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ABSTRACT

The Ediacaran Old Fort Point Formation in the southern Canadian Cordillera records a large, highly negative
carbon isotope excursion, with a minimum in the 5'C values of marine carbonates of —12%o. Carbon isotope
excursions are often interpreted to be broadly synchronous and to reflect shifts in the §'C value of marine
dissolved inorganic carbon, possibly reflecting either fluctuations in the global proportion of organic matter
burial, or post-depositional diagenesis. As diagenesis can create large discrepancies between the original 5*>Ccqp
value of the sediment and what is preserved today, it is essential to determine to what extent diagenesis has
impacted these records. We measured carbon and oxygen isotopes on eight stratigraphic sections (n = 360),
carbonate clasts from debris-flow deposits from the Old Fort Point Formation (n = 968), and major and trace
elemental abundances (n = 249). We used these geochemical datasets to investigate whether local processes
leverage a larger control on carbon and oxygen isotopic values rather than global processes. We argue that the
carbonate strata with the lowest §3C.qp values (~ —12%o) are now calcitic but were neomorphosed from an
aragonite precursor in a fluid-buffered, early diagenetic environment conducive to dolomite growth. Addition-
ally, the recovery of the expressed excursion is preserved in carbonates that underwent early-marine diagenesis
under more sediment-buffered conditions, with its geochemistry closer to the aragonite precursors. Tremendous
variability, up to 17%o, is observed in §'3C.q values of clast populations from individual breccia horizons found
in the in-fill of submarine paleocanyons, filled with material from underlying carbonates of the Temple Lake and
Geikie Siding Members. The presence of such a large range of clast 5'3C g values requires an early acquisition of
the observed Old Fort Point Formation 8'3C.e values (pre-brecciation and submarine canyon incision) and
precludes late-stage burial diagenesis. Moreover, despite disagreement with previously published geochrono-
logical constraints, we propose that the carbon isotope excursion recorded in the Old Fort Point Formation is
equivalent to the widely studied Shuram excursion, the most negative carbon isotope excursion recorded in Earth
history, and thus further geochronological work in the southern Canadian Cordillera is needed to test this
proposition.

1. Introduction

assigned to the Avalon assemblage (e.g. Narbonne and Gehling, 2003;
Xiao and Laflamme, 2009).

The Ediacaran Period (~635-539 Ma; Knoll et al., 2006; Linnemann
et al., 2019; Xiao and Narbonne, 2020) is an enigmatic period of both
environmental and biologic changes to Earth’s biogeochemical systems.
Beginning in the wake of the Marinoan Snowball Earth glaciation (~639
— 635 Ma; Hoffman et al., 1998; Hoffmann et al., 2004; Condon et al.,
2005; Prave et al., 2016), the Ediacaran also contains sedimentological
evidence for the Gaskiers glacial period (~580 Ma, Pu et al., 2016).
Sediments overlying Gaskiers diamictites contain fossil evidence for
what is considered the initial radiation of large multicellular organisms
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Following these changes to Earth’s biosphere, measured values of the
carbon isotopic composition of Ediacaran marine carbonates (5'3C )
are found to exhibit tremendous variability, with values ranging from -+
8%o to below —-12%o (Halverson et al., 2005). These large positive or
negative deviations from long term average values of §'3C.y are
referred to as carbon isotope excursions (CIEs). The largest of these
excursions during the Neoproterozoic is known as the Shuram CIE
(Burns and Matter, 1993; Fike et al., 2006; Husson et al., 2015), with
nadir values of 5'3C.y exceeding —12 to —15%o (Busch et al., 2022).
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Highly negative values of oceanic dissolved inorganic carbon (DIC) near
-12%0 are impossible to explain using standard, steady-state carbon
cycle models, as the input flux of carbon to the Earth’s surface from the
mantle is assumed to have a canonical §'3C value of ~ —5%o (Kump and
Arthur, 1999), which is the minimum possible value for buried car-
bonate sediments in the absence of organic matter burial. The timing of
this excursion has been constrained using Rhenium (Re) - Osmium (Os)
geochronology in the Ediacaran between 574 + 4.7 and 567.3 + 3.0 Ma
from organic-rich sedimentary deposits in north-western Canada and
Oman (Rooney et al., 2020). Stratigraphically, the Shuram CIE occurs
above the Avalon assemblage, postdating the origination of large
eukaryotic organisms (Boag et al., 2024), but below beds containing
some of Earth’s first putative metazoans (560-549 Ma, Martin et al.,
2000), the White Sea assemblage. Stratigraphically above the White Sea
assemblage are fossils of the Nama assemblage, Earth’s earliest putative
biomineralizers (e.g. Wood and Curtis, 2015; Boag et al., 2016) occur-
ring in the most terminal Ediacaran. It has been proposed that these
radiations are broadly synchronous with increases in Oy levels on
Earth’s surface (Fike et al., 2006; Sahoo et al., 2016), though some argue
against this (Ostrander et al., 2023).

Stratigraphy with Shuram age-equivalent 5'3C_ records have been
observed on multiple paleocontinents including localities in South
Australia (Husson et al., 2015), Oman (Fike et al., 2006), Death Valley,
USA (Bergmann et al., 2011,), Peru (Chew et al., 2007, 2022), southern
China (Jiang et al., 2007), and northwestern Canada (Macdonald et al.,
2013; Moynihan et al., 2019; Busch et al., 2022; Busch et al., 2023).
These strata share a number of characteristics. First, the excursion oc-
curs stratigraphically above the ~635 Ma, post-Marinoan cap dolo-
stones, and below beds containing the White Sea assemblage. Second,
minimum §'3C.qp values are ~ —12%o, which are followed by a gradual
shift back towards ~0%.. Third, these records demonstrate low vari-
ability in 6'3C values between stratigraphically adjacent horizons of
carbonate, and the isotopic excursion occurs over variable length scales
(10’s to 100’s of meters) during a transgressive sequence. Finally, values
of 6'3Ccap and 6'80qp at each locality are noted to covary (Grotzinger
et al., 2011).

The causal mechanism of the Shuram excursion is contentious. There
have been several models proposed to explain the generation of such
negative 5'3C.qp values. Some models invoke the introduction of large
quantities of isotopically light carbon to the Ediacaran ocean. Sources of
light carbon can include remineralized methane (Bjerrum and Canfield,
2011) (8'3C ~ —60%o), or large stores of remineralized organic matter
with a 6'3C composition of approximately —26%o. (Rothman et al., 2003;
Li et al., 2017). Alternatively, it has been proposed that diagenetic
processes are responsible for the Shuram, where local processes,
including recrystallization of primary carbonate minerals in the pres-
ence of isotopically light pore fluid, are the dominant drivers of the
excursion (Bristow and Kennedy, 2008; Derry, 2010). It has also been
argued that the Shuram excursion is unrelated to both changes in marine
DIC, and local diagenesis. Rather, the Shuram has been inferred to be a
record of locally enhanced evaporation and productivity related to
global transgression in shallow carbonate platforms, geochemically
disconnected from the marine DIC pool (Busch et al., 2022).

While Shuram equivalents have been identified previously in North
America, no definitive observations have been made from the southern
Canadian Rockies. Localities bearing strata with §'3C signals interpreted
to be Shuram-equivalents in North America include the Johnnie For-
mation of Death Valley, USA (Bergmann et al., 2011; Verdel et al., 2011)
and the Gametrail and Last Chance Formations of northwestern Canada
(Macdonald et al., 2013; Moynihan et al., 2019; Busch et al., 2022;
Busch et al., 2023). In the southern Canadian Cordillera some samples
from Ediacaran strata of the Old Fort Point Formation (OFP) within the
Miette Group (Windermere Supergroup) are found to have extremely
negative 6'3C.q values as low as —12%o (e.g. Smith, 2009; Lanni, 2017).
Smith (2009) have attributed the highly negative values within the OFP
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to Marinoan post-glacial upwelling of isotopically light deep waters
(originating from enhanced respiration of a large dissolved organic
carbon reservoir at depth) into isotopically heavier shallow waters.
Alternatively, on the basis of the magnitude of the §'3Cq values within
the OFP, Lanni (2017) argued that this excursion must be correlative to
the Shuram CIE. This study aims to further characterize the chemo-
stratigraphy of the OFP in an understudied part of western Laurentia and
provide both context and a potential mechanism for the generation of
the highly negative §'°C.q values expressed in these carbonates within
the southern Canadian Cordillera.

