag, 2020). Second, the disconformity between
carbonate lithofacies of the Gametrail Fm at Goz D and F
and deeper-water siliciclastic lithofacies of the underlying
unit is not obviously suggestive of a significant temporal
hiatus (fig. 11A, E). It is important to note, however, that
Pyle et al. (2004) described channelized sandstone units di-
rectly beneath carbonate strata of the Gametrail Forma-
tion at Goz D (their peritidal carbonate member of the
Blueflower Formation), so an important erosional surface
may exist beneath the Gametrail Formation on the Goz D-
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F block. In addition, there is another example in the Wer-
necke Mountains where the Gametrail Fm may sit uncon-
formably on early Ediacaran units (Ambrose, 2022), so it is
possible the sub-Gametrail Fm unit on the Goz D-F block
correlates to an older unit, such as the Ice Brook Forma-
tion. As a result of these ambiguities, we have kept this unit
undivided on our current map (figs. 3, 8), but we stress the
importance of clarifying these relationships in future work
given the aforementioned complexities of litho-, chrono-,
and sequence stratigraphic correlations within the Goz D-F
block, as well as other regions in the Mackenzie Mountains
(e.g., Sekwi Brook; Macdonald et al., 2013).

As highlighted previously, the Gametrail Fm was first
imported from the Mackenzie Mountains to the Corn/Goz
Creek region of the Wernecke Mountains by Aitken (1989)
to what was previously lumped into the unnamed siltstone
2 of Fritz et al. (1983) and siltstone unit 2 of Aitken (1984),
and then upgraded to a separate “Sheepbed carbonate” unit
by Narbonne et al. (1985) (table 1). These correlations were
subsequently revised by Pyle et al. (2004) and Macdonald et
al. (2013) and then extended to the Nadaleen River region
by Moynihan (2014) and Moynihan et al. (2019) (table 1)
and the Ogilvie Mountains by Macdonald et al. (2013) and
Busch et al. (2021). In the Ogilvie Mountains, the Gametrail
Fm is correlative with the recently formalized Last Chance
Fm, where it sits above black shale of the Mount Ina Fm and
below siltstone of the Shade Fm (fig. 2; Busch et al., 2021).

Based on our study, we also propose a slight revision to
the definition of the Gametrail Fm in the Nadaleen River
area to encompass all carbonate strata immediately above
the Nadaleen Fm, including the more siliciclastic-rich up-
per succession (sequence S3 of fig. 15) that was formerly
assigned to the “lower carbonate member” of the basal
Blueflower Fm by Moynihan et al. (2019) (table 1). Our rea-
soning is that from a mapping perspective, the Gametrail
Fm is much more clearly defined as a prominent mid-Edi-
acaran carbonate-dominated unit bracketed by two early-
middle Ediacaran siliciclastic-dominated units.

The extraordinary thickness of the Gametrail Fm in the
Goz F region (~4x thicker than Goz D) paired with the
marked thinning of the Blueflower Fm (~7.5x thinner than
Goz D) means that a simple correlation of carbonate se-
quences in the Gametrail Fm between Goz D and F, and
then beyond to the Goz/Corn Creek or Nadaleen River re-
gions, is unrealistic when considering the accommodation
space available below the Risky Fm, a widespread regional
marker unit. Therefore, it is hypothesized here that much,
if not all, of the Gametrail Fm at Goz F is chronostrati-
graphically equivalent to the Blueflower Fm at Goz D (fig.
15B). This is supported by the short distance between loca-
tions (~14 km) and the presence of oolitic dolograinstone
lithofacies in the upper Blueflower Fm at Goz D that are
identical to those at Goz F. In addition, it is also notable
that there are no highly negative §!3C values in the Game-
trail Fm at Goz F, which are typically diagnostic of the lower
S2 depositional sequence elsewhere in the Wernecke Moun-
tains (figs. 6, 10).

