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ABSTRACT. The mid-Proterozoic was a time of apparent prolonged biological and
geochemical stability, preceeding the environmental turmoil and rapid biological
innovations that characterized the Neoproterozoic. Despite an upswing in work on the
mid-Proterozoic over the past decade, basic aspects of the carbon cycle and Earth’s
surface redox state during this time period remain poorly understood. To provide a
new window into the mid-Proterozoic environmental evolution, we have investigated
carbonates in the well-exposed Muskwa Assemblage located in NE British Columbia,
Canada, for a combined stratigraphic and geochemical study. Rare Earth Elements and
Yttrium (REE�Y) geochemistry was applied to carbonate rocks deposited over a
marine paleoenvironmental depth gradient in order to characterize prevailing water
column redox conditions. These data provide evidence for an extremely shallow
chemocline with oxic surface waters being restricted to within storm-wave base, which
is consistent with globally low oxygen in the ocean-atmosphere system. Furthermore,
there is evidence for facies-dependent carbonate �13C variability within the Muskwa
Assemblage comparable in scale to typical stratigraphic variability recorded in carbon-
ate strata of this age, highlighting the problems of using small carbon isotope
excursions for chemostratigraphy.
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introduction
The mid-Proterozoic (the late Paleoproterozoic to the early Neoproterozoic, 1.8

Ga – 0.8 Ga) is a time period characterized by biogeochemical, climatic, and evolution-
ary stasis. Exemplary of this period’s environmental stability, there has been limited
evidence for continental ice sheets, suggesting climatic stability (Planavsky and others,
2015), and muted variation in the carbon isotope compositions (�13C) of marine
carbonates and organic carbon suggesting global carbon cycle stasis (Braiser and
Lindsay, 1998; Kah and others, 1999; Bartley and Kah, 2004). Although this period
hosted some major evolutionary events, such as the emergence of eukaryotes (Lamb
and others, 2009; Peng and others, 2009) and algae (Butterfield, 2000), diversification
rates remained sluggish in comparison to the later Proterozoic and Phanerozoic
(Knoll, 2014) and eukaryotic contribution to the biosphere was limited. As a conse-
quence of this apparent environmental stability, this time interval has been referred to
as “the most boring billion years of Earth’s history” (Braiser and Lindsay, 1998;
Holland, 2006), or more simply, ‘the boring billion’. This apparent stability contrasts
strongly with the preceeding late Neoproterozoic (0.8 – 0.54 Ga), which was character-
ized by extreme biological, geochemical, and climatic volatility (for example Kah and
others, 1999; Halverson and others, 2007; Tosca and others, 2010; Knoll 2014), including
low-latitude Cryogenian ice ages and associated negative �13C anomalies (Hoffman and
others, 1998; Evans, 2003). Neoproterozoic shallow marine environments also set the stage
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for the emergence of animals (for example Wood and others, 2015), and eukaryotes,
which likely began to play a critical role in shaping ecosystems at this time (Butterfield,
2011; Brocks and others, 2017). Although the Neoproterozoic marks a crucial shift in
global biogeochemical cycling, understanding the feedbacks and environmental condi-
tions that allowed for the preceding ‘boring billion’ is essential to deciphering the
factors that drove these late Neoproterozoic revolutions.

Ocean and atmospheric oxygen levels were significantly lower in the mid-
Proterozoic than in the late Neoproterozoic and Phanerozoic, and increasing oxygen
concentrations is one of the factors thought to mark the end of the boring billion
(Planavsky and others, 2015; Reinhard and others, 2016). Although there may have
been some intervals or basins during the mid-Proterozoic with suboxic (Slack and
others, 2007; Bekker and others, 2014) and or even fully oxic deep-waters (for example
Sperling and others, 2014), these may reflect temporal and spatial heterogeneity in
marine oxygen levels. The overarching consensus is that the deep-ocean remained
largely anoxic, even as the surface ocean was at least mildly oxygenated (Canfield and
others, 2008; Poulton and Canfield, 2011; Lyons and others, 2014; Reinhard and
others, 2016). In contrast, estimates of mid-Proterozoic surface water oxygen levels
and atmospheric oxygen partial pressures (pO2) are arguably weaker. Based on the
scarcity of detrital pyrite and the acceptance of generally anoxic deep oceans (Kump,
2008), initial estimates of mid-Proterozoic atmospheric oxygen levels were between �1
and 40 percent of present atmospheric levels (PAL). Evidence of iron loss from some
well-preserved mid-Proterozoic paleosols suggest pO2 levels less than �1 percent PAL
(Pinto and Holland, 1988; Mitchel and Sheldon, 2009). More recent work using Cr
isotopes in black shales and ironstones, which indicate when atmospheric oxygen
concentrations in the atmosphere were high enough to fractionate chromium isotopes
during subaerial weathering, estimate a much narrower range between � 0.1 percent
to �1 percent PAL during the mid-Proterozoic (Crowe and others, 2013; Planavsky
and others, 2014; Cole and others, 2016, compare with Gilleaudeau and others, 2016;
Canfield and others, 2018). However, precise estimates of the atmospheric oxygen
levels needed to induce Cr oxidation and subsequent preservation of large Cr isotope
fractionations in marine sediments are still being refined (for example Wang and
others, 2015; D’Arcy and others, 2016). This uncertainty allows that mid-Proterozoic
atmospheric oxygen concentrations likely varied. Regardless, if baseline atmospheric
oxygen levels were �1 percent PAL throughout the Proterozoic, the oceans would
have been a hostile place for animals and possibly even single-celled eukaryotes,
placing a break on eukaryote diversification (Reinhard and others, 2016).

Although the marine redox landscape is controlled in part by the strength of the
biological pump, low atmospheric pO2 levels would be expressed as a shallow chemo-
cline in portions of the oceans (Olson and others, 2013; Reinhard and others, 2016),
providing a means to test the new idea of sustained low atmospheric oxygen levels in
the mid-Proterozoic using geochemical techniques on shallow marine lithologies. We
present new work geared towards improving our understanding of mid-Proterozoic
redox evolution and carbon cycling. We have targeted shallow marine carbonates,
which precipitate from seawater over recognizable depth ranges and can provide a
more direct record of shallow seawater chemistry (for example Hotinski and others,
2004; Hood and Wallace, 2014, 2015). Specifically, we have undertaken a combined
stratigraphic-geochemical study of the Mid-Proterozoic Muskwa Assemblage, a well-
exposed, and dominantly carbonate sequence that presents an obvious target for
paleoredox work (Bell, 1968). We focus on REE�Y data, in particular, Ce anomalies
since they are well-characterized in modern environments (Elderfield and Sholkovitz,
1987; German and Elderfield, 1990; German and others, 1991; Bau and others, 1997;
Bau, 1999; Haley and others, 2004; Bau and Koschinsky, 2009; Planavsky and others,
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2010), and in contrast to many carbonate archives, have been demonstrated in
multiple studies to preserve primary seawater values (Banner and others, 1988b;
Sholkovitz and Shen, 1995; Nothdurft and others, 2004; Bau and Alexander, 2006;
Wallace and others, 2017; Hood and others, 2018; Liu and others, 2019). In particular,
the abundance of Ce relative to other REE�Y in marine carbonates may be used as a
proxy for the redox state of the parent seawater during carbonate precipitation,
because Ce is redox-sensitive (Bau and others, 1996; Bau and Koschinsky, 2009). Using
sedimentary facies assignments to constrain paleo-depth, we measured REE�Y (Rare
Earth Elements and Yttrium) and �13C to determine the redox conditions of the water
column, and the magnitude of the �13C gradient across the basin.