2. Geologic setting

The Windermere Supergroup (WSG), outcrops from northern Mexico
to the Yukon, and consists of a ~3 to 9 km thick, Neoproterozoic to early
Cambrian stratigraphic succession recording the breakup of the super-
continent Rodinia (Ross, 1991), and subsequent thermal relaxation and
subsidence. The lowermost strata of the Windermere were deposited in
fault-bounded basins interpreted to represent the rifting of Rodinia.
These strata include mafic volcanics and glacial diamictite thought to be
related to the Sturtian and Marinoan low-latitude glaciations (Rooney
et al., 2015; Moynihan et al., 2019). Following rift sedimentation, thick
successions of siliciclastics and rare carbonates are found during the
transition from rifting to passive margin sedimentation along the west-
ern edges of Laurentia (Ross, 1991; Ross et al., 1995). The uppermost
strata of the Windermere are truncated by the sub-Cambrian unconfor-
mity recognized across the Canadian Cordillera (Aitken, 1969; Ross,
1991). Strata of the Hamil Group above this unconformable surface
mark the transition from syn-rift to post-rift deposits. However, this
transition is noted to appear in younger sediments of the early to middle
Cambrian in the Nadaleen River region of the Yukon (Moynihan et al.,
2019) suggesting a diachronous end to rifting on the Laurentian margin.
The strata of the Windermere in the southern Canadian Cordillera is
predominantly silts, shales, and minor carbonates deposited in deep
water through turbidity currents (Ross, 1991).

Like many Neoproterozoic successions, the Windermere Supergroup
has sparse geochronological constraints. Maximum depositional ages
(U-Pb on zircon) within Windermere basement rocks include a 740 + 36
Ma age from the Mount Copeland gneiss in southwestern British
Columbia (Parrish and Scammell, 1988), a 736 + 23/-17 Ma age from
gneisses within the Malton Complex in southwestern British Columbia
(McDonough and Parrish, 1991), and a 728 + 9/-7 Ma age from the
Deserters Range Gneiss in northern British Columbia (Evenchick et al.,
1984). A single zircon age of 569.6 + 5.3 Ma from syn-rift intrusives of
the Hamill Group (Colpron et al., 2002), which cross-cuts the Wind-
ermere and is evidence for an inferred second Neoproterozoic rifting
event, constrains the earliest absolute age of the Windermere in the
Canadian Cordillera. The minimum depositional age of the Windermere
in the southern Canadian Cordillera is constrained by the presence of
Early Cambrian ichnofossils (e.g. Gibb et al.,, 2017) within the
McNaughton Formation of the Lower Cambrian Gog Group which un-
conformably overlies the Windermere (see Fritz and Mountjoy, 1975;
Hofmann and Mountjoy, 2001).

In the southern Canadian Cordillera, between the Mount Robson area
(British Columbia) and south of Lake Louise, Alberta, deposits within the
middle Windermere are assigned to the Miette Group (Carey and
Simony, 1985; McMechan and Waldron, 2015, Fig. 1). The Miette group
is subdivided into three subunits: the lower, middle and upper Miette.
The ~380 m lower Miette is dominantly comprised of calcareous sands,
black slates and black limestone. The ~2870 m middle Miette, thick-
ening westward, is dominated by interbedded sandstones, siltstones,
pebbly grits, and rare limestones. The ~1800 m upper Miette is largely
composed of slates and interbedded sands and siltstones (Carey and
Simony, 1985).

Historically used as a marker unit within the Miette due to its
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distinctly coloured siltstones, the Old Fort Point Formation (Smith et al.,
2014) is a mixed carbonate-siliciclastic formation within the middle
Miette Group that was deposited primarily during a transgressive
sequence tract. This formation is comprised of three lithostratigraphic
sub-units (members) which, in stratigraphic order, are the Temple Lake
Member (TLM), the Geikie Siding Member (GSM), and the Whitehorn
Mountain Member (WMM).

With an average thickness of 50 to 125 m, the TLM consists of purple-
grey siltstones that transition into rhythmically bedded, cm- to dm-scale,
turbiditic carbonates and siltstones that vary in colour from purple to
green to red (Fig. 2A-C). Overlying the TLM, the Geikie Siding Member
(~2 to 15 m) is comprised of grey-black mudstones and shales with
elevated levels of total organic carbon (TOC - up to 4%, Smith, 2009)
and authigenic carbonate nodules (Fig. S1) and carbonate-clast breccia
horizons. It is from this unit that a single rhenium-osmium (Re-Os)
isochron age of 607.8 + 4.7 Ma (Kendall et al., 2004) was measured, and
is currently the only estimate for the depositional age of the OFP. The
transition from the rhythmically bedded carbonates of the TLM into the
mudstones and shales of the GSM (which mark an inferred maximum
flooding surface) suggests that the sequence represents base-level rise
and cessation of carbonate deposition. The WMM (of variable thickness,
< 0.5 to 165 m) is comprised of thick successions of conglomerates and
breccias, with lithologically-diverse clast assemblages (Fig. 3), most of
which are carbonate derived (including both limestones and dolo-
stones). These clasts are interpreted to be eroded material from older
OFP units and redeposited in this member, or else from a shallow-water
carbonate platform that is either unexposed or not preserved. Localities
where the TLM and GSM are completely removed and overlain by
conglomeratic deposits that are several meters thick are interpreted to
reflect the incision and infill of submarine paleocanyons (Smith et al.,
2014) during base-level fall. Interbedded with the breccia horizons in
the WMM, are several, ~1 m thick successions of dark, organic-rich
carbonates representing the only observed carbonate sedimentation
within the WMM other than transported carbonate clasts in debris flow
deposits. Outcrops of the OFP in the Jasper region of the southern
Cordillera are locally folded and faulted as part of the core of the
Meadow Creek Anticlinorium (Charlesworth et al., 1967), indicative of
the structural complexity of the region. Broadly, base-level is interpreted
to rise throughout the deposition of the TLM until the GSM is deposited
at maximum transgression. Additionally, there are two further base-
level signals interpreted over the duration of WMM deposition: an
initial base-level fall and associated mass-wasting and brecciation, and
then a subsequent base-level rise as recorded by the return to carbonate
deposition within the WMM (Smith et al., 2014).

3. Methods
3.1. Field methods

For all measured stratigraphic sections, carbonate samples were
taken at ~0.1 to 1 m resolution (depending on the abundance of car-
bonate beds). Zones of high alteration such as veins, clear secondary
mineralization, or extensively recrystallized beds, as well as beds with a
high proportion of siliciclastic material relative to carbonate, were
avoided when possible. In each section, when a debris flow deposit (such
as a breccia or conglomerate) was encountered, between 10 and 100
carbonate clasts were sampled randomly across a 1 to 10 m along-strike
distance (depending on thickness of the deposit) over the vertical
thickness of the bed to produce a representative clast sample population.
The lithology, facies, and colour of each sample was noted, as well as
measurements of each clasts’ long and short axis on the 2-D outcrop
face. In siliciclastic-dominated localities where no in situ carbonate beds
were present (OFP Landmark, Boomerang, Redoubt, Jasper - Highway
16), only breccias were sampled for carbonate clast populations as
described above.
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3.2. 63C.qnp and 5'80.qs analyses

Carbonate samples from both sections (n = 360) and clasts (n = 968)
were slabbed perpendicular to bedding (when visible) to produce a fresh
surface. Slabbed faces were visually inspected for zones of alteration
such as veins, extensive recrystallization, fractures or weathered sur-
faces. Fine-grained material from visually unaltered zones were targeted
and microdrilled using a carbide burr for approximately 10 to 100 mg of
sample powders. Aliquots of these homogenized powders were used for
all subsequent geochemical analyses. Approximately 2 mg of powder
from each sample was weighed out and placed into individual borosil-
icate glass vials and heated to 90°C for >12 h to remove remnant water.
All samples were flushed with He, injected with 8 drops of 100% H3PO4
and allowed to react for ~ 45 min in a GasBox II preparation device at
85°C before being analyzed on a Sercon 20-22 continuous flow isotope
ratio mass spectrometer (CF-IRMS) at the University of Victoria.

Replicate analyses of both primary standards (IAEA-603) and sec-
ondary standards (IAEA-CO8) as well as internal calcite standards (VTS,
UVIC1, and UVIC3) were run bracketing natural samples to track the
precision and accuracy of all measurements. Measurements of 5'C and
5'80 were obtained simultaneously and data was corrected using the
two-point scheme outlined in Paul et al. (2007). Measurement precision
was assessed by population statistics on measured standards. Variability
in IAEA-CO8 was 0.058%o for 6'3C (16) and 0.197% for §'®0 (10)
relative to the Vienna Pee Dee Belemnite (VPDB) standard. Variability of
the VTS internal calcite standard measurements was 0.106%o for 5'3C
(10) and 0.213% for 5'80 (10).

3.3. Trace and major element abundances

Using aliquots of the carbonate powders prepared as described
above, a subset of samples (n = 249) were prepared for trace and major
elemental analysis. For each sample, 10 mg of powder was added to a 15
mL Falcon centrifuge tube, and a solution of anhydrous acetic acid (17.4
M), buffered with ammonium hydroxide (pH ~5) was introduced at a
ratio of 1 mg: 1 mL (10 mL total). Each Falcon tube was rinsed once with
2% HNOg, and three times with Millipore Milli-Q filtered water (18.2
MQ) prior to use. Samples were then placed in a sonicator bath and
allowed to react for 5 h before being centrifuged at 2500 rpm for 20 min.
Following centrifugation, 1 mL of supernatant, clear of any insoluble
residues, was extracted and pipetted into a second 15 mL Falcon
centrifuge tube. To fix Ca concentrations in each tube to a target of 50
ppm, samples were further diluted with 7 mL of 2% HNOs. The partial
sample digestion method used here preferentially targets carbonate
phases, leaving other phases (including siliciclastics) unleached. Thus,
elements measured are assumed to be from carbonate-bound phases
only.