Recognition of the overlying Lower Cambrian Sekwi Fm
in the Goz D-F block suggests that ~30 km of Meso-

zoic—Cenozoic dextral strike-slip displacement across a
major fault strand of the Snake River transcurrent fault sys-
tem could restore the Goz D-F block to equivalent expo-
sures of the Sekwi Fm further to the southeast (figs. 3, 8).
This displacement would remove the Goz D-F block from its
current centralized geographic position in the shelf-slope
transect between the Corn/Goz Creek and Nadaleen river
areas and help alleviate challenging internal stratigraphic
correlations within the Gametrail Fm across the transect
as a whole. Assuming this restoration is reasonable, prior
to the Cordilleran orogeny, the Goz D-F block would have
been situated adjacent to the “Snake River Basin” where
early Cryogenian extension and/or transtension influenced
deposition of the Rapitan and Hay Creek groups (Baldwin et
al., 2016; Eisbacher, 1981; Macdonald et al., 2018) as well
as the later Misty Creek Embayment (Cecile et al., 1982),
an important early Paleozoic depocenter. This region is also
part of the much larger Richardson Fault array, which not
only forms the eastern boundary of the Yukon block, but
also records a complex history of Neoproterozoic deforma-
tion and subsidence (Abbott, 1997; Cecile et al., 1982; Eis-
bacher, 1981; Strauss et al., 2015); thus, the recognition of
anomalous subsidence patterns in the Ediacaran succession
of the Goz D-F block (fig. 10) would be consistent when
considering its restored geographic position (fig. 8).

Correlations between the type section of the Gametrail
Fm at Sekwi Brook in the Mackenzie Mountains and other
regions in NWT and Yukon are complicated by inconsistent
chemostratigraphic data, abrupt lateral changes in unit
thicknesses, and a paucity of radiometric age constraints
on Ediacaran strata more broadly (Macdonald et al., 2013;
MacNaughton et al., 2008; Moynihan et al., 2019; Okulitch
& Irwin, 2016). For example, the Gametrail Fm at Sekwi
Brook yields §13C data that do not contain highly negative
values characteristic of the Shuram CIE elsewhere (maxi-
mum negative values of ~ -2%.; Macdonald et al., 2013),
thereby complicating a simple chemostratigraphic correla-
tion with the Gametrail Fm in the Wernecke Mountains and
the Last Chance Fm of the Ogilvie Mountains (Busch et al.,
2021; Moynihan et al., 2019).

It was observed during a 2011 traverse at Sekwi Brook, as
well as in recent mapping compilations (Okulitch & Irwin,
2016), that the Gametrail Fm pinches out laterally along
strike in the type area. This lateral discontinuity could be
the result of synsedimentary truncation due to slope fail-
ure, or alternatively, it could represent the lateral pinching
out of Gametrail Fm slope channel fill. In either scenario,
it is currently ambiguous whether the type Gametrail Fm
at Sekwi Brook is correlative with the entire Gametrail Fm
preserved elsewhere in northwestern Canada. For example,
it is possible that only the upper part of the Gametrail Fm is
preserved at Sekwi Brook (that is, only correlative with se-
quence S3 from the Wernecke Mountains), or alternatively,
the type Gametrail Fm strata could be correlative with the
siliciclastic-dominated lower Blueflower Fm preserved else-
where, similar to what is discussed above for the Gametrail
Fm in the Goz F section. Alternatively, it is possible that
carbonate strata of the Gametrail Fm at Sekwi Brook are in-
deed correlative to the Shuram CIE-bearing Gametrail Fm
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in the Wernecke Mountains but have since been isotopi-
cally reset during fluid-buffered diagenesis. Regardless of
the potential correlations of the Gametrail Fm, we propose
that the carbonate-dominated succession of the lower Blue-
flower Fm at Sekwi Brook should be included with the Ga-
metrail Fm moving forward, similar to what we propose for
the Gametrail and Blueflower formations in the Nadaleen
River area. This would simplify regional lithostratigraphic
correlations for these units, while acknowledging the com-
plexity of direct chronostratigraphic correlations through-
out the upper Ediacaran succession of northwestern
Canada.

Ediacaran fossil impressions characteristic of the ca. 570
Ma Avalon assemblage have been described from the
Nadaleen Fm at Sekwi Brook, including the hold-fast discs
Aspidella and fronds such as Charniodiscus, Charnia,
Beothukis, and Primocandelabrum (Narbonne et al., 2014).
The upper Blueflower Fm contains both simple Ediacaran
trace fossils (Carbone & Narbonne, 2014) and body fossils,
including Aspidella, a possible dickinsoniid Windermeria,
and tubular body fossils such as Sekwitubulus and Annu-
latubus (Carbone et al., 2015; Hofmann, 1981; Narbonne,
1994; Narbonne et al., 2014; Narbonne & Aitken, 1990) that
are characteristic of the terminal Ediacaran (ca. 550-540
Ma) Nama Assemblage (Schiffbauer et al., 2016). These
biostratigraphic constraints permit the Gametrail Fm at
Sekwi Brook to be correlative with the post-Shuram CIE
interval of the Avalon assemblage, or alternatively a pre-
Blueflower Fm part of the White Sea or Nama assemblage
(Boag, 2020). In summary, we suggest the sedimentological,
geochemical, and biostratigraphic data suggest the Game-
trail Fm at Sekwi Brook post-dates the nadir of the Shuram
CIE and is correlative with the uppermost sequence of the
Gametrail Fm in the Wernecke Mountains (sequence S3)
and the Fireweed member of the Last Chance Fm in the
Ogilvie Mountains (fig. 2).