geological setting
The Proterozoic Muskwa Assemblage is a �6 km thick, mixed carbonate and

siliciclastic succession located in the Rocky Mountains of northeastern British Colum-
bia, Canada (Bell, ms, 1966, 1968; Taylor and Stott, 1973). Situated 200 km west of Fort
Nelson, the succession is exposed in a large, west-plunging asymmetric anticline, with a
series of east-verging thrust faults and west-dipping normal faults truncating sections
(Bell, ms 1966, 1968; Taylor and Stott, 1973; Thompson, 1981). The lower part of the
Muskwa Assemblage outcrops within the core of the anticline, whereas thrusted and
normal faulted blocks on the western limb of the fold expose the upper part of the
succession (fig. 1). The lower Muskwa Assemblage records deposition on a carbonate
ramp, seaward of a large western-draining delta, sourcing clastic sediment from the
Canadian Shield (Bell, ms 1966, 1968; Ross and others, 2001; Cook and others, 2004).
Broad-scale E-W seismic profiles suggest a thick and laterally extensive Mid-Proterozoic
sedimentary unit at depth, which is interpreted to be a continuation of the exposed
Muskwa Assemblage (Cook and others, 2004). The sequence is interpreted to have
been deposited upon Paleoproterozoic granite basement (Villeneuve and others,
1991; Cook and Van der Velden, 1993). While exposed strata are measured to be 6 km
thick, total thickness, including unexposed strata, is inferred to be between 7 to 20 km,
depending on seismic interpretations (Long and others, 1999; Cook and others, 2004;
Evenchick and others, 2005).

The Assemblage is separated into seven lithostratigraphic units (fig. 2). The lower
four formations, the Chischa Formation (Fm.), the Tetsa Fm., the George Fm. and the
Henry Creek Fm., are dominated by mixed fine-grained siliciclastics and carbonates
(Bell, ms 1966, 1968; Taylor and Stott, 1973). The upper three formations, the
Tuchodi Fm., the Aida Fm. and the Gataga Fm., are dominantly siliciclastic, except
parts of the lower and middle Tuchodi Fm., which are carbonate (Bell, ms 1966, 1968;
Taylor and Stott, 1973). It is important to note that the latter of the three, the Gataga
Fm., is not to be confused with Cryogenian aged units exposed to the west of Tuchodi
lakes area in the Gataga Mountain area bearing a similar name (Ferri and others,
1999). The Muskwa Assemblage is unconformably overlain by the early Cambrian Atan
Group, which comprises a series of alluvial fan conglomerates deposited adjacent to
active faults (Taylor and Stott, 1973). Both Proterozoic and overlying Phanerozoic
sedimentary units were deformed during thin-skin Laramide thrusting (Taylor and
Stott, 1973; Thompson, 1981). Though deformed, the Muskwa Assemblage has experi-
enced only low grade (sub-greenschist grade facies) metamorphism (Bell, ms 1966,
1968; Taylor and Stott, 1973) with little obvious late-stage fluid flow.

Absolute age constraints for the Muskwa Assemblage are generally quite poor.
Cross-cutting diabase dikes related to the Gunbarrel large igneous province provide a
minimum age constraint (U-Pb baddeleyite) for the basin of 779 � 2 Ma (LeChemi-
nant and Heaman, 1994). Ross and others (2001) conducted a detrital zircon prov-
enance study on the lower half of the exposed succession that yielded youngest zircon
grain ages of 1766 � 14 Ma, 1783 � 26 Ma and 1843 � 14 Ma for the lower Tuchodi
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Fm., and upper and lower Chischa Fm., respectively (fig. 2). Detrital zircon age
distributions from the same study (Ross and others, 2001) resemble those from the
Athabasca Basin (Rainbird and others, 2007) and the Wernecke Supergroup (Furlan-
etto and others, 2016), prompting the interpretation that these basins were all
correlative and may have formed a continuous passive margin surrounding Laurentia
(Ross and others, 2001; Furlanetto and others, 2016). The 1.40 to 1.47 Ma Belt-Purcell
Basin (Evans and others, 2000) located further south in the Cordillera, along the
Canada-US border has also been considered a correlative unit due to its lithologic
similarity (Taylor and Stott, 1973). The basal units of the Belt-Purcell Supergroup
(Pre-Missoula Group) have similar detrital zircon age distributions to the Muskwa
Assemblage (Ross and Villeneuve, 2003). Though the succession is at least clearly
mid-Proterozoic (�1.76–1.4 Ga) and thus adds to the limited number of thick,
well-exposed units in this time interval, it is clear that additional work is needed to
resolve the age of the Muskwa Assemblage.

methods

Sampling
Five stratigraphic sections covering over 2 km of stratigraphy were measured

through the lower stratigraphy of the Muskwa Assemblage (fig. 3). Across these

Fig. 1. Generalized geological map of the Muskwa Assemblage including section localities. The lower
part of the assemblage is only exposed along the Tuchodi anticline to the north-east and accessible from the
Alaskan Highway (upper-right). The upper section of the basin is exposed on the western limb of the
anti-cline, along with a set of east-verging thrust faults and west-dipping normal faults. Modified from Taylor
and Stott (1973).

125Muskwa Assemblage, British Columbia, Canada



sections, 237 samples were collected for geochemical analysis from the Chischa, Tetsa,
George, and Tuchodi formations. Carbonates were sampled at 3 to 5 m intervals where
sufficiently exposed, and care was taken to avoid heavily weathered surfaces, fault

Fig. 2. Generalized lithologic stratigraphy of the Muskwa Assemblage (Bell, 1968). Absolute age
constraints for the basin are broad, defined by detrital zircon ages in the basal units (green stars, Ross and
others, 2001) and U-Pb Baddeleyite ages from crosscutting gabbro dikes (red star, LeCheminant and
Heaman, 1994). Figure modified from Ross and others (2001).