Solutions were analyzed on an Agilent 8800-100 triple quadrupole
inductively coupled mass spectrometer (ICP-MS) in single quadrupole
mode at the University of Victoria for a suite of target elements. Internal
standard elements In, Re, and Rh were analyzed in addition to target
elements, and external calibration was conducted with a subset of
serially diluted, multi-element sample solutions (n = 4) prepared using
single element in-house stock solutions to approximate the concentra-
tions of natural carbonate samples. Calibration curves using these
external calibration standards were generated to calculate concentra-
tions of unknown samples. To estimate precision, a drift solution was
prepared from the mixture of a subset of diluted sample solutions
reflecting the full range of observed carbonate sample lithologies (and
inferred elemental ratios) and run bracketing natural samples. Measured
percent error on drift solution replicates was 1.3% for Mn and 2.2% for
Sr (1o0). Replicates of National Research Council of Canada (NRCC)
reference material SLRS-5 were analyzed to further monitor precision
and accuracy of natural samples. Replicate analyses of SLRS-5 yielded
values of 4.16 + 0.1 ppb (10) (accepted 1o value of 4.33 + 0.1 ppb) for
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Mn, and 53.76 + 0.6 ppb (10) (accepted 16 value of 53.60 + 0.7 ppb) for
Sr. Elemental abundances are presented as molar ratios of each element
X/(Ca + Mg) in either mmol/mol or ymol/mol (Ca + Mg). As the
digestion method described above targets elements bound in carbonate
phases only, normalizing each element to (Ca + Mg) allows for
elemental interpretations to be made per mole of dissolved carbonate
phase and for meaningful comparisons between limestones and
dolostones.

4. Results
4.1. Lithostratigraphy

4.1.1. McBride Locality

At McKale Creek near the McBride, British Columbia region, a single
section was measured through a succession dominated by coarse sands,
carbonate-clast breccias, and dark limestone beds (see Fig. 4, panel 1,
and associated inset a). Here, the first ~100 m of measured stratigraphy
is characterized by sulfide-bearing, siltstones interbedded with sand-
stones. This siliciclastic unit is interpreted to be part of the Middle Kaza
Group (Smith et al., 2014). Unconformably overlying these siliciclastics
are mixed carbonate-siliciclastic breccias and conglomerates of the
WMM with individual bed thicknesses of 0.8 to 2.0 m in thickness. Clasts
of these breccias are comprised of a large range of lithofacies and
sedimentary structures. These include individual clasts of dolostones
and limestones of varying colours, displaying cross-bedding and wavy to
planar laminations. Between these breccias are coarse-grained sand-
stones with abundant scours, channels and trough cross-bedding (e.g.
Fig. 2E, F). Carbonate breccia units are overlain by siltstones before the
first occurrence of in-place carbonate beds at ~165 m above the base of
the section. Here, the carbonate beds display cross-bedding, are pre-
dominantly dark blue-grey and interbedded with beds more tan in
colour suggesting an increased siliciclastic content (Fig. 2H-J). Car-
bonate beds continue uninterrupted until approximately 210 m above
the base of the section where siliciclastics begin to dominate again. The
top of the WMM here is covered.

4.1.2. Jasper localities

In the Jasper, Alberta region, the Old Fort Point Formation is much
finer grained, and preserved carbonates reflect deposition via turbidity
currents. In this region, four stratigraphic sections were measured, and
two additional outcrops were sampled for carbonate-clast breccia pop-
ulations. At the GSM Type localities (GSM Type 1-4, Fig. 4, panel 3), the
lower ~100 m of measured stratigraphy in the TLM is comprised of
purple-grey siltstones which grade into centimeter to decimeter-scale
turbiditic carbonate-siltstone rhythmites (Fig. 2G). These rhythmic
carbonates increase in frequency until the sediments become almost
entirely carbonate. At this height, the carbonate rhythmites display stark
shifts in colour from red to green and then back to red (Fig. 2A, B).
Conformably overlying the TLM at this locality are dark, organic-rich
siltstones of the GSM that grade into black mudstones over an interval
of approximately 5 m. The GSM terminates with an ~2 m thick car-
bonate breccia of the WMM. Above these units, the succession is folded
in a syncline and the measurement of further stratigraphy was not
possible. Sections at Marmot Road and Pyrite Point both begin and end
in rhythmically-bedded siltstones and carbonates and neither the base or
top is exposed. Thus, these sections are interpreted to be entirely within
the middle TLM. The total stratigraphic thickness of carbonate-bearing
strata in this region is found to be < 40 m.

4.1.3. Lake Louise Localities

Stratigraphic sections of the OFP from Temple Lake and Wolverine in
the Lake Louise, Alberta region are found to contain carbonate intervals
that are much thicker than those in the Jasper region. In both strati-
graphic sections, the stratigraphy largely matches that of the Jasper
region, with purple-green siltstones of the TLM grading into colour-
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varying carbonate-siltstone rhythmites. However as mentioned, there
is more carbonate in the Lake Louise region, with carbonate-rich in-
tervals of up to 140 m (compared to ~40 m in the Jasper Region).
Overlying the TLM at these localities, the GSM is exposed as grey-brown
mudstones and is found to be overall coarser than the Jasper region. The
GSM in this region is 5 to 7 m thick. Here, the WMM is interpreted to
have been eroded completely, and the GSM is overlain by siliciclastics of
the Middle Miette Group. A section was measured at the Railway locality
in strata interpreted to underlie the Old Fort Point Formation, in the
Corral Creek Formation of the Middle Miette Group. Here, the stratig-
raphy is dominantly siltstones that grade into carbonate-siltstone in-
terbeds. Overall, all lithologies at Railway are much more siliciclastic
rich when compared to those of the OFP. (see Table 1).

4.2. Chemostratigraphy

Carbonates of the Miette Group in the southern Canadian Cordillera
consistently have a highly negative carbon isotope excursion. Across a
northwest-southeast transect along the British Columbia-Alberta border
(Fig. 1A), seven sections of the OFP (Fig. 4A-G) show a consistent
excursion (in both magnitude and vertical stratigraphic expression) in
all three of the geographic regions (McBride, Jasper, and Lake Louise;
Figs. la-c, 2, 3, 4, panels 1, 3, 2). Beginning at the first occurrence of
turbiditic carbonate beds in the lowermost TLM, values of §'3C.yy are
approximately —12%o, (varies from —11 to —13%eo, Fig. 4). The downturn
of the excursion is not preserved due to the lack of preserved carbonate
in the lower TLM siltstones. Values of 5§'3C.qy evolve from this nadir to
approximately -7 to —8%o by the uppermost TLM, at the base of the
shales and mudstones of the GSM. This gradual transition from nadir
values is found to accompany a lithological transition from dominantly
silty carbonates into rhythmically bedded siltstones and eventually more
pure carbonates.

Differences are observed in the thicknesses and variability in 6'3C g
in the TLM between Jasper and Lake Louise. In the Jasper area, 5'>Cearp
profiles display very little variability between stratigraphically adjacent
samples, and the entire excursion spans between ~20 to 40 m of stra-
tigraphy (Fig. 4, panels 3, 2, 6, 4). Conversely, in the Lake Louise area,
while still relatively low, sample-to-sample variability is higher, and the
excursion spans ~70 to 140 m of stratigraphy (Fig. 4, panels 10, 9). A
measure of sample-to-sample variability was calculated by subtracting
the data from a five-point running mean and the average offset is 0.18%o
in the Jasper area, and 0.44%o in the Lake Louise area. Sections thicker
than ~40 m (GSM Type, Temple Lake, Wolverine) show an inflection
point in 6*3C,qp values. Here, values remain at or near minimum values
(-12%o) for between 10 to 50 m of stratigraphy before beginning to
rapidly increase towards —8%o (Fig. 4).

Values of 6'3C.qp in the WMM at McKale Creek are generally more
positive than at other localities, potentially due to basal erosion of
carbonate with more negative 5'3C.qy values. Despite being exposed in

Table 1
Generalized field coordinates and labels for each locality as in Fig. 1 grouped by
broad geographic region from north to south.

Region Label Locality Latitude (°) Longitude (°)
McBride, BC 1 McKale Creek 53.480723 -120.107131
Jasper, AB 2 GSM Type 4 52.872824 -118.287136
3 GSM Type 1-3 52.872591 -118.291418

4 Pyrite Point 52.861257 -118.064400

4a OFP Landmark 52.867671 -118.051455

5 Jasper, Highway 16 52.860418 -118.185932

6 Marmot Road 52.781676 -118.036099

Lake Louise, AB 7 Boomerang 51.471651 -116.142053
8 Railway 51.459862 -116.267307

9 Wolverine 51.435815 -116.080536

9a Redoubt 51.453381 -116.098483

10 Temple Lake 51.366359 -116.168391
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Fig. 1. (A) Map of the southern Canadian Rocky Mountains showing generalized field geology of the Windermere Supergroup (WSG) in the southern Canadian
Cordillera with associated Groups and Formations and associated legend (D). Old Fort Point Formation localities are shown in the three broad regions (McBride,
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multiple localities (e.g. OFP Landmark, Wolverine, Boomerang,
Redoubt, McKale Creek, GSM Type, Jasper - Highway 16), the WMM is
only found to have in-place carbonate beds at McKale Creek in the
McBride region (Fig. 4, panel 1). Here, underlying GSM and TLM are
completely eroded (Smith et al., 2014), and the WMM overlies strata of
the Middle Kaza Group (a regional equivalent to the Middle Miette
Group, see correlations in Fig. 1C).