7.2. Stratigraphic evolution of the Gametrail
Formation in the Wernecke Mountains, Yukon

The Gametrail Fm of the Wernecke Mountains chronicles
the evolution of a complex distally steepened carbonate
ramp in response to changes in base level and tectonic sub-
sidence alongside unique global changes to the isotopic
composition of marine carbonate rocks (Busch et al., 2022).
Deposition of the Gametrail Fm commenced <575 Ma
(Rooney et al., 2020) with the thin to absent T-R sequence
S1 that is poorly preserved in the proximal Corn/Goz Creek
locations (Goz A/B) and provides little information about
the nature of the depositional system during the nascent
development of the carbonate margin. However, the lower
depositional sequence does have indications of subtidal to
peritidal sedimentation above shallow-water siliciclastic
and carbonate rocks of the Nadaleen Fm and includes nega-
tive 13C values from the downturn of the Shuram CIE (figs.
6, 16A). In the distal Nadaleen River region, this lower se-
quence is either condensed, absent, or reflected as an ~150
m thick interval of coarse-grained siliciclastic strata in the
uppermost Nadaleen Fm (upper black shale and green sili-
ciclastic members).
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Subsequent base level fall led to subaerial exposure and
erosion of an unknown thickness of the lower sequence, but
it was followed by a prominent transgression (base of T-R
S2) that flooded all locations, establishing Goz C in an outer
ramp and Goz A-B within inner to middle ramp positions
(fig. 16B). In the more distal Nadaleen River region, this
transgression is recorded by the first appearance of carbon-
ate above the upper siliciclastic members of the Nadaleen
Fm (figs. 6, 15, 16B). At all locations, this flooding is coin-
cident with the downturn (where present) and nadir of the
Shuram CIE. The proximal carbonate depositional system
during the S2 sequence is characterized by inner-middle
ramp facies dominated by cross-stratified grainstone, stro-
matolitic boundstone, and storm-generated deposits (fig.
16B). In contrast, the outer ramp is dominated by fine-
grained grainstone with less persistent influence by storm-
generated wave currents. On the slope, the S2 depositional
sequence is predominantly composed of turbiditic mud-
stone and silty limestone with occasional debris flow de-
posits.

Subsequent regression led to subaerial exposure, kars-
tification, and local erosion of the uppermost S2 deposi-
tional sequence in the northern Corn/Goz Creek regions
and potential removal of the entire S2 depositional se-
quence in the Goz F region (figs. 6, 10, 16C). In the distal
Nadaleen River region, this regression is manifest in a dis-
tinct change to more siliciclastic-rich carbonate strata, per-
haps reflective of enhanced transport of siliciclastic mate-
rial onto the slope during the lowstand. At all locations,
the S2-S3 sequence boundary is coincident with the ter-
mination of the Shuram CIE (S3; fig. 6, 15). At Goz A-
C, the thin S3 depositional sequence is characterized by
mixed siliciclastic-carbonate lithofacies with textures in-
dicative of subtidal to peritidal sedimentation, perhaps re-
flecting progradation of shallower environments onto the
outer ramp before it eventually became emergent. This up-
per S3 sequence boundary marks the unconformable con-
tact with the Blueflower Fm in the proximal Goz Creek lo-
cations (fig. 16D). The more siliciclastic-rich S3 sequence in
the distal Nadaleen River region contains evidence of de-
position in a slope environment that is consistent with the
underlying sequences, so evidently the drop in relative sea
level at the S2-S3 boundary was not large enough to place
the Nadaleen River area above the upper slope (fig. 6, 16).