126 E. J. Bellefroid and others—Shallow water redox conditions of the mid-Proterozoic



contacts, contact metamorphism from dikes, and generally heavily reworked carbon-
ates with fabric disruption. Samples were cut into billets and petrographically assessed
for veining, recrystallization and other signs of alteration. Selected samples were then
micro-drilled using a tungsten carbide micro-drill bit, avoiding veining and clear signs
of alteration.

Analytical Methods
Carbonate samples were measured for major, trace, and rare earth elements at the

Yale Metal Geochemistry Center in a Pico-trace clean lab. Wet chemical treatment of
samples was carried out in acid-cleaned plastics and Teflon beakers. Sample powders
were weighed out into 1.5 ml microcentrifuge tubes (6–8 mg of powder) and dissolved
using three consecutive 1.5 ml 0.35 M HCl leaches. For each leach, samples were
reacted for 1 hour, 30 minutes and 10 minutes, respectively, centrifuged and the
supernatant was then removed to be dried. Dissolved samples were dried down in clean

Fig. 3. Detailed stratigraphic columns of all measured sections, including carbon isotope results. The
section comprises a continuous transect of the Chischa Fm., the Tetsa Fm. and the George Fm., correlating
across a valley (Sections E1304 and E1303). A second transect was measured across the lower Tuchodi Fm.,
correlating across along a mountain face (Sections E1301 and E1302).
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Teflon beakers and subsequently dissolved in 5 percent HNO3 for major, trace and
REE�Y analysis using a Thermo Element XR ICP-MS.

A small subset of samples for each facies was selected for a sequential leaching
procedure. Samples were dissolved using a modified 5 step leaching method that
chemically separates calcite and dolomite phases from silicates due to their different
dissolution rates (modified from Tostevin and others, 2016). Samples were weighed
into 1.5 ml centrifuge tubes (� 10 mg of powder) and leached using the following
steps: one step of 1 ml 1 M ammonium acetate (Step N1) and four steps of 1 ml 0.35 M
HCl (S1-S4). For each step, samples were dissolved for 15 minutes, centrifuged, and
the supernatant was then removed using a clean pipette. The supernatant for each
leach step was dried down in a clean Teflon beaker and then dissolved in 5 percent
HNO3 for major element, trace element and REE�Y analysis.

Analytical standards were made in-house using single element standards and were
made to match the typical concentration range of Proterozoic carbonates. Geological
standards (USGS COQ-1 carbonatite and USGS BHVO-2 basalt) were run alongside
samples. Both standards were within 10 percent of reported values, with most elements
within 5 percent of reported values. Multi-run lab errors for each element are included
with REE and trace element data (tables 1, 2 and 3).

Carbon isotope (�13C) and oxygen isotope (�18O) analysis were performed using
a dual inlet Nu Instruments Perspective IRMS at the Department of Earth and
Planetary Sciences at McGill University coupled to a NuCarb automated carbonate
preparation device. Samples were weighed into acid cleaned glass sample vials, heated
for 24 hours to dry, and then reacted with phosphoric acid at 70 °C for analysis. All
values are reported relative to VPDB (Vienna Pee Dee Belemnite) delta notation.
Precision for �13C and �18O are 0.024 permil and 0.042 permil (2-�), respectively,
based on repeat analyses of standards.

All REE�Y data are normalized to Post-Archean Australian Shale (PAAS; Taylor
and McLennan, 1985). Although PAAS REE�Y values have recently been reviewed
(Pourmand and others, 2012), and there are new estimates to modern upper continen-
tal crustal REE�Y values (for example MuQ; Kamber and others, 2005), we normalize
our REE�Y values to PAAS as calculated by Taylor and McLennan (1985) to maintain
consistency with the large record of previous REE�Y studies.

stratigraphy and petrography

Basin Stratigraphy
The basic stratigraphy of the Muskwa Assemblage was broadly defined during

initial mapping of the area (Bell, ms 1966, 1968; Taylor and Stott, 1973). We measured
and correlated 5 sections (fig. 3) and took 237 carbonate samples from the lower
carbonate-rich units of the Muskwa Assemblage. Of those samples, 20 were selected for
detailed petrographic analysis and cathodoluminescence microscopy (CL) (figs. 4A–
4F). Below is a description of sedimentological and stratigraphic observations for each
unit, integrating previous work where applicable.

Chischa Formation.—The Chischa Fm. is a mixed siliciclastic-carbonate sequence
that outcrops within the core of the Tuchodi Anticline along the Tetsa and Chischa
rivers (fig. 1). The base of the unit is not exposed in the area (Bell, 1968). The
formation is broadly composed of 2 to 5 m-thick, pale gray, fine-grained quartz arenite
beds interbedded with laminated sandy and silty fine-grained dolomite. Quartz arenite
beds have well-developed wave ripples and planar cross-bedding throughout the unit.
Carbonate beds in the lower half of the unit are generally finely crystalline dolomite
with few sedimentary structures. Beds in the upper member are similar but contain
minor, thin 10 to 15 cm thick carbonate conglomerate beds, slump structures, and
beds with minor amounts of molar tooth structures (MTS). Carbonate conglomerate
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TABLE 1

�13C and �18O values for whole rock carbonates from units across the Muskwa Assemblage

Sample Unit δ13C 
(‰)

δ18O 
(‰)

Sample Unit δ13C 
(‰)

δ18O 
(‰)