Values of 5'3C.q, in the WMM at McKale Creek are observed to be ~
—8%o at the lowermost in-place carbonate bed and rise to near 0%o by the
uppermost carbonate bed over a thickness of approximately 100 m
before the stratigraphy becomes dominated by siliciclastics. Further,
sample-to-sample variability in 6'3C.qp values is considerably higher
here (0.56%o on average) than in Jasper or Lake Louise. A composite
curve of 5'3Ceqrp and 6804 values for the whole Old Fort Point For-
mation is shown in Fig. 5A and B. In the Lake Louise region, a short
section was measured in the silty carbonates of the Corral Creek For-
mation of the Miette Group (Fig. 4, panel 8) which underlies the TLM
regionally (Smith et al., 2014). This section contains 5'Cq values that
are constant over 10 m at ~ —10%o suggesting 5'C.qp values were very
negative before deposition of the TLM.

Carbonates recording the Shuram excursion often show covariance
between §'80.qp and §'3C.qp values. Within the OFP, covariance is
observed between carbon and oxygen at all localities. In the McBride
area, the WMM at McKale Creek section has the most positive 5'*Cearp
values, and has a Pearson r value of 0.18 (Fig. 5). In the Jasper regions, r
values range from 0.13 to 0.70 with higher values found in thicker
stratigraphic sections of the TLM. The Temple Lake section is found to
have an r value of 0.33, but this lower correlation is driven by the in-
clusion of three outliers in §'®O.qy (Fig. 5, Spearman’s p has a value of
0.56). When values from all sections are combined, 58043 and 6'*Cearp
have an r value of 0.58, a value that is higher on average than that of
individual sections. Generally, the WMM displays the poorest 580 -
5'3Ceqrp correlation (r = 0.178), and the TLM displays stronger corre-
lation (r = 0.13 to 0.72, with an average of 0.47, Fig. 6).

4.3. Geochemistry of carbonate breccia clasts

Most breccia clast populations from the OFP have §'°C.qy isotopic
values spanning a range of several per mil, often encompassing the
entire range of values found in the TLM stratigraphy. Distributions of
613Ceqrp values from clast populations of individual beds are shown in
Fig. 7A-H. Sampled breccias broadly fall into two categories: breccias
with largely homogeneous lithologic assemblages, often within the TLM
(Fig. 3E, F), and heterolithic breccia assemblages including submarine
canyon-fill material associated with the sea level changes during depo-
sition of the WMM (Fig. 3A, C, D, G).

Breccias with homogeneous lithologic assemblage (Wolverine,
Railway, Redoubt) have very little variability in §'3C.q values. Mean
breccia bed thicknesses is 0.4 m and 0.7 m for Wolverine and Railway
respectively. Observed changes in average 6'3C.q value of individual
breccia horizons at Wolverine track vertical shifts in the §'3C.q, values
of in-place section carbonates. At Railway and Redoubt, the range in
613Ceqrp is found to be -9 to —9.9%o and 8.5 to —10.5%o respectively
(Fig. 7D, E), with clasts from Redoubt dominated by pink laminated
limestones much like those comprising the TLM rhythmites. Clasts from
OFP Landmark (minimum bed thickness of 18.5 m, as top and bottom
contacts of the breccia unit were covered) are comprised almost entirely
of pale pink-tan crinkle-laminated limestones and display a sizeable
range of 6'3Cqrp values of —10 to —13.5%o (Fig. 7A).

However, despite showing little lithological diversity, samples from
GSM Type, Jasper - Highway 16, and OFP Landmark all display a large
range in clast 8'3C.qy values. At both GSM Type and Jasper - Highway
16, clasts from breccias are comprised almost entirely of carbonate
mudstone clasts embedded in a sandy matrix (Fig. 3B), and display a
variety of differing sedimentary structures including cross-bedding, and
laminations. Values of §'3C.qy from these beds have tremendous vari-
ability and range: -7.5 to + 1%o and -7 to + 3.5%o0 at GSM Type and
Jasper - Highway 16 respectively. This range encompasses the entire
range of TLM carbonates, but includes values from 0 to 3.5%o. that are not
observed in TLM stratigraphy (samples more positive than the blue bar
in Fig. 7G, H). Notably, clasts from OFP Landmark display fine, wrinkle-
laminated fabrics that resemble those of cryptalgal microbialites.
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Fig. 2. Photographs of carbonate beds from Old Fort Point Formation stratigraphic sections (A-C), (G-J), and authigenic carbonates (D). Limestone-siltstone
rhythmites of the upper TLM at GSM Type showing a green-red colour transition are shown in (A), (B), and (G). Dark, silty carbonates of the upper WMM at
McKale Creek are shown in (H-J), with stratigraphic up indicated. (D) Authigenic carbonate nodules of the GSM at GSM Type. Sedimentary structures indicative of a
higher-energy, shallower water environment are shown in (E), (F), (H), and (I). These include cross-bedding in coarse sandstones of the WMM (E, F), as well as scours
in the sandy components interbedded with WMM carbonates (I), and convoluted bedding in (H).

Values of 5'3C.q from breccia units with diverse, heterolithic as-
semblages are highly variable (ranges up to 16.9%., Fig. 7F). Two lo-
calities reflect heterolithic breccia assemblages interpreted to reflect
infill of submarine paleocanyons by collapse of canyon shoulder mate-
rial (Smith et al., 2014): Boomerang and McKale Creek. Breccia beds of
the Boomerang locality have a larger proportion of dolomite clasts, as
well as a coarser, quartz-rich matrix (Fig. 3A). Mean breccia bed
thicknesses here are 4.9 m, and values of 5'3C 4 range from -12 to
—6.5%0 (Fig. 7C). At McKale Creek, mean bed thickness is found to be 1.5
m, and 6'3C,qp values show considerable variability within individual
breccia horizons, with values from -13.5 to 3.7%o. The McKale breccias
display values fully that fully encompass those of preserved OFP stra-
tigraphy, as well as more positive values not preserved in the OFP strata
(Fig. 7F). Notably, as shown in Fig. 6B, 6'804 values are broadly most
positive at Boomerang, and reach their most negative values at McKale
Creek, with values approaching —24%o, while most OFP carbonates have
51804y values that range from —14 to —18%o.

4.4. Trace and major element abundances

Trace element ratios can be used to reconstruct the diagenetic history
of marine carbonates. Of the nine elements chosen for elemental ana-
lyses, Sr/(Ca + Mg), Mn/(Ca + Mg), U/(Ca + Mg), and Mg/Ca are most
useful in making such interpretations (e.g. Brand and Veizer, 1980;
Higgins et al., 2018). Results for these select elements are summarized in
Fig. 8, and a composite including Sr/(Ca + Mg), Mn/(Ca + Mg), and Mg/
Ca ratios for the OFP is shown in Fig. 5. As shown by the data in red in
Fig. 8A-B, A-B, samples from sections of the TLM (samples containing
nadir 6'3C,qp values) show a generally negative correlation with both
Sr/(Ca + Mg) and Mn/(Ca + Mg). Values range from 0.3 to 1 mmol/mol
and from approximately 1.6 to 31 mmol/mol for Sr/(Ca + Mg) and Mn/
(Ca + Mg) respectively. Within these ranges, 6'3C.qyp values between
—~13%o to ~11%o from the lower TLM are characterized by both high Sr/
(Ca + Mg) and Mn/(Ca + Mg). Additionally, amongst nadir 6'3Cegrp
values at Temple Lake and GSM Type, some samples have elevated Mg/
Ca ratios (up to 800 mmol/mol, Figs. 5, 8E), whereas most other samples
have ratios < 50 mmol/mol. Throughout the recovery in §'3C.q values
in the upper TLM, values of Sr/(Ca + Mg) and Mn/(Ca + Mg) decrease to
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Fig. 3. Photographs of debris flow deposits of the Old Fort Point Formation. Canyon-fill breccias of the heterolithic clast assemblage are shown in (A), (C), (D), and
(G). Intraclast breccias of the Temple Lake Member are highlighted in (E) and (F), and mudstone clast assemblage of GSM Type and Jasper - Highway 16 is shown in
(B). A sample of a WMM breccia from Boomerang containing clasts of carbonate seafloor fans (highlighted in red) is shown in (G) and thin-section photomicrographs
of this clast are shown in plan view (H) and cross-section view (I) demonstrating pseudo-hexagonal morphology. A polished sample of these fans in cross-section view

is also shown in (J) with an arrow indicating stratigraphic up.