Anomalous subsidence patterns in the Goz D-F block,
potentially associated with proximity to an active Neopro-
terozoic fault system and associated intraplatformal
trough, resulted in the development of a complex deposi-
tional system during Gametrail sedimentation (fig. 10, 16).
A lack of accommodation space, either due to a position
on a paleo-high or active uplift and erosion along the flank
of the nascent trough, could explain the hypothesized con-
densed expression of the Shuram CIE at Goz D. This is con-
sistent with both the predominance of positive 5!3C val-
ues in this block and our new 566.9 # 3.5 Ma Re-Os date
from the base of the Gametrail Fm in this location (fig. 12),
suggesting the bulk of the unit’s thickness postdates the
nadir of the Shuram CIE (fig. 10). The thickness and facies
changes across the Goz D-F block and its relationship to
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Figure 16. Schematic depositional model for the stratigraphic evolution of the Gametrail Fm in the Wernecke
Mountains. Note that the extent of depositional environments beyond our limited study area is extrapolated for
the rest of the hypothetical margin. (A) Following deposition of the basal carbonate sequence (S1) in the
Gametrail Fm inner-outer ramp, a regression leads to subaerial exposure and erosion on the shelf. An ancestral
trough is interpreted to have influenced sedimentation in the Goz D-F block, and the sedimentation on the slope
is either condensed, missing, or manifest in a succesion of clastic rocks in the upper black shale and green
siliciclastic members of the Nadaleen Fm. (B) Transgression accompanies deposition of the thickest depositional
sequence (S2) and floods inner-outer ramp environments. Stromatolite reef system develops adjacent to an
ancestral trough on the Goz D-F block. (C) Regression leads to paleokarst development and erosion of the S2
sequence in inner-outer ramp environments, while mixed siliciclastic-carbonate material is delivered to the
slope environment. Subsidence in the Goz D-F block prevents the developing stromatolite buildups from being
subaerially exposed at the same stratigraphic interval as the Goz A-C sites. (D) Transgression leads to the
deposition of the uppermost sequence (S3) and accompanies the establishment of the Goz D stromatolite patch
reefs and ooid shoal complex on the flank of an ancestral trough.

the remarkably thick Goz F section likely indicates some in-
fluence of tectonic subsidence on the development of the
carbonate system (e.g., localized development of the stro-
matolite reef buildup and coated grain shoal complex) and
the local expression of the Shuram CIE (fig. 16). Coincident
with deposition of the grainstone shoal complex at Goz F, a
mixed siliciclastic-carbonate system developed in the more
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proximal Corn/Goz Creek regions (Goz A-D) and eventually
prograded over Goz F marking the cessation of Gametrail
carbonate sedimentation.
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7.3. Geochemical trends in the Gametrail
Formation

All the geochemical proxies have significant positive or
negative correlations with interpreted depositional envi-
ronment and mineralogy (p < 0.01; figs. 14, 17), suggesting
a prominent water-depth gradient for multiple geochemical
proxies through the Shuram CIE. However, it is important
to consider how carbonate diagenesis has influenced the
proxies among the disparate environments sampled here,
especially given the different susceptibilities of isotope sys-
tems (for example, 813C vs. §180) to resetting during neo-
morphism, dissolution and reprecipitation, or dolomitiza-
tion (for example, Ahm et al., 2018; Husson, Higgins, et al.,
2015). Diagenetic studies of modern and ancient carbon-
ate rocks using §*%40Ca and §26Mg isotopes, geochemical
modeling, and trace element ratios have shown that car-
bonate diagenesis can be characterized as being buffered
with respect to the surrounding rock (sediment-buffered)
or seawater (fluid-buffered) (Ahm et al., 2018; Higgins et
al., 2018). Sediment- and fluid-buffered end-members are
distinguishable because calcium isotope fractionation and
trace element partitioning between the fluid and rock are
a function of mineralogy and precipitation rate (DeCarlo et
al., 2015; Gussone et al., 2005). Primary aragonite and cal-
cite have more negative §4%/40Ca values and are enriched
in metals such as Sr and U relative to diagenetic calcite
and dolomite; these diagenetic phases have lower Sr and U
concentrations and more positive §44/40Ca values that ap-
proach pore fluid compositions (Fantle & DePaolo, 2007).