E1301-432.6 Tuchodi Fm. 0.04 -11.90 E1302-120.9 REP Tuchodi Fm. -1.69 -9.43
E1301-203.5 Tuchodi Fm. -0.67 -16.21 E1302-130.5 Tuchodi Fm. -1.88 -8.76
E1301-140.8 Tuchodi Fm. 1.14 -9.16 E1302-140 Tuchodi Fm. -1.74 -9.45
E1301-340.6 Tuchodi Fm. 0.74 -11.50 E1302-152 Tuchodi Fm. -1.43 -8.08
E1301-179.6 Tuchodi Fm. 0.85 -9.38 E1302-165 Tuchodi Fm. -0.94 -11.21
E1301-361.4 Tuchodi Fm. 0.26 -8.21 E1302-174.8 Tuchodi Fm. -1.61 -7.58
E1301-550.9 Tuchodi Fm. -1.15 -11.40 E1302-181.9 Tuchodi Fm. -1.77 -8.91
E1301-84.3 Tuchodi Fm. -0.53 -11.51 E1302-21.4 Tuchodi Fm. -0.96 -10.90
E1301-99 Tuchodi Fm. -0.63 -7.52 E1302-33.2 Tuchodi Fm. -1.12 -10.69
E1301-496.1 Tuchodi Fm. 0.45 -11.40 E1302-42.6 Tuchodi Fm. -1.27 -11.15
E1301-56.6 Tuchodi Fm. -0.58 -7.17 E1302-54.2 Tuchodi Fm. -1.44 -11.97
E1301-505.2 Tuchodi Fm. -0.28 -12.38 E1302-54.2 REP Tuchodi Fm. -1.42 -11.96
E1301-557.1 Tuchodi Fm. -0.89 -11.05 E1302-60.7 Tuchodi Fm. -1.62 -11.24
E1301-42.7 Tuchodi Fm. -1.49 -9.80 E1302-72.6 Tuchodi Fm. -1.57 -11.80
E1301-244.3 Tuchodi Fm. 1.13 -12.36 E1302-82.3 Tuchodi Fm. -1.72 -11.64
E1301-346.3 Tuchodi Fm. 0.77 -11.03 E1302-95.5 Tuchodi Fm. -1.87 -10.82
E1301-537.2 Tuchodi Fm. -0.66 -11.63 E1303-249.7 George Fm. 0.17 -10.64
E1301-145.9 Tuchodi Fm. 1.45 -10.31 E1303-258.2 George Fm. -0.19 -13.05
E1301-29.9 Tuchodi Fm. -1.33 -8.39 E1303-269.3 George Fm. -0.42 -15.95
E1301-405.1 Tuchodi Fm. 0.07 -11.35 E1303-280.2 George Fm. -0.14 -12.71
E1301-254.7 Tuchodi Fm. 0.28 -13.29 E1303-335.8 George Fm. 0.90 -10.10
E1301-51 Tuchodi Fm. -1.11 -11.60 E1303-352.1 George Fm. 0.21 -10.05
E1301-512.7 Tuchodi Fm. -0.09 -12.21 E1303-357.2 George Fm. 0.37 -12.83
E1301-22.7 Tuchodi Fm. -1.00 -9.23 E1303-370.4 George Fm. 0.54 -13.79
E1301-564 Tuchodi Fm. -1.09 -11.32 E1303-381.9 George Fm. 0.61 -11.20
E1301-37.7 Tuchodi Fm. -1.70 -12.40 E1303-389 George Fm. 0.78 -10.67
E1301-208 Tuchodi Fm. 0.70 -14.50 E1303-399.6 George Fm. 0.97 -11.29
E1301-249.1 Tuchodi Fm. 1.44 -12.79 E1303-411.4 George Fm. 0.70 -11.28
E1291-193.1 Tuchodi Fm. 0.53 -12.77 E1303-418.0 George Fm. 0.23 -12.49
E1301-410.4 Tuchodi Fm. 0.05 -11.50 E1303-429.2 George Fm. 1.00 -8.72
E1301-232.7 Tuchodi Fm. 1.24 -14.09 E1303-440.1 George Fm. 0.76 -10.80
E1301-76.4 Tuchodi Fm. 2.69 -1.27 E1303-449.2 George Fm. 0.50 -11.89
E1301-350.7 Tuchodi Fm. -0.02 -9.40 E1303-459.3 George Fm. 0.27 -11.82
E1301-293.6 Tuchodi Fm. 0.67 -12.13 E1303-469.7 George Fm. 0.49 -10.31
E1301-15.1 Tuchodi Fm. 1.14 -12.23 E1303-477.4 George Fm. 0.65 -11.96
E1301-163.8 Tuchodi Fm. -1.12 -9.06 E1303-490.0 George Fm. 0.72 -9.48
E1301-531 Tuchodi Fm. 1.57 -12.27 E1303-499.1 George Fm. 0.43 -10.38
E1301-377.6 Tuchodi Fm. -0.34 -12.16 E1303-510.4 George Fm. 0.42 -13.38
E1301-62.5 Tuchodi Fm. 0.29 -11.08 E1303-522.8 George Fm. -1.49 -6.45
E1301-218.7 Tuchodi Fm. -0.18 -9.34 E1303-531.6 George Fm. 0.49 -4.82
E1301-151.4 Tuchodi Fm. 0.72 -14.84 E1303-536.6 George Fm. 0.62 -9.32
E1302-101.4 Tuchodi Fm. -2.05 -10.22 E1303-549.2 George Fm. 0.55 -12.73
E1302-110.4 Tuchodi Fm. -2.00 -10.30 E1303-560.5 George Fm. 0.03 -10.68
E1302-12.3 Tuchodi Fm. -1.18 -11.95 E1303-569.3 George Fm. 0.71 -8.80
E1302-120.9 Tuchodi Fm. -1.71 -9.55 E1303-581.6 George Fm. 0.55 -10.23
E1303-595.6 George Fm. 0.88 -12.10 E1304-209 Chischa Fm. -0.39 -9.23
E1303-609.0 George Fm. 0.82 -10.26 E1304-213.0 Chischa Fm. -0.94 -11.75
E1303-620.4 George Fm. 0.26 -10.39 E1304-22.3 Chischa Fm. -1.13 -9.20
E1303-627.4 George Fm. 0.71 -9.49 E1304-232.7 Chischa Fm. -1.26 -11.67
E1303-641.3 George Fm. 0.66 -8.84 E1304-257.1 Chischa Fm. -1.12 -10.67
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beds are generally clast-supported with coarse angular to sub-angular flat-pebbled
carbonate clasts.

In thin section, carbonate lithologies are mainly composed of a structureless,
fine-grained and finely crystalline dolomite matrix with varying abundances of rounded
feldspar and quartz sand grains (fig. 4A). Under cathodoluminescent microscopy, the
carbonate matrix is generally dull-luminescent. However, coarser-grained sandier
sediments show some brightly-luminescent, late-stage dolomite cements that fill inter-
granular porosity. Siliciclastic material within this finely crystalline matrix is generally
composed of mixed fine- to medium-grained feldspar and quartz, which is moderately
sorted and sub-rounded to rounded.

Tetsa Formation.—The Tetsa Fm. is a fine-grained, dominantly siliciclastic unit
overlying the Chischa Fm. The base of the Tetsa Fm. is gradational with the underlying
Chischa Fm. At the contact, medium-grained, pale gray quartz arenite is interlami-
nated with fine, dark gray to black siltstone. Thinly-laminated, dark gray to black
siltstone progressively becomes the dominant lithology over a 25 m interval and then
comprises most of the remaining Tetsa Fm. The top of the formation shows a transition
with increasing fine-grained dolomite beds interbedded with the siltstone over � 35 m
below the contact with the George Fm. Siltstones across the Tetsa Fm. show no distinct
mechanical sedimentary structures and are generally planar laminated. Finely crystal-
line dolomite shows weakly developed laminations, and beds near the top of the
formation contain small, weakly asymmetric stratified ripples.

George Formation.—The George Fm. is a dominantly carbonate unit composed of
bedded, fine-grained dolomite and limestone, with stromatolites and carbonate con-
glomerates. Unlike other units across the Muskwa Assemblage, the George Fm.
contains only minimal siliciclastic detrital material.