0.3 mmol/mol and 1.69 mmol/mol respectively (see also Fig. 5). Strata
of the WMM at McKale Creek are characterized by much higher Sr/(Ca
+ Mg) than those of the lower TLM, and much lower Mn/(Ca + Mg).
These ratios range from 0.75 to 5.69 mmol/mol and 0.31 to 6.71 mmol/
mol for Sr/(Ca + Mg) and Mn/(Ca + Mg) respectively (Fig. 8A-B, A-B,
Fig. 5), coinciding with an increase in coarse-grained siliciclastics, and a
decrease in carbonate content. No clear relationship is observed be-
tween 6'3Ccqrp and either Sr/(Ca + Mg) or Mn/(Ca + Mg) within the
WMM. Clast populations from GSM Type and Jasper - Highway 16 have
positive correlations between Sr/(Ca + Mg) and 5'3Cqpp, with values of

Sr/(Ca + Mg) ranging from 0.4 to 3.17 mmol/mol (something not
observed in the stratigraphic data of the TLM). These clasts also show
strong negative correlation with §'Cq3 and Mn/(Ca 4+ Mg). A similar
negative correlation is also seen in TLM strata (Fig. 8B). In localities with
breccias described as submarine canyon infill (Smith et al., 2014), clasts
from McKale Creek have elevated Sr/(Ca + Mg) values of approximately
1.3 to 3.2 mmol/mol, and clasts from Boomerang are characterized by
the lowest Sr/(Ca + Mg) values with most < 0.75 mmol/mol. Clasts from
both McKale Creek and Boomerang are found to have Mn/(Ca + Mg)
values from ~0.9 to 13.76 mmol/mol, much closer to the range in values
that characterize the TLM. In these populations, Mn/(Ca + Mg) ratios



C.S. van Wieren et al.

N

| a |

Precambrian Research 411 (2024) 107525

| b | c |
1T L 1
top not exposed
________________ N
A
McKale Creek \ . % McBride, BC 2 ) / 8 Y Lake Louise, AB
i A\ © o -
1] © ° * °
i \ 3 (€]
I X 3 4 2 LOL
265.0 4 1) \ o o 8
| a® \ p
0 \ g
\ -3
i s \ s g | ()
i 2
Ky \ 8 5km ° ‘ 10 §
215.0] {1 % \ - —
i o] @ 6 3 |
19 © % Jasper, AB | = Bkm
5 1R | S N1 b —
~ I
= 1Y ; -1204  -1202  -1200 -1183 -118.1 1625 11645 116,05
D 165.04 =)
g I I Temple Lake Middle Miette siliciclastics
o
L2 (I top not exposed (covered) il 0 Wolverine
= I X GSM Ty Marmot e 1 1990 1 [e]
3
g 11507 4 0 LY GSM Type Road Pyrite Point \
5 e | . [ 3]0 4|2 [250. 450 X
g \ N I ASM" I [4] : W |
® \ 1450 : i CO 65.0 . 105.0 4 Y
65,0} | \ -13 -8 -3 2 -13 -8 -3 2 - 3 \
\ 510 s1C 15.0 — \
\ -13 -8 -3 2 . \
\ o \
\ Features @ \
\ 950 g 15.0 g 55.0 I
15.0 4 \ A erosive cortect )( symeine Old Fort Point Formtion d
————inferred contact 05 sample’ B Whitahorn Mountain Member P
""" — \ e A = o 13 -8 -3 2
158 3 o \ Li i [ Temple Lake Member §9C
45.0 A m] 5.0
83C \\ Carbonates — ) Micdle Kaza Group A |5 |3 5 ,_‘f‘i’_"u_‘gzvief _____
1 Tleme . /
! . Silciclastics 5°C //
\
\ /
— /
\ y Railway
\ -13 -8 -3 2 /100,
\ basenotexposed _ 6C /oo T — T8

-13 -8 -3 2
6C

Fig. 4. Summary chemostratigraphy and lithostratigraphy for stratigraphic sections from the OFP with in-place carbonate beds. Sections are oriented broadly north
to south by region (McBride, Jasper, and Lake Louise). All sections are aligned when possible on the inflection point from consistently nadir to more positive 6'3C g
values. Scales on all y-axes are equal. Inset maps (a, b, and c) show each region with localities relevant to this figure identified as in Fig. 1. Major roads and cities are
shown on each inset. For an explanation of section numbering and colours used for regional geology in the map insets, refer to Fig. 1 and Table 1.

1.0 2 :
o0
A oo @ v¥
4 ? ¥
< o v
0.8 1 [N on O © v%
g ®,
— o 00 %6’0@ v vg
<
=z 9
o &° Qo o %
<
© 0.6 L 4
< (J
s gt © S v vV
© @,
=2 % %() °
©
= A % @ yvv
® 0.4 9 o B Yo Yy vV
- 0 24 2 goo w o
(0]
= U 4 W W
5 ¢ - ¥ v
ww
0.2 4
ko = © McKale Creek; r=0.18 ® GSM Type 3; r=-0.34 @ Wolverine; r=0.72
@ Pyrite Point; r=-0.70 @ GSMType2; r=-0.65 @ Temple Lake; r=0.33
© Marmot Road; r=-0.28 @ GSM Type 1; r=-0.59 @ Railway; r=-0.08 3.0
g‘ -:’ ® GSM Type4; r=0.13
0.0 T T T T T Pl — T T T T — T T —T T
-12 -8 -4 0 -20 -18 -16 -1 0.3 1 3 7 051 10 40 510 100 1000
6%3Cart (%o) 6%80carb (%o) )

Sr/(Ca+Mg) (mmol/mol

Mn/(Ca+Mg) (mmol/mol)

Mg/Ca (mmol/mol)

B Whitehorn Mountain Mbr.
@ Geikie Siding Mbr.

O Temple Lake Mbr.

[ Corral Creek Fm.

@ Re-Os Samples

width of bar

~1/8

Fig. 5. Composite geochemical curves for the Old Fort Point Formation showing 6'3Cearp, 6'80carp, St/(Ca + Mg), Mn/(Ca + Mg), and Mg/Ca values and scaled
stratigraphic height coloured by locality. Sr/(Ca + Mg), Mn/(Ca + Mg), and Mg/Ca are plotted and scaled logarithmically. Correlation coefficient (Pearson r) values
between 5'80.qp, - 5'3Ceanp, values are listed for each locality. Sections were aligned and stretched based on their §'3C.,,, values, as well as the relative stratigraphic
position of the TLM, GSM, and WMM members. Vertical height of boxes on the right (coloured by their respective locality) corresponds to the stratigraphic range for a

given locality. The width of each bar correlates with 1/S where S is the scale factor used for each locality (each bar is also labeled with their scale factor). A red
diamond indicates the stratigraphic position of the Re-Os age constraint from Kendall et al. (2004).

are largely < 10 mmol/mol, and values greater than this are predomi-
nantly from dolomitic clasts of Boomerang (with the exception of three
clast samples from McKale Creek). Generally, 8'3C.qp values of all clast
samples show a positive trend with Sr/(Ca + Mg) and a strong negative
trend with Mn/(Ca + Mg). Irrespective of stratigraphic position, molar
ratios of U/(Ca + Mg) have no observable trend with §'3C.g, and most
values are below 1 ymol/mol (Fig. 8D). However, samples from the TLM

at GSM Type, Wolverine, as well as clasts from McKale Creek have
elevated values closer to 4.5 ymol/mol. Clasts from breccias of McKale
Creek have strong covariance between U/(Ca + Mg) and 6'®O0cqp, a
trend not observed at any other locality (Fig. 8I). Mg/Ca ratios amongst

clast populations have similar trends to the sections with values
approaching 800 mmol/mol (Fig. 81)



Precambrian Research 411 (2024) 107525

# Redoubt « Wolverine

Temple Lake

C.S. van Wieren et al.
B Boomerang A Marmot Road « OFP Landmark ¥ Railway o
4 GSMType @® McKale Creek B Pyrite Point
@ Jasper, Highway 16
.| A | B
0 4
24 4
2
3
‘E _4 g 4
S
O
T 61 &8
© ®
8- 4
-10 4 4
-12

4 all sections

® .
o Q ® aragonite fan
) &C’ ®
* I X, o® authigenic carbonate nodule
8‘.% ® ¢ o

I sandy limestone

I sandy dolostone
dolostone

- crystalline limestone

- grainstone

- wackestone

Is mudstone

P

T T T
=17 -16 -25.0

6 180carb (%0)

T T
-19 -18

T
-22.5

T ¢ T T
-175 -150 -125 -10.0

6 lsocarb (%0)

T
-20.0

Fig. 6. Cross plots of 580 qrp VS 53 Cqrp coloured by sample lithofacies. (A) Data from all stratigraphic sections as well as authigenic nodules from the Geikie Siding
Member (see 2D, Fig. S1). (B) Results from isotope conglomerate tests from clasts of the Old Fort Point Formation. Clast populations cover the entire range of §'3C.q
and 680,43 values found within underlying stratigraphy (shown in the region highlighted in grey) as well as populations of clasts displaying 5'3C,q values more
positive than preserved elsewhere in the OFP. Note, x-axis limits in (A) and (B) are not the same due to the large range in 5'80,qrp values expressed at McKale Creek.