In general, slope limestones from the Nadaleen River re-
gion contain more negative §44/40Ca, high Sr/Ca and U/Ca,
and low Mn/Sr suggestive that they have undergone sedi-
ment-buffered neomorphism from aragonite to calcite (fig.
14). In contrast, the inner-outer ramp dolostones of the
Corn/Goz Creek area have more positive §%4/40Ca, low St/
Ca and U/Ca, and high Mn/Sr indicative of fluid-buffered
diagenesis during dolomitization. Overall, these trends are
consistent with both modern data from the Bahamas Banks
(fig. 14; Higgins et al., 2018) and other locations around
the world that record the Shuram CIE (Busch et al., 2022).
Given this diagenetic context, the more negative 513C val-
ues in slope limestones can be interpreted as being closer to
their primary compositions, that is, the composition when
initially precipitated from seawater, while the smaller §13C
excursion in inner-outer ramp dolostones could reflect
fluid-buffered alteration towards modern (and presumed
post-Shuram CIE) seawater values, which are ~0%o in
813C. For the 8180 data, it is more challenging to disen-
tangle the influence of sediment-buffered diagenesis on the
more negative §180 values recorded from the slope lime-
stones due to the relatively high sensitivity of the oxy-
gen isotopic system to resetting during diagenesis (Ahm
et al., 2018; Husson, Maloof, et al., 2015). Indeed, there is
an even stronger negative correlation between water depth
and 8180 (r = -0.86) compared to §13C (r = -0.68) reflecting
this well-documented phenomenon (figs. 13, 14). However,
it has been observed by others (for example, Derry, 2010)
that primary 8180 values as negative as those observed

in the Gametrail slope limestones imply unrealistically hot
seawater temperatures, which are probably more consistent
with a burial diagenetic signature.

The Goz D-F block sections deviate significantly from
the general geochemical trends observed along the shelf-
slope transect. The §13C values from Goz D are more neg-
ative than any other location (down to ~ -30%o), show sig-
nificant variation between adjacent sections, and are found
within shallow water dolostones with §44/40Ca, Sr/Ca, and
Mn/Sr values consistent with fluid-buffered diagenesis
(figs. 10, 13, 14). If interpreted in a similar diagenetic
framework to the other locations described above, the
highly negative §13C values at Goz D represent a fluid-
buffered end-member that initially had more negative §13C
values that were altered towards seawater values of ~0%o
during dolomitization. This is opposite of the trend ob-
served from other locations along the shelf-slope transect,
where more negative §13C values in the Shuram CIE are as-
sociated with slope environments due to the better preser-
vation potential in deeper water. The prospect of initial
513C values even more negative than their current nadir of
~ -30%o is problematic, and along with the significant vari-
ability in 513C between the different sections at Goz D, sug-
gests a more nuanced explanation for the origin of the pre-
sumed Shuram CIE at this location. The new ca. 567 Ma
Re-Os date at Goz D is from the return to ~0%. at the end
of the CIE (figs. 10, 12), which overlaps with the ca. 567 Ma
date from the end of the Shuram CIE recorded elsewhere
in northwestern Canada and globally (Rooney et al., 2020).
However, because there are no age constraints in the up-
per Nadaleen Fm or lower in the Gametrail Fm beneath this
horizon at Goz D, we cannot say unequivocally if deposition
of the extremely isotopically depleted lower part of the Ga-
metrail Fm at Goz D (~30 m thick) occurred over the same
ca. 6-7 million-year (Myr) duration of the Shuram CIE.

Goz F is unique among all locations considered in this
study in that it does not contain highly negative §13C val-
ues (minimum of ~ -2%o.) characteristic of the Gametrail
and Last Chance formations throughout Yukon. However,
the absence of the Shuram CIE at Goz F is similar to the Ga-
metrail Fm type section at Sekwi Brook (Macdonald et al.,
2013). There are at least two broad possibilities for this re-
lationship at Goz F: 1) either these carbonate strata post-
date the Shuram CIE due to a depositional/erosional hia-
tus (as discussed above), or 2) they did record the Shuram
CIE but were diagenetically reset during fluid-buffered di-
agenesis. If the Shuram CIE is interpreted as a global per-
turbation to the marine reservoirs of C and Ca isotopes
over a timescale greater than the residence times for these
elements, mass balance must be achieved through coeval
deposition of more positive sinks to counter the highly
negative values which characterize the excursion for both
isotopic systems (Ahm et al., 2021; Busch et al., 2022).
Thus, the more positive §13C and §44/40Ca values recorded
at Goz F (figs. 6, 10) may represent an example of the posi-
tive sink which allows isotopic mass balance to be achieved
during the apparent ca. 6-7 Myr duration of the Shuram
CIE (similar to what has been discussed for the Trezona
CIE by Ahm et al., 2021). In fact, it has been proposed
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Figure 17. Cross-plots of geochemical data from the Gametrail Fm. Sample symbology indicates bulk mineralogy
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vs. §44/40Ca, (B) log, ,Sr/Ca vs. §44/40Ca for Bahamas data (Higgins et al., 2018), (C) log;,Mn/Sr vs. §44/40Ca, (D) U/
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(Goz B and Coal Creek inlier; Busch et al., 2022), 3 = outer ramp (Goz C), 4 = slope (NW Rackla, Nadaleen Mtn, SE