The base of the George Fm. is characterized by a progressive loss of the finely-
bedded siltstones typical of the Tetsa Fm. and an increase in thickly bedded, sandy
dolomite with climbing ripples and lenticular bedding. This transitions over 20 m to
finely crystalline and weakly laminated dolomites interbedded with clast-supported,

TABLE 1

(continued)

Sample Unit δ13C 
(‰)

δ18O 
(‰)

Sample Unit δ13C 
(‰)

δ18O 
(‰)

E1303-651.5 George Fm. 0.67 -8.13 E1304-265.9 Chischa Fm. -0.72 -8.54
E1303-656 George Fm. 0.75 -11.78 E1304-275.6 Chischa Fm. -1.13 -9.84
E1303-667.3 George Fm. 1.08 -12.78 E1304-293.9 Chischa Fm. -1.44 -10.01
E1303-674.0 George Fm. 0.02 -7.79 E1304-30.0 Chischa Fm. -3.62 -14.89
E1303-678.0 George Fm. 1.38 -9.45 E1304-301.6 Chischa Fm. -1.73 -8.34
E1304-10.8 Chischa Fm. -0.65 -12.53 E1304-307.8 Chischa Fm. -1.75 -9.28
E1304-104.1 Chischa Fm. -0.40 -12.51 E1304-329.5 Chischa Fm. -1.91 -10.24
E1304-108.9 Chischa Fm. -0.93 -12.80 E1304-88.0 Chischa Fm. -0.22 -10.64
E1304-111.6 Chischa Fm. -0.64 -9.99 E1304-94.4 Chischa Fm. -0.22 -10.35
E1304-121.83 Chischa Fm. -0.14 -10.16 E1305-82.2 George Fm. 0.62 -10.14
E1304-131.4 Chischa Fm. -0.23 -7.97 E1305-86.6 George Fm. -0.99 -11.05
E1304-141.9 Chischa Fm. -0.11 -7.93 E1304-153.8 Chischa Fm. -0.30 -8.57
E1304-153.8 Chischa Fm. -0.30 -8.57 E1304-160.6 Chischa Fm. -0.29 -9.29
E1304-160.6 Chischa Fm. -0.29 -9.29 E1304-168.7 Chischa Fm. -1.08 -11.28
E1304-168.7 Chischa Fm. -1.08 -11.28 E1304-191.4 Chischa Fm. -1.31 -9.37
E1304-191.4 Chischa Fm. -1.31 -9.37 E1304-209 Chischa Fm. -0.39 -9.23
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TABLE 2

Major and trace element concentrations for whole rock carbonates from units across
the Muskwa Assemblage

Sample Facies Mg 
(ppm)

Al 
(ppm)

Ca 
(ppm)

Mn 
(ppm)

Fe 
(ppm)

Rb 
(ppm)

Sr 
(ppm)

E1301-47.6 Tuchodi Fm. 146400 2295 200700 619 8041.6 7.96 38.2
E1301-84.3 Tuchodi Fm. 43100 1077 308400 304 5341.6 1.61 69.6
E1301-99.0 Tuchodi Fm. 147200 1183 208700 1600 9799 4.19 42.2
E1301-140.8 Tuchodi Fm. 146000 597 193700 1234 6983.5 1.53 32.6
E1301-145.9 Tuchodi Fm. 142400 2407 211900 835 10485.4 6.94 55.5
E1301-151.4 Tuchodi Fm. 18500 454 376100 327 350.5 1.42 144.9
E1301-163.8 Tuchodi Fm. 91600 2977 227600 497 9726.6 3.58 150.8
E1301-179.6 Tuchodi Fm. 142000 2739 206600 727 14273.9 6.79 70
E1301-208 Tuchodi Fm. 149200 991 202000 679 9193.7 2.25 31.5
E1301-232.7 Tuchodi Fm. 130700 3088 186500 874 14574.6 5.34 38.1
E1301-244.3 Tuchodi Fm. 126300 2267 185300 1052 13528.8 2.33 35.5
E1301-293.6 Tuchodi Fm. 123300 3173 181300 1024 12498.5 3.62 33.2
E1301-346.3 Tuchodi Fm. 146800 1581 200200 866 10138.5 4.61 37.1
E1301-361.4 Tuchodi Fm. 147600 2204 201800 843 9767.3 5.95 42.2
E1301-377.6 Tuchodi Fm. 141000 1043 200400 829 9301.9 0.91 38.3
E1301-410.4 Tuchodi Fm. 144300 2323 193100 845 11179.6 6.92 30.6
E1301-432.6 Tuchodi Fm. 138200 2265 204800 964 13162.8 5.93 63.1
E1301-490.1 Tuchodi Fm. 12500 231 380200 242 161.9 0.63 72.1
E1301-505.2 Tuchodi Fm. 140900 3707 177600 1209 18723.7 10.3 40.1
E1301-531.6 Tuchodi Fm. 143000 1853 192300 1839 10914.8 6.34 32.9
E1301-557.1 Tuchodi Fm. 110300 540 196800 560 856.8 0.99 27.7
E1301-564 Tuchodi Fm. 146800 2641 196400 1083 10707.5 8.13 35
E1302-21.7 Tuchodi Fm. 155000 2837 217000 855 10911.7 9.48 55.7
E1302-33.2 Tuchodi Fm. 137700 1883 183400 848 8007.7 4.35 39.6
E1302-42.6 Tuchodi Fm. 167600 4998 223100 814 13820.9 20.21 74.5
E1302-72.6 Tuchodi Fm. 168900 1924 232400 706 9003.1 7.55 51.8
E1302-82.3 Tuchodi Fm. 165800 1931 231500 748 12472.4 9.76 63.2
E1302-95.5 Tuchodi Fm. 136800 1330 197600 702 8004 2.08 40.4
E1302-101.4 Tuchodi Fm. 121700 1736 220800 992 1727.3 4.71 61.3
E1302-120.9 Tuchodi Fm. 137800 1966 193400 776 2077.4 6.92 59
E1302-130.5 Tuchodi Fm. 151400 2264 198100 611 7629.2 6.77 45.6
E1302-140.0 Tuchodi Fm. 164800 2854 226600 668 10824.7 11.79 56.4
E1302-152.0 Tuchodi Fm. 135100 2158 194300 627 7479.7 3.24 42.4
E1302-168 Tuchodi Fm. 123400 879 186400 1073 1367.4 3.61 32.9
E1303-227.1 George Fm. 123200 1407 204400 881 13612.6 1.31 44.3
E1303-249.7 George Fm. 99700 8113 209600 561 12096.7 25.56 27.4
E1303-258.2 George Fm. 167700 1305 240300 764 12284.8 3.29 58.5
E1303-269.3 George Fm. 154500 1296 218500 491 6543.7 3.54 36.2
E1303-280.2 George Fm. 154200 1353 216200 592 10684.4 2.35 46.8
E1303-335.8 George Fm. 160400 2139 226200 912 11786.9 5.18 44.5
E1303-357.2 George Fm. 120400 792 222600 518 1737.6 1.82 39
E1303-364.1 George Fm. 134000 715 196200 513 10994.9 1.42 30.3
E1303-389 George Fm. 111600 961 234400 617 1745.2 2.68 56.1
E1303-399.6 George Fm. 58200 606 311200 511 808.8 3.08 128.1
E1303-411.4 George Fm. 58100 555 341600 266 4322.1 1.86 93.8
E1303-418 George Fm. 7400 343 391300 201 190.6 1.06 97.4
E1303-449.2 George Fm. 9500 156 367000 114 1028.1 0.6 96.8
E1303-469.7 George Fm. 59600 1071 320700 354 450.6 2.05 244.2
E1303-477.4 George Fm. 4600 72 373200 102 559 0.52 114.6
E1303-485 George Fm. 131900 633 197200 701 752.9 1.15 33.5
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TABLE 2