5. Discussion
5.1. Geochemical trends — implications of isotope conglomerate tests

Sections of the Temple Lake Member at all localities demonstrate a
consistent excursion in 6'3C.y values interpreted to be a basin-wide
signal. The basal TLM is characterized by §'3Ccqp values of —12%o that
evolve to ~ -7 to —8%o at the base of the WMM. Values continue to rise
throughout the WMM to ~0%o.. The regional similarity in the strati-
graphic expression of this excursion seems to preclude an interpretation
of entirely local processes controlling the isotopic trends in the OFP,
however, the highly negative values observed are difficult to reconcile
with simple models of the carbon cycle. It is possible to generate
regional trends in 6'3C.qy during early diagenesis and thus, we must
consider the impact of such processes on the OFP.

Using 6'3C.qp and 6'80qy values from clasts derived from con-
glomerates and breccias of the Old Fort Point Formation, isotope
conglomerate tests (e.g. Husson et al., 2012) were performed to
constrain the relative timing of acquisition of the OFP §'3C3 excursion,
specifically targeting the thick, canyon-fill breccias of the WMM. These
deposits are useful as they represent large erosive events that we infer to
re-mobilize significant portions of underlying stratigraphy. As demon-
strated by Smith et al. (2014), localities such as Boomerang, McKale
Creek, and OFP Landmark with erosive bases and complete removal of
the underlying TLM and GSM have been interpreted as such
paleocanyon-fill breccia successions. If carbonate beds are successively
deposited in a basin that reflects the isotopic composition of seawater,
which is evolving with time, and these beds were eroded and re-
mobilized, the resulting breccia should contain clasts that have the
full range of §'3C.q values observed in the originally eroded beds. If
clasts within this breccia were reset isotopically during diagenesis after
deposition, the isotopic variance within the clast populations should be
proportional to the extent of diagenesis. In this case, increasing inter-
action with diagenetic fluid will yield increasing isotopic homogeneity
in clast populations. Thus, if clasts in a sampled breccia within a section
were found to display the same range as the intact stratigraphy, we
would conclude that the geochemical composition of the breccia (and
through inference, the section containing the breccia) was acquired
early - i.e., before the brecciation event.

Clast populations across the OFP generally show a significant range

in 8'3Ceqrp values of up to 17%o (Fig. 7). These large ranges in 6'3Cearp
values are primarily from breccias with heterolithic clast assemblages,
however as mentioned previously, localities with clast populations with
more homogeneous lithologic compositions such as OFP Landmark,
Redoubt, GSM Type, and Jasper - Highway 16, display §'>Cqp, ranges of
up to 10%o. Localities that display little variance in individual beds (e.g.
Railway, Wolverine) are interpreted to be intraclastic breccias repre-
senting small-scale erosive events only mobilizing a few beds of un-
derlying stratigraphy. This is corroborated by the colour, lithology, as
well as relationship to underlying stratigraphy (see Fig. 3E-F). The
observed range in 6'3C.qy values in clasts cover the entire range of
underlying WMM and TLM stratigraphy, suggesting that the dominant
source of these breccias is material from these units themselves. As
shown in Figs. 6B, and 7, there are a number of samples with §'3Ceq
values more positive than those preserved in the Old Fort Point For-
mation and hence must have been sourced from carbonate sources either
unpreserved, or eroded out during WMM deposition. If the §'3Cearp
signal recorded in the Old Fort Point Formation was purely the result of a
late-stage diagenetic process (i.e. burial diagenesis) we would expect the
distribution of 5'3C.qyp values across clast populations to be more
homogeneous.

The extreme variability in clast populations within each individual
breccia horizon (a ”pass” of the isotope conglomerate tests) suggests an
early, pre-brecciation acquisition of the OFP 6'3Cqy signal. In other
words, 6'3C.qr values of carbonates in the OFP (both within breccias,
and by extension, in the sections) could have been acquired post- or syn-
depositionally, but pre-brecciation and submarine canyon incision. This
does not preclude a diagenetic origin, but makes late-stage (e.g. burial)
diagenesis extremely unlikely. There are two possible interpretations for
this result: (1) the 6'3C.qp values obtained by the OFP are reflective of
Ediacaran seawater DIC (i.e. a primary origin); and (2) the OFP 6'3Ccarp
values reflect extremely early-stage diagenesis that took place shortly
after deposition, but before the beds were remobilized as breccias.

5.1.1. Geochemistry of seafloor precipitates

Clasts from canyon-fill breccias of the WMM at Boomerang reveal
fan-like carbonate crystal structures as described previously (Fig. 3G-J).
Photomicrographs of these fan-like crystal structures (Fig. 3H, I) display
clear pseudo-hexagonal structure, indicative of an aragonitic precursor
(Bragg, 1924) despite having been neomorphosed to a current
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mineralogy of -calcite. Early-diagenetic aragonite fans of this
morphology have been described previously associated with the
Shuram-bearing Ediacaran Johnnie Formation and have been inter-
preted to be shallow seafloor precipitates growing rapidly (potentially
syn-depositionally within primary sediment) near the sediment-water
interface (e.g. Pruss et al., 2008; Bergmann et al., 2013). Further, fans
from the Johnnie Formation have §'3C,qy, values that are highly nega-
tive (~ -9 to —11%o). Similarly, the 6'3C.qp values exhibited by the
aragonite fans of the Whitehorn Mountain Member range from ~ -9.5 to
~10.5%o (Figs. 6B, S2) suggesting that negative §'>C values were perhaps
being acquired in close proximity to seawater syn-depositionally.
Though not preserved directly in the OFP stratigraphy, the presence of
this material in several clasts of the WMM suggests that this process was
occurring proximally to the source material of OFP carbonates. This is
consistent with results of isotope conglomerate tests, and again makes
burial dolomitization in association with organic matter remineraliza-
tion or other diagenetic process an unlikely driver for the entire
magnitude in 6'3Cqp values expressed in the OFP.

5.2. Early-marine diagenesis

Unlike the record of pelagic carbonates, carbonate platforms (such as
those preserved in the Neoproterozoic) are subject to a myriad of local
processes that can distort or even create spurious signals in the
geochemical record. For example, carbonate sediments in the subsurface
of the Great Bahama Bank have considerable variability in §'3Ceqr
(~5%0) and do not have the same 5'°C.qyp values or trends that are
observed in coincident deep water sediment cores (Swart and Eberli,
2005; Swart, 2008; Higgins et al., 2018; Geyman and Maloof, 2021).
Studies (e.g. Banner and Hanson, 1990; Higgins et al., 2018; Ahm et al.,
2018) have shown that a multi-proxy approach using trace and major
elemental abundances and isotopic measurements can aid in dis-
tinguishing between sediment-buffered diagenesis (reflecting the pri-
mary sediment) and fluid-buffered diagenesis (reflecting the
composition of the diagenetic fluid). As the partition coefficients for
elements such as Sr, Mn, and U into a carbonate lattice are vastly
different between aragonite and calcite, these elements have great
utility in the interpretations of diagenesis (e.g. Brand and Veizer, 1980).
For example, Uranium has a notably higher partition coefficient in
aragonite than calcite, therefore aragonite will have a higher U/Ca ratio
than calcite precipitating out of the same seawater (e.g. Kitano and
Oomori, 1971).
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Fig. 8. Crossplots of elemental ratios (X/(Ca + Mg) except for Mg which is presented as Mg/Ca) vs §'3Cqp. All x-axes are logarithmic (mmol/mol or umol/mol). Data
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Carbonates of the Temple Lake Member have Sr/(Ca + Mg) ratios
that are higher in samples with more negative §'3Ccq (Fig. 8A) which,
in stratigraphic context, represents a decrease in Sr/(Ca + Mg) with
stratigraphic height (Fig. 5). This trend in Sr/(Ca + Mg) is consistent
with early-marine diagenesis and in particular, the neomorphism of a
metastable aragonitic precussor to low-magnesium calcite. As shown by
Higgins et al. (2018) and Ahm et al. (2018), modern primary platformal
aragonite from The Bahamas has an approximate Sr/(Ca + Mg) ratio of
10 to 12 mmol/mol (Fig. 9), much higher than that shown in the TLM (<
1 mmol/mol generally, closer to diagenetic low-magnesium calcite
(LMCQ)), suggesting either that the TLM sediment was originally calcitic,
or that the diagenetic environment was strongly fluid-buffered by a low
Sr fluid. The TLM is also characterized by a generally decreasing Mn/
(Ca + Mg) with both stratigraphic position, and increasing 6'3Ccqp
(Figs. 5, 8D). Platform aragonites in The Bahamas are found to have Mn/
(Ca + Mg) values < 0.1 mmol/mol (Higgins et al., 2018). Values of Mn/
(Ca + Mg) are much higher compared to Bahamian aragonites. As
subsurface (e.g. meteoric) fluids have been shown to be enriched in Mn
and depleted in Sr (Brand and Veizer, 1980), the overall high Mn/(Ca +
Mg) and low Sr/(Ca + Mg) (high Mn/Sr ratio, Fig. 8C) composition of
the TLM carbonates suggests that open-system fluid-buffered recrystal-
lization is a plausible explanation for the observed trends in Mn/(Ca +
Mg) and Sr/(Ca + Mg) in the TLM (Fig. 9).