Rackla).

in shallow shelf-edge environments (similar to those de-
scribed from Goz F) that fluid-buffered diagenesis of car-
bonate rocks with open marine waters might be the best
record of global SIZCDIC through time due to isotopic re-
setting with seawater representative of global marine DIC
(Hoffman & Lamothe, 2019). However, it is noteworthy that
other locations examined in this study that have clear ev-
idence for fluid-buffered diagenesis (that is, Goz A-B) still
bear negative §13C values characteristic of the Shuram CIE.
Moreover, at Goz A-B there is direct evidence for the devel-
opment of paleokarst and associated meteoric diagenesis at
the upper contact of the Shuram-bearing S2 depositional
sequence, which evidently was unable to diagenetically re-
set the underlying fluid-buffered dolostones beyond their
current 813C values of ~ -6%o (figs. 6, 7C). Therefore, it
seems more likely that the Gametrail Fm at Goz F post-
dates the Shuram CIE rather than representing an example
of total diagenetic resetting of Shuram-bearing carbonate
rocks, especially given the complicated subsidence history
for the region (see discussion above). If this interpretation
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is correct, it is a fantastic example of the complexities in-
herent in lithostratigraphic, chemostratigraphic, and
chronostratigraphic correlations in Precambrian strata
across even a well-characterized bathymetric transect.

7.4. Implications for the global Shuram Carbon
Isotope Excursion (CIE)

The chemostratigraphic data from the Gametrail Fm in
the Wernecke Mountains have important implications for
understanding the origin and expression of the Shuram CIE
globally. Similar to other locations on different paleoconti-
nents, the Shuram CIE of Yukon and NWT occurs during a
large transgression, and the magnitude of the excursion is
largest in slope limestone deposits and smallest in inner-
outer ramp dolostone strata (Busch et al., 2022). However,
there are some key differences from the common global sig-
nal that may provide further insight into the variable ex-
pression of the Shuram CIE and perhaps other enigmatic
Neoproterozoic 813C perturbations. In particular, the ab-

27


https://ajsonline.org/article/74874-integrated-litho-chemo-nbsp-and-sequence-stratigraphy-of-the-ediacaran-gametrail-formation-across-a-shelf-slope-transect-in-the-wernecke-mountains/attachment/158058.tif

Integrated Litho-, Chemo- and Sequence Stratigraphy of the Ediacaran Gametrail Formation Across a Shelf...

sence of the CIE at Goz F and the anomalously negative
813C values at Goz D may represent instructive examples
for how local isotope reservoir effects or complications in
the local subsidence/sedimentation history of carbonate
margins can result in deviations from the global expression
of Neoproterozoic CIEs. Possibilities for these anomalous
expressions of the Shuram CIE observed on the Goz D-F
block could include cyptic depositional hiatuses, precipi-
tation of authigenic carbonate, isolated sub-basin isotope
reservoir effects, and/or oxidation of methane.

Palinspastic restoration of the Goz D-F block to a loca-
tion further removed from the Corn/Goz Creek-Nadaleen
River shelf-slope transect underscores the importance of
interpreting the regional geology, map relationships, and
structural history of a region before attempting to recon-
struct its depositional environments or make litho- and
chronostratigraphic correlations. Indeed, it is possible that
cryptic stratigraphic hiatuses and/or other complexities
that are sometimes difficult to recognize in the field could
explain locations where globally recognized CIEs are un-
expectedly absent or have markedly different expressions.
For instance, recent radiometric dates from the Doushan-
tuo Fm of South China led to the confirmation of a late Edi-
acaran (ca. 550 Ma) CIE that is distinct from the Shuram CIE
and apparently has only been recently recognized in several
successions around the world (Yang et al., 2021). The ab-
sence of this late Ediacaran CIE from carbonate successions
elsewhere globally might be a prime example of how com-
mon stratigraphic hiatuses related to eustasy or tectonism
could result in limited regional expression of a major CIE,
rather than the excursion simply representing a regional or
local phenomenon.