(continued)

Sample Facies Mg 
(ppm)

Al 
(ppm)

Ca 
(ppm)

Mn 
(ppm)

Fe 
(ppm)

Rb 
(ppm)

Sr 
(ppm)

E1303-490 George Fm. 97400 1562 289100 236 4348 2.99 71.7
E1303-499.1 George Fm. 54500 639 340400 194 2931.1 1.84 87.1
E1303-507.1 George Fm. 134900 181 199000 1209 7321.5 0.06 21
E1303-510.4 George Fm. 123100 368 220400 589 630.1 0.63 28.5
E1303-522.8 George Fm. 152800 671 201900 2051 4393.7 1.2 47.2
E1303-531.6 George Fm. 149000 797 202600 486 3169.1 1.54 41.9
E1303-534.4 George Fm. 35300 171 334600 288 176.6 0.4 91.3
E1303-536.6 George Fm. 91500 769 308800 305 3181.3 0.87 84
E1303-549.2 George Fm. 152100 281 202900 642 5055 0.62 24.1
E1303-552.9 George Fm. 122700 296 218700 687 942.3 0.46 27.2
E1303-560.5 George Fm. 36500 769 360200 133 2201.5 1.7 87.4
E1303-569.7 George Fm. 96300 1016 289000 201 3644.9 2.49 103.3
E1303-577.7 George Fm. 9200 173 373900 134 126.8 0.48 182.9
E1303-581.6 George Fm. 53900 510 329100 202 2996.8 1.75 105.8
E1303-595.6 George Fm. 64900 837 333900 322 4388.8 3.26 75.4
E1303-609 George Fm. 34900 738 359400 175 1701.2 1.6 178.8
E1303-620.4 George Fm. 14000 264 387000 130 1404.9 0.68 86.3
E1303-627.4 George Fm. 63700 593 326000 215 3296.6 1.36 179.9
E1303-641.3 George Fm. 154000 2439 205200 602 5844.7 5.1 42.2
E1303-651.5 George Fm. 114800 510 271400 441 3280.5 1.19 76
E1303-656 George Fm. 169400 231 216000 525 6986.5 1.03 26.3
E1303-667.3 George Fm. 145500 227 176200 538 9896.9 0.57 23.1
E1303-674.0 George Fm. 118700 1825 230200 381 9477.2 5.26 72.9
E1303-678.0 George Fm. 47900 726 305400 345 5441.9 2.08 101.6
E1304-10.8 Chischa Fm. 153700 1407 207900 317 5354.1 3.46 30.8
E1304-30.0 Chischa Fm. 133400 1994 193700 314 6536.4 2.71 35.9
E1304-94.4 Chischa Fm. 149600 5038 200700 291 8038.2 16.68 39.2
E1304-104.1 Chischa Fm. 149400 368 174300 257 6342.8 1.14 22.8
E1304-121.8 Chischa Fm. 153000 3232 215500 290 5617.5 8.76 41.4
E1304-131.4 Chischa Fm. 155400 999 207600 331 5096.7 2.19 32.3
E1304-134.7 Chischa Fm. 124800 1343 175900 381 7755 1.93 54.3
E1304-141.9 Chischa Fm. 152900 1060 178200 290 8459.4 3.18 43.3
E1304-153.8 Chischa Fm. 153700 1581 211400 334 6425.9 4.38 46.7
E1304-191.6 Chischa Fm. 142900 1052 187000 476 1131 2.32 32.9
E1304-209 Chischa Fm. 150300 2982 203900 352 6516.6 6.88 44.4
E1304-213.0 Chischa Fm. 150500 2368 199000 404 7596.9 5.06 46.8
E1304-232.7 Chischa Fm. 128200 1404 192800 354 5655.9 1.72 46.1
E1304-265.9 Chischa Fm. 150000 416 177900 255 6115.6 1.29 25.9
E1304-275.6 Chischa Fm. 135400 5157 183600 449 1797.1 10.73 45.4
E1304-293.9 Chischa Fm. 150700 1831 207600 355 6374.7 4.32 38.8
E1304-301.6 Chischa Fm. 146800 1601 205900 318 6342.3 3.5 28.2
E1305-19.9 George Fm. 26800 990 328600 188 3485.3 4.37 83.7
E1305-72 George Fm. 23500 1016 388600 130 1675.5 2.73 68
E1305-82.2 George Fm. 107500 638 304200 391 7625.4 2.26 62.2
E1305-86.6 George Fm. 117400 2485 276100 358 8125.9 5.08 57.8

Blank 0.971 0.593 10.047 0.27 0.721 0.006 0.062
Error (2-σ) 103.8 6.25 420.25 2.21 0.3 0.02 0.14
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flat-pebbled carbonate conglomerates (fig. 5A). In these lithologies, dolomite occurs
as both fine grains (generally bright-luminescent under CL) and finely crystalline
material with poorly- to well-developed rhombic crystal forms and dull luminescence
(fig. 4B).

The middle George Fm. contains less siliciclastic content than the base, concurrent
with an increased abundance of carbonate conglomerate beds and the occurrence of both
symmetric and asymmetric ripples (fig. 5B), and soft-sediment deformation features (fig.
5C). The upper George Fm. is characterized by the appearance of stromatolites (fig. 5D),
abundant molar tooth structures (fig. 4C) and fine-grained limestone. The uppermost
25 m of the George Fm. is distinguished by an abrupt increase in siliciclastic material.
These silty and sandy fine-grained dolomite beds mark a gradual transition into the
overlying Henry Creek Fm.

Whereas limestone is generally uncommon in the sequence, it does occur in
individual 5 to 10 m thick, discontinuous, fine-grained limestone beds in the upper
George Fm. In thin section, these limestones are composed of finely crystalline calcite
micrite with minor microcrystalline dolomite interspersed within the dominant calcite
matrix (fig. 4D). Finely crystalline dolomites are generally dull-luminescent but rare
bright-luminescent grains are sometimes present in the matrix.