The WMM shows opposite trends in Sr/(Ca + Mg) and Mn/(Ca + Mg)
to the TLM. Here, samples from McKale Creek are comparatively
elevated in Sr/(Ca + Mg) (Fig. 8A). Values here (up to ~6 mmol/mol)
are more similar to Bahamian aragonites, strongly suggesting the pres-
ence of an aragonite precursor. As in the TLM, a negative correlation is
observed between stratigraphic height and Sr/(Ca + Mg) in the WMM,
this time occurring alongside an increase in Mn/(Ca + Mg) (Fig. 5),
similarly suggesting neomorphism of aragonite to LMC. However, the
presence of high Sr/(Ca + Mg), and much lower Mn/(Ca + Mg) ratios
(90% of samples < 3 mmol/mol), suggests that any recrystallization
process occurring here was predominantly sediment-buffered, better
retaining the Sr/(Ca + Mg) values of the original aragonitic sediment.

Geochemistry of clast populations suggest that the TLM and the
WMM represent two distinct geochemical end-members each with their
own unique diagenetic environment. Clast populations from all local-
ities show a positive correlation between 6'3Cq and Sr/(Ca + Mg) and
a negative trend between 6'3C,q, and Mn/(Ca + Mg) (Fig. 10C, D) much
like the trend between sections of the TLM and the WMM. The exception
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to the overall lower Mn/(Ca + Mg) ratios observed in the clasts (largely
< 10 mmol/mol) are the dolomite clasts (Fig. 10D). These dolomites
have the lowest §'3Cq values of the clast populations. Of all samples
analyzed, 4% of stratigraphic section samples were found to be dolo-
mitic, compared to 11% of breccia clast samples. Thus, diagenetic
dolomite growth (intermittently influencing the geochemistry of TLM)
seems to be preserved in breccia catchments of the WMM. The negative
stratigraphic correlation with 6'3C,g, Sr/(Ca + Mg) and Mn/(Ca + Mg)
is localized within the TLM and the broad-scale geochemical trend is
better shown by low Sr/(Ca + Mg), high Mn/(Ca + Mg) TLM stratig-
raphy and the high Sr/(Ca + Mg) and low Mn/(Ca + Mg) WMM stra-
tigraphy (as annotated on Fig. 10A). This trend in Sr/(Ca + Mg) and Mn/
(Ca + Mg) over the WMM and TLM (Fig. 9) resembles trends observed in
the Wonoka Formation of South Australia, a formation known to contain
the Shuram CIE (Husson et al., 2015). Evidence from trace and major
elements within clast populations of the OFP are in agreement with
results of isotope conglomerate tests and 5'3Cq values. Broad trends in
these elements are consistent between in-place stratigraphy as well as
within breccia clast populations further requiring and early origin of the
5'3Ceqrp signal in the OFP.

5.2.1. Multivariate analyses

To further explore the trends and possible processes controlling the
entire geochemical dataset (both elemental ratios, X/(Ca + Mg), and
isotopic values for all clasts and sections), principal component analysis
(PCA) was used. PCA functions as a tool to reduce the dimensionality of
a given dataset, and to linearly reproject the data onto orthogonal axes
(principal components or eigenvectors) that contribute most to the total
variance of the dataset. Results of PCA analysis on samples from the OFP
are summarized in Fig. 11A-B. Analysis of covariance across all
geochemical measurements suggests that the primary driver of variance
is the influence of early diagenetic fluids. Principal Component 1 (PC1)
(44.2% of the total explained variance) shows strong positive loadings
for Li, Na, Mg, Al, Mn, Fe, Rb, U, 6'80.43 and strong negative loadings
for Sr and 6'3Cq (Fig. 11A-B). As shown on the PCA biplot (Fig. 11A),
loadings that have similar magnitude and direction are more correlated,
and those that have opposing magnitudes and directions are anti-
correlated. Thus, PC1 suggests a process where Sr/(Ca + Mg) and
5'3Ceqrp are anticorrelated with the rest of the dataset. This component is
consistent with early-marine diagenetic restabilization of a metastable
precursor (neomorphism of aragonite to calcite) in the presence of fluid
with low 6'3Ccqp values as described above, matching stratigraphic
observations. Further, positive loadings of Li, Al, and Rb in PC1 suggest
that these fluid interacted with siliciclatics before altering the OFP
carbonates. Al/(Ca + Mg) is a commonly used indicator of detrital
contamination (Dellinger et al., 2020; Wei et al., 2023). Most Al/(Ca +
Mg) ratios in the OFP are largely < 1 mmol/mol, however some samples
(particularly those with low Sr/(Ca + Mg)) have values up to 17 mmol/
mol suggesting increased influence of detrital material, or leaching from
clays during sample dissolution. If this excess Al is derived from
increased detrital influence, reduction of oxide coatings on detrital
minerals can provide another source of Mn to the sediments further
explaining elevated Mn/(Ca + Mg) in the lower TLM (e.g. Burns and
Baker, 1987).

Other trends in covariation of the data suggest a secondary and
tertiary control by dolomitizing fluids. Loadings from PC2 and PC3
(15.87% and 13.16% of the total explained variance respectively) can be
used. Scores on the PC2 axis in the presented PCA are dominantly
controlled by positive loadings in 680, 8'>Cear, Fe/(Ca + Mg) and
Mg/Ca, and negative loadings in Mn/(Ca + Mg), Sr/(Ca + Mg), and U/
(Ca + Mg). Further, negative loadings for Fe/(Ca + Mg) and Mg/Ca are
observed in PC3. As dolomites are expected to have both higher Mg/Ca
and 8'80¢q (Brand and Veizer, 1981), and the distribution coefficient
for Sr into dolomite is lower than that of calcite (Banner, 1995), these
findings (particularly PC1) are consistent with a dolomitization
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pathway. Elevated values of Mg/Ca in TLM rhythmites range up to
~800 mmol/mol suggesting that dolomite is preserved in these units,
though not consistently throughout the excursion interval. Moreover,
dolomite is observed petrographically within samples from the basal
TLM. Within this nadir 6'3C. interval, this dolomite is found to be
blocky and inclusion rich, and seems to show visual evidence for burial
recrystallization (obvious and strong twinning likely from recrystalli-
zation under pressure). The presence of dolomite within the lower TLM
is evidence for fluid-buffered, early diagenesis as dolomite formation
requires a large flux of fluid (i.e. seawater) derived Mg (Land, 1985).
While values of Mg/Ca for both stratigraphic sections and clast pop-
ulations are dominantly < 100 mmol/mol, many samples have values
unlike stoichiometric dolomite (1000 mmol/mol) that range from 100 to
~800 mmol/mol (Fig. 8E, J). We interpret these elevated values of Mg/
Ca to be physical admixtures of calcite and dolomite homogenized
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during bulk-rock drilling. In summary, the Temple Lake Member seems
to have undergone early-marine diagenesis under fluid-buffered,
partially dolomitizing conditions whereby primary aragonite is neo-
morphosed to either calcite or dolomite depending on shifts in the
diagenetic fluid composition over time. The overlying WMM underwent
diagenesis under more sediment-buffered conditions, preserving better
the trace element geochemistry of an initially aragonitic precursor as
indicative by the high Sr content (Figs. 8A, 10).

Based on the analyses and data presented, the 5'3Cqy, composition of
the Old Fort Point Formation is interpreted to be either the result of
early-marine diagenesis, a record of basin water DIC distinct from the
global average DIC pool, or a record of primary Ediacaran seawater DIC.
Results of isotope conglomerate tests preclude late-stage (e.g. burial)
diagenesis, yet it is difficult to ascertain exactly to what degree the
513Ccqrp signal has been altered by early diagenesis. Results demonstrate
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that dolomitizing fluids and possible organic matter remineralization
exert some level of control on carbonate containing nadir excursion
values within the Temple Lake Member, yet Mg/Ca values within clast
populations are dominantly low suggesting that there were few dolo-
mites preserved in breccia catchments (and hence underlying stratig-
raphy). The discrete nature of dolomite horizons in the TLM coupled
with generally low Mg/Ca values in clast populations suggests that
dolomite formation did not widely alter the §'3Ccqyp signal of the Temple
Lake Member. 5'3C_ g values of OFP dolomites from the TLM are found
to have broadly the same highly negative §'3C.q3 composition of
concomitant calcites from stratigraphically adjacent, and correlative
sections from other localities. Thus, despite studies demonstrating the
ability of dolomitizing fluids and early marine diagenesis to alter records
of 8'3C.q (Blittler et al., 2015; Higgins et al., 2018; Ahm et al., 2018;
Nelson et al., 2021), it seems that dolomitization is not leveraging
5'3Ceqrp values in the OFP. Trends in both Sr/(Ca + Mg) and Mn/(Ca +
Mg) between clast populations and the in-place stratigraphy are char-
acteristic of early diagenetic reactions. Geochemical analyses of clast
populations coupled with chemostratigraphy from the overlying
Whitehorn Mountain Member suggest that 5'3C.q values of approxi-
mately —-12%o were acquired under relatively sediment-buffered condi-
tions compared to those near —8%o as seen in the TLM carbonates
(Fig. 5), yet still more fluid-buffered than the carbonates of the WMM.
Despite these findings, isotope conglomerate tests require the §'3Ceqrp
signal (diagenetic or not) to have been acquired early in the depositional
history of the OFP.