The highly negative §13C values observed at the base
of the Goz D stromatolite reef buildup are anomalous in
all other Shuram-CIE bearing locations in northwestern
Canada and most locations around the world, but they bear
a striking resemblance to those described from the
Doushantuo Fm in South China. In the outer shelf region
of the Doushantuo Fm, authigenic calcite nodules record
813C values down to ~ -30%o and were interpreted to be
the result of an episode of carbonate authigenesis in the
sulfate-methane transition zone (Cui et al., 2017). Like the
Wernecke Mountains, other locations in South China record
typical expressions of the Shuram CIE, but the outer shelf
region is a notable outlier in both the anomalously negative
813C values and their occurrence in multiple stratigraphic
horizons (Cui et al., 2017). In contrast to the Shuram CIE in
South China, however, the Goz D carbonates lack character-
istic macroscopic authigenic textures, such as void-filling
or porosity occluding cements, seafloor precipitates, and/
or secondary nodules (fig. 18), which argues against authi-
genic carbonate precipitation during early diagenesis as a
primary driver for the anomaly at this location.

Similarly negative §13C values (down to ~ -41%o) have
also been observed in Marinoan cap carbonates of the Nan-
tuo Fm in South China within ostensibly well-preserved
primary carbonate textures and were interpreted to be re-
lated to oxidation of methane hydrates (Jiang et al., 2003).
The oxidation of methane clathrates in seawater (Bjerrum
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Figure 18. Plane-polarized light photomicrographs
(shown on the left) and corresponding hand samples
from the Gametrail Fm at Goz D. The areas shown in
the thin sections are depicted on the right with red
boxes, and sample drill holes for isotopic
measurements are indicated by the yellow circles (with
different diameters reflecting different drill bits).
Multiple powders were drilled from different areas to
test for isotopic reproducibility. (A) Coated grain
dolopackstone from the lower Gametrail Fm at Goz D.
Note the abundance of aggregate and individual
coated grains composed of dark grey, fine-grained
anhedral dolomite with porosity-occluding subhedral
dolomite cement comprising the matrix. (B)
Microbialite from the potential nadir interval of the
Shuram CIE in the lower Gametrail Fm at Goz D. Note
the fine-grained nature of the anhedral dolomite that
composes the laminations, the presence of very-fine
grained peloids and coated grains, and the lack of any
obvious authigenic cements.

& Canfield, 2011; Jiang et al., 2003), as well as anoxic ox-
idation of methane produced by methanogenesis in sed-
iment pore fluids (Cui et al., 2017) or the oxidation of
methane, organic matter, or petroleum produced during
thermal maturation of organic carbon during burial dia-
genesis (Derry, 2010), could all be viable explanations for
anomalous magnitude of the Shuram CIE at Goz D. This
is because the 513CC02 of microbially oxidized methane is
~-30 to -40%o, while oxidized marine organic matter is ~
-20 to -30%o0 (Barker & Fritz, 1981; Bléttler et al., 2021;
Sarmiento & Gruber, 2006). Importantly, however, it has
been noted that the oxidant requirements for methane as a
global driver for the Shuram CIE might exceed the oxidant
pool for an oxygen-poor Ediacaran atmosphere (Grotzinger
et al., 2011 and references therein), in addition to the large
temporal mismatch between the relatively short residence
time of methane in the atmosphere and oceans and the hy-
pothesized ca. 6-7 Myr duration of the Shuram CIE (for ex-
ample, Lamontagne et al., 1973; Prather, 1995). These ox-
idant and temporal considerations, however, might not be
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relevant in a localized or potentially restricted setting such
as the Goz D locality considered here, so they could easily
explain this local phenomenon.

Spatial heterogeneity in 813C observed at other Shuram
CIE localities has been explained through the oxidation
of a pool of DOC through reaction with a variable supply
of oxidants (that is, O, and sulfate) in marginal near-sur-
face environments (Li et al., 2017). However, the hypothe-
sized duration of the Shuram CIE requires that the mecha-
nism for spatial heterogeneity in §13C be feasibly sustained
over millions of years, which is difficult to achieve from an
oceanographic perspective. Furthermore, and perhaps more
importantly, there is no direct geochemical evidence for
such a hypothesized pool of DOC, and there is no known
mechanism by which DOC levels higher than modern levels
can be sustained (Arrieta et al., 2015; Fakhraee et al., 2021).