Stromatolites within the George Fm. form small, low-relief mounds (�10 m wide)
developed within fine-grained and finely-crystalline carbonate beds (fig. 5D). The

Fig. 4. (A) Dominantly dull-luminescent, finely crystalline dolomite with minor interstitial bright-
luminescent dolomite crystals, typical of dolomite samples with high carbonate content – Chischa Fm., CL.
(B) Truncation surface in thinly laminated, finely crystalline dolomite – George Fm., PPL. (C) Discretely
laminated, finely crystalline dolomite and silt matrix folding around broken and deformed calcite MTS
veins – George Fm., PPL (plain polarized light). (D) Finely crystalline calcite matrix with minor disseminated
dull-luminescent dolomite replacement as well as bright luminescent dolomite and silicate silt. MTS veins
(lower, yellow fragments) are composed largely of finely crystalline calcite – George Fm., CL. (E)
Dull-luminescent, finely crystalline dolomite with fine sand layers (rich in bright-blue luminescent feldspars)
defining the discrete laminations – Tuchodi Fm., CL (cathodoluminescence). (F) Sandy dolomite typical of
lower- to mid-ramp facies. Feldspar (bright blue) and quartz grains (non-luminescent) are rounded and
moderately sorted. Interspersed among the sand grains are rare bright-luminescent dolomite grains and
crystals – Tuchodi Fm., CL.
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stromatolites form as tightly packed 30 to 50 cm wide columns, which are discretely
laminated and contain rare sediment infill between columns. The stromatolitic
mounds are not commonly vertically stacked, but instead typically form discontinuous,

Fig. 5. (A) Carbonate conglomerate flow, typically formed with a basal scour and overlain by fine
draping micrites. Clasts are typically dolomite within a finely crystalline dolomite matrix – George Fm. (B)
Stacked slightly asymmetric wave-ripple crossbedding – George Fm. (C) Syn-sedimentary micro-faulting and
deformation in sandy dolomite – lower George Fm. (D) Low-relief domal stromatolite mound. Domal
dolomite columns are discretely laminated and tightly packed. Rare sediment infill between columns is finely
crystalline dolomite – George Fm. (E) Laminated sandy, finely crystalline dolomite with a scour mark –
Tuchodi Fm. (F) Wave ripples in sandy dolomite. Though rare in most of the lower units, both are extensive
in the upper Tuchodi Fm – Tuchodi Fm.
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1 to 5 m-thick bioherms that are no more than 10 m wide. MTS are extensive in the
upper George Fm., predominantly forming in fine-grained carbonate beds, which in
places have been erosionally truncated. The molar tooth structures commonly occur as
swarms of ptygmatically folded and deformed calcite microspar-filled cracks. In thin
section, the MTS appear broken and deformed (fig. 4C), and the finely-crystalline
laminated carbonate sediments hosting the structures deform around the more rigid
MTS calcite infill (fig. 4D). Under cathodoluminescence, MTS infill appears to be
composed of very finely crystalline calcite, which has a non-luminescent, rounded core
overgrown by a brightly luminescent phase. MTS beds are often silicified, with
dark-brown chert replacing molar tooth fill and the surrounding carbonate. This
silicification occurs either as thin microcrystalline rims along the edge of MTS veins or
later more pervasive replacement that overprints depositional textures. Overall, MTS
in the George Fm. have consistent features with other known localities in the
Proterozoic (Smith, 2016). Though rare, minor bedding parallel sheet-cracks with
fibrous carbonate cement (distinct from molar tooth structures) also occur within
carbonate beds of the upper George Fm.

Henry Creek Formation.—The Henry Creek Fm. is dominantly composed of sandy
and silty dolomite, interbedded with siltstone in the lower parts of the unit. The base of
the Henry Creek Fm. is transitional from the George Fm., as carbonate beds become
increasingly silty and more discrete beds of dark gray siltstone appear. The Henry
Creek Fm. was not studied here in detail, but Bell (ms 1966, 1968) and Aitken and
McMechan (1991) describe the lower part of the formation as interbedded sandy,
fine-grained dolomite and dark gray siltstone, with the upper part of the formation
characterized by sandy fine-grained dolomite interbedded with sandstone. Overall, the
Henry Creek Fm. is increasingly dominated by quartz sands upwards and the contact
with the overlying Tuchodi Fm. is marked by the first appearance of thick white quartz
arenite beds (Bell, ms 1966).

Tuchodi Formation.—The Tuchodi Fm. is the most extensively exposed unit across
the basin (fig. 1) and dominated by sandstones and sandy dolomites. The lower 200 m
of the Tuchodi Fm. is characterized by interbedded sandstone and fine-grained
dolomite (fig. 5E), including interbedded carbonate conglomerates, MTS and rare
thin stromatolite beds. Stromatolites form broad 0.5 to 1.0 m domal mounds, but
unlike those in the George Fm., stromatolites within the Tuchodi Fm. have a thinner,
markedly branched column morphology with a tuberous shape and steeply convex
laminations. MTS within the lower Tuchodi Fm. are similar to those of the George Fm.
but are not silicified. Generally, the carbonates of the lower Tuchodi Fm. are sandy and
silty finely-crystalline dolomites (fig. 4E). In thin section, sub-rounded to rounded,
fine- to medium-grained feldspar and quartz grains are common and form alternating
finer and coarser grained laminations of the same dominant composition (fig. 4F).
The carbonate matrix is mainly composed of finely crystalline dull-luminescent dolomite
with minor, rounded dull-luminescent calcite grains, and some bright-luminescent zoned
calcite.

The middle and upper Tuchodi Fm. is composed of sandy, fine-grained dolomite
and medium-grained sandstones similar to those of the lower Tuchodi Fm., often
interbedded with thick 5 to 30 m planar cross-bedded quartz arenites. These middle
and upper units often contain wave ripples (fig. 5F), syneresis cracks, starved ripples,
load casts and fluid escape structures.

Here we only documented the lower 800 m of the Tuchodi Fm., which is estimated
elsewhere to be up to 1500 m. The middle and upper sections of the formation are
lithologically similar to the lower section, dominated by thick coarse sandstone
interbedded with sandy and silty dolomite (Bell, 1968).
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Gataga and Aida Formations.—The Aida and Gataga Fm. are fine-grained siliciclas-
tic formations overlying the Tuchodi Fm. These formations were not the subject of this
study but have been studied by Bell (ms 1966, 1968), we briefly summarize that work
here. Bell describes the Aida Fm. as a thick succession of dominantly brown to gray
weathered, slaty and calcareous siltstone and mudstone. Soft-sediment deformation
structures and thin, occasionally graded, poorly sorted sandstones are typical. Within
the mid-Aida Fm. are two prominent marker beds: a 55 m thick green-chamosite
mudstone unit overlain by a 60 m thick carbonaceous mudstone unit. The overlying
Gataga Fm. consists of moderately recessive, dark-gray to dark-olive green siltstones
and mudstones. In contrast to the underlying Aida Fm., it is generally devoid of
carbonate and coarser siliciclastics (Bell, ms 1966). Only minor thin sandstone units
are present, which typically accompany flame structures and contorted mudstone or
siltstone laminations. The top of the Gataga Fm. is eroded and unconformably overlain
by the Early Cambrian Atan Group (Bell, ms 1966).