5.3. Significance of 8'3C excursions in the Old Fort Point Formation

If the observed isotope excursion in the Old Fort Point Formation is a
global phenomenon, several documented excursions from other conti-
nents could be potential correlative records of the same event. First, a
CIE has been described from early in the Ediacaran known as the
Weng’An Negative Carbon isotope Excursion (WANCE) from within the
Doushantuo Formation in the Yangtze Gorges area of South China (Chen
et al., 2022). The WANCE excursion is found to have a magnitude of ~
-10%o and is constrained via U-Pb geochronology around 609 + 5 Ma,
similar in both magnitude and inferred age to the observed excursion in
the OFP. If the excursion found within the TLM is indeed pre-Shuram
and correlative to the WANCE, this would be the first observed occur-
rence of this excursion in western Canada. Also in the Yangtze Gorges
area of South China, workers have identified a negative CIE, thought to
be distinct from the Shuram, terminating at 550.1 + 0.6 Ma (Yang et al.,
2021). Though the age disparity between the proposed age of the OFP
(607.8 4+ 4.7 Ma) and the ~550 Ma excursion makes a correlation be-
tween the two events unlikely, the presence of this excursion highlights
the prevalence of large magnitude isotopic variability within the Edia-
caran. Finally, it is possible that given the sparse geochronology, the
excursion interval within the OFP is correlated to the Shuram CIE,
further arguing for the global nature of the event.

We have established through Mn/(Ca + Mg) and Sr/(Ca + Mg) ratios
that it is likely that early diagenetic recrystallization from aragonite to
calcite occurred within the OFP. Given these data and the carbonate-
poor nature of the OFP, it is possible that local, early-marine diagen-
esis could be responsible for driving the OFP excursion towards more
negative values and that the excursion is not age-diagnostic. As there are
multiple highly negative excursion intervals throughout the Ediacaran,
and diagenesis is often invoked to explain at least part of these, it implies
that local diagenesis generating highly negative 5'3C.yp values are
frequent over the Ediacaran. Diagenetic effects of meteoric fluids (e.g.
Knauth and Kennedy, 2009), or interaction with low §'3Ccqy, pore fluids
(e.g. burial fluids, see Bristow and Kennedy, 2008; Derry, 2010) have
been used to reconcile the mechanism for generating highly negative CIE
values in the case of Shuram CIE. However such processes imply that, if
the Shuram is synchronous, these diagenetic reactions are occurring
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synchronously within basins globally, a difficult phenomena to
reconcile.

Early diagenesis can also be consistent with a global origin for the
excursion observed in the OFP. The consistency in expression over a
broad geographic area, low sample-to-sample variability, expression
over a transgressive sequence, and our interpretation of §'3Cqy, values
in the Old Fort Point Formation as representing either primary Edia-
caran DIC or the product of early-marine diagenesis, suggests that the
observed excursion could be equivalent to the Shuram CIE. An event
that, regardless of its origin, represents a profound, seemingly syn-
chronous (Rooney et al., 2020) shift in Ediacaran shallow-water chem-
istry related to either flux variations in the marine DIC pool, or globally-
recorded local changes in platformal environments. Values of §'3C.qy in
the Old Fort Point Formation are similar to the Gametrail Formation of
northwestern Canada (Macdonald et al., 2013; Moynihan et al., 2019;
Busch et al., 2023) (see correlation in purple on Fig. 12B). Moreover,
geochemical trends (e.g. Sr/(Ca + Mg) and Mn/(Ca + Mg)) within both
OFP clast populations and stratigraphic sections are consistent with
trends found in other Shuram-bearing localities such as the Wonoka
Formation of Australia (Fig. 9). The presence of turbidites throughout
Windermere deposition in the study region implies that the overall
depositional setting is a relatively deep-water slope environment (Ross,
1991; Smith et al., 2014). Consistent differences in Shuram expression
have been identified depending on the depositional environment, water
depth, and hence, facies (Busch et al., 2022). Further, the most negative
values of the Shuram excursion are expressed in slope environments
(Busch et al., 2022). These differences in excursion expression with
depth are consistent with the highly negative 6'3C.qy values of the Old
Fort Point Formation and their inferred slope depositional environment.

Lithostratigraphically, the TLM shares a number of characteristics
with the Shuram-bearing strata of western Laurentia. First, the Rain-
storm Member of the Johnnie Formation in Death Valley, USA
(Bergmann et al., 2011; Giles et al., 2023) is comprised of interbedded
siltstones and limestones, and is known to contain calcite crystal fans
thought to be pseudomorphs after aragonite much like those found in
clasts of the WMM in the OFP (Fig. 3H - J). Additionally, like the
Gametrail Formation of northern Canada, the OFP represents a trans-
gressive sequence on the same continental margin (Ross, 1991),
whereby a 6'3C. excursion occurs with concomitant base-level rise.
Thus, geochemical shifts (such as 6'3C,qyp excursions) along this margin
should be broadly synchronous. Both the Johnnie and Gametrail For-
mations demonstrate pristine primary fabrics and facies including ooid
shoals, stromatolitic horizons, and, as mentioned, seafloor crystal fans.
All features that are absent from the in-place stratigraphy of the OFP.
Carbonates of the Gametrail and Johnnie Formation reflect deposition in
shallower, more platformal environments more likely to preserve pri-
mary carbonate fabrics, as well as shallower-water facies. Microbial
fabrics in the OFP are largely absent with the exception of clasts in
breccias of the WMM from OFP Landmark that display fine, crinkle-
laminated fabrics reminiscent of cryptalgal microbialites, features
quite common in younger sediments of nearby, Late Ediacaran platform
carbonates of the Byng Formation in the Jasper region (e.g. Savage,
2004). Conversely, the inferred depositional mechanism of OFP car-
bonates is turbidite deposition along a deeper, slope environment.
Deposition in such a way in a platform-distal environment prevents the
preservation of many shallow-water facies and explains the lithological
simplicity of preserved OFP carbonates.

Existing geochronology within the Windermere cannot rule out a
Shuram occurrence within the OFP. While there is currently only one Re-
Os age of 607.8 + 4.7 Ma from the Geikie Siding Member of the OFP at
GSM Type by Kendall et al. (2004), as highlighted in Fig. 12B and C, this
age is inconsistent with presented geochemical data and with any of the
current age estimates bracketing the Shuram (i.e. 574 + 4.7 to 567.3 +
3.0 Ma Rooney et al., 2020). If the ~608 Ma age is found to be repro-
ducible (Fig. 12C), the presented data would lend support for a possible
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correlation with the ~609 Ma WANCE, further implying that highly
negative carbon isotope excursion events in the Ediacaran are not
unique. If, conversely, the ~608 Ma age is proven too old (Fig. 12B) and
and the depositional age of the OFP is closer to a ~578 to 563 Ma range
as found to bracket the Shuram CIE (Rooney et al., 2020), it suggests that
the excursion recorded by the carbonates of the TLM may be correlative
to the Shuram CIE and, coupled with the geochemical data presented
here, is the product of either Ediacaran seawater DIC or globally
expressed local processes.

6. Conclusions

Across the southern Canadian Cordillera, the Old Fort Point Forma-
tion records a carbon isotope excursion with nadir values exceeding
-12%0 preserved within a turbidite-generated carbonate sequence
deposited in a deep-marine slope environment. Results of isotope
conglomerate tests on carbonate clast populations require §'3Ceqrp
values of carbonates within the OFP to have been acquired near syn-
depositionally, but pre-brecciation and before incision of WMM sub-
marine canyons, ruling out a late-stage process such as burial diagenesis.
Moreover, we show using trace and major elemental geochemistry that
early-diagenetic marine fluids have likely influenced, in part, the pre-
served geochemical records. Rhythmic siltstones and carbonates of the
TLM record the lowest §'3C,q values down to —12%o, while the over-
lying WMM deposition records the return to carbonate sedimentation
and the expression of the excursion recovery from ~ -8 to 0%o.. The
consistency in the magnitude and vertical expression of this excursion
across a broad geographic area matches observation from the Shuram-
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bearing Gametrail Formation of northwestern Canada (Busch et al.,
2023). Both the OFP and the Gametrail Formation were deposited
broadly during a transgression along the western margin of Laurentia.
Coupling this with the unique geochemistry shared across both local-
ities, we propose that the §'3C.q excursion preserved in both Forma-
tions are likely near synchronous. We therefore suggest that this
excursion records the first noted expression of the Shuram carbon
isotope excursion in the southern Canadian Cordillera, and that the
current age constraints on OFP deposition (607.8 + 4.7 Ma) are incon-
sistent with the presented geochemical evidence and that the sediments
from which this age was generated must be re-analyzed.
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