It is also possible to drive solution DIC beyond mantle
input values of ~ -5%o through isotope reservoir effects (for
example, Lazar & Erez, 1992), although the feasibility of
this phenomenon is unclear in open marine settings. Pho-
tosynthetic drawdown of DIC can cause atmospheric CO,
invasion and drive a significant carbon isotope fractiona-
tion (~ -14%o) during hydration reactions (Herczeg & Fair-
banks, 1987; Lazar & Erez, 1992), a phenomenon which
has been invoked for the Shuram CIE despite the inverse
relationship between CO, invasion and carbonate satura-
tion (Busch et al., 2022). Physical restriction of Goz D wa-
ter masses, perhaps related to the local hydrology of the
stromatolite reef complex, may have been capable of dri-
ving local DIC to these extreme values, similar to what
has been observed in modern restricted settings (Lazar &
Erez, 1992). However, it is unclear why the same mecha-
nism invoked for other locations in northwestern Canada
and around the world would result in such an anomalous
difference in 813C values at Goz D. Moreover, there are
plenty of other examples of Precambrian marine stromato-
lite buildups developed during episodes of carbon isotope
volatility that lack these extremely negative §13C values
(e.g., Halverson et al., 2007; Hoffman et al., 2012; Rose et
al., 2012).

In summary, although the preponderance of geological
evidence suggests a depositional hiatus is likely for the ab-
sence of the Shuram CIE at Goz F, a variety of explanations
are still possible for the anomalously negative CIE observed
at Goz D. Currently, it is difficult to unequivocally rule out
some of these possibilities, and we suggest that further
work using microanalytical techniques such as secondary
ion mass spectrometry (for example, Cui et al., 2021; Hus-
son et al., 2020) would help probe potential micron-scale
variation in the isotopic composition of these unusual car-
bonates to better understand their origins.

8. Conclusions

In this study, we reconstructed the distribution of de-
positional environments for the Ediacaran Gametrail Fm
along a shelf-slope transect in the Wernecke Mountains
of Yukon, Canada, and identified paleowater depth gradi-
ents for multiple geochemical proxies in the globally recog-
nized Shuram CIE. Overall, inner-outer ramp environments

in the northern Corn/Goz Creek region are dominated by
wave-influenced dolograinstone, stromatolitic dolobound-
stone, and intraclast dolorudstone, while slope settings in
the more distal Nadaleen River region are dominated by
hemipelagic limestone mudstone, turbidites, and debris
flows. The Goz D and F locations, which were previously
considered a part of the Corn/Goz Creek depositional tran-
sect, are outliers with respect to their sedimentology, se-
quence stratigraphy, and geochemistry. Goz D is comprised
of a complex stromatolite reef system with a single rec-
ognizable depositional sequence, while Goz F represents
an overthickened coated grain shoal complex with either
one or two depositional sequences. Regional map relation-
ships and recognition of major Mesozoic-Cenozoic strike-
slip faults bounding the Goz D-F block suggest that a more
accurate palinspastic restoration places this crustal block
~30 km to the southeast adjacent to the Cryogenian Snake
River Basin and early Paleozoic Misty Creek Embayment,
which are locations of anomalous subsidence related to re-
gional episodes of extension and/or transtension.

The Shuram CIE is expressed in the second of three de-
positional sequences identified in the Gametrail Fm along
the shelf-slope transect and its magnitude is strongly corre-
lated with interpreted water depth and mineralogy. Overall,
the excursion is largest in slope limestone strata that un-
derwent sediment-buffered diagenesis and more subdued
in inner-outer ramp dolostone deposits that experienced
fluid-buffered diagenesis. Again, the Goz D-F block is an
outlier to this trend, with an anomalously large and con-
densed negative §!3C excursion recorded in the lower Ga-
metrail Fm at Goz D and no clear expression of the CIE at
Goz F. Oxidation of methane and/or organic matter dur-
ing early or burial diagenesis with subsequent precipitation
of authigenic carbonate may explain the highly anomalous
negative values; however, the lack of authigenic textures
at Goz D confounds this interpretation, leaving open the
possibility that physical restriction on the Goz D platform
led to enhanced isotopic reservoir effects hypothesized as
occurring globally in shallow marine environments during
the Shuram CIE-associated transgression. In contrast, the
absence of the Shuram CIE at the Goz F location is inter-
preted to potentially reflect deposition after the nadir of
the Shuram CIE, similar to the Gametrail Fm at its type
section in Sekwi Brook. This may have occurred due to a
cryptic stratigraphic or erosional hiatus beneath the Game-
trail Fm, but it is an important example of how local litho-,
chemo-, and chronostratigraphic complications can explain
the presence or absence of globally recognized CIE’s in sim-
ilarly aged carbonate units.
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