It is important to note that the Gataga Fm. exposed within the Muskwa Assem-
blage is not to be confused with similar named Cryogenian units exposed to the west of
the Tuchodi Lakes map area in the Gataga Mt area (Ferri and others, 1999; Colpron
and others, 2002). Bell (ms 1966, 1968) interpreted a conformable contact between
the Gataga Fm. and the underlying Aida Fm. and made the observation that these units
were crosscut by the same Gunbarrel aged dikes which crosscut most of the Muskwa
Assemblage. Thus, these units are without a doubt part of the Muskwa Assemblage and
should not be misinterpreted with Neoproterozoic aged units further west.

geochemical results

Carbon and Oxygen Isotopes
A composite �13C and �18O dataset was generated from 66 screened samples

across the Chischa Fm., George Fm., and the lower Tuchodi Fm., representing the
majority of the exposed carbonate strata within the basin (table 1). �13C and �18O were
measured on samples at roughly 10 to 15 m intervals where carbonate samples were
available (fig. 3). Overall, �13C values range from �3.63 permil to 2.69 permil with
most samples lying between roughly �2.00 permil and 1.50 permil. Carbonate �13C
values show a systematic variability between each formation. The upper George Fm.
and the lower Tuchodi Fm. record generally positive �13C values with the highest
measured values in the sequence (median of 0.55 ‰; fig. 6). In contrast, the Chischa
Fm. and the upper Tuchodi Fm. both record some of the lowest �13C values (median of
�0.70 ‰; fig. 6).

Across the basin, �18O values range between �16.20 permil to �4.80 permil (not
including a single outlier of �1.27 ‰) but generally show little variability between
different formations or facies. The �18O values across the basin have a narrow range
(median of �10.60 ‰, stdev of 2.04 ‰). These values broadly fall within typical values
for the Proterozoic (Shields and Veizer, 2002), and do not show any correlation with
�13C for either individual formations or overall, across the basin (R2 �0.1; fig. 6).

Major, Trace, and Rare Earth Element Data
Major and trace element concentrations were measured on 97 carbonate samples

across the Chischa Fm., George Fm. and Tuchodi Fm. (tables 2 and 3). After
petrographic screening and major and trace element work, we selected a subset of 39
samples for REE�Y analysis. Of these samples, 7 are limestone samples (�5%
Mg-calcite) and 17 are dolomitic limestone samples (5–25% Mg-calcite), with the
remaining samples being dolomite (	25% Mg-calcite), as determined by Mg/Ca
ratios. The limestone and dolomitic limestone samples were exclusively found in the
upper George Fm. and a narrow stratigraphic range within the lower Tuchodi Fm.
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Shale-normalized (PAAS; Taylor and McLennan, 1985) REE�Y profiles appear to
be distinct between different stratigraphic units. The upper George Fm. and the lower
Tuchodi Fm. record generally flat REE patterns with a slight light REE�Y (LREE)
enrichment (La/Yb normalized to PAAS, La/Yb range 0.89–2.50, average 1.78). In
addition, these units have negative Ce anomalies [Ce/Ce* 
 Ce/(Pr (Pr/Nd)); range
0.86 – 1.17, average 1.0; Lawrence and others 2006]. In the upper Tuchodi Fm. and the
basal George Fm. we observe a strong LREE depletion (range 0.30–1.36, average 0.61)
with a wide range but generally positive Ce/Ce* values (range 0.79–1.31, average
1.10). In the Chischa Fm. we observe similar patterns to the upper Tuchodi Fm. and
basal George Fm., large LREE depletions (range 0.17–0.63, average 0.39) but a much
narrower range of Ce/Ce* (range 0.89–1.14, average 0.99).

We compare REE�Y values with �13C, �18O and major and trace element values
and find that La/Yb and Ce/Ce* do not show any significant correlation with �18O,
[Rb] and Mg/Ca (fig. 7). We did find, however, that Ce/Ce* correlates strongly with
�13C in the upper and mid ramp facies (fig. 8B).

Major, trace and REE�Y concentrations were also measured in four sequentially
leached samples selected from different formations and facies (tables 4 and 5) of
which three were dolomite samples and one was a limestone. In all sequentially
leached samples, REE�Y patterns in the initial ammonium acetate leaching step (N1)
had REE�Y below the detection limit and are, therefore, not included. Our sequen-
tially leached samples are not mass corrected as we cannot measure the mass of
dissolved carbonate between each leaching step, therefore we use Ca and Mg concen-
trations from each step to scale REE�Y concentrations to a theoretical Mg and Ca sum
of 35 percent to account for variable carbonate dissolution in each step. For all four
samples, despite some minor variation in REE�Y concentrations between steps,
REE�Y patterns and concentrations for each sample step are both strikingly similar to
bulk leached values (fig. 9). In addition, we calculate composite REE�Y values for each
sample by adding together the concentration for each sample’s first three leaching

Fig. 6. Carbon isotopes and oxygen isotope results for the Tuchodi, George, and Chischa Fm. No
correlation was found between the carbon and oxygen isotopes either in individual formations or across the
Muskwa Assemblage.
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steps (S1-S3). We compare this to each sample’s cleanest step (S3; Tostevin and others,
2016) and find similar results suggesting that the small variations in concentrations in
initial leaching steps do not impact overall REE�Y patterns (fig. 9).

discussion

Basin Architecture, Stratigraphy, and Paleo-environmental Evolution
The dominantly carbonate lower Muskwa Assemblage records the development of

a carbonate ramp along a western facing margin (Bell, ms 1966, 1968; Long and
others, 1999). The lower Tuchodi Fm. and the George Fm. record largely carbonate
facies, whereas the Chischa Fm., Tetsa Fm. and the upper Tuchodi Fm. are mixed
carbonate and siliciclastic lithologies (fig. 3). Utilizing carbonate and siliciclastic
sedimentology, and placing these units within a stratigraphic context, we define three
broad paleo-depth facies for the Muskwa Assemblage, from a deep marine lower ramp
to a mid-ramp, and upper ramp setting.

In what we interpret as the deepest marine facies assemblage of the basin, the
Tetsa Fm. and lower Henry Creek Fm. both consist of interbedded siltstone and

Fig. 7. Geochemical plots highlighting alteration proxies from carbonates of the Muskwa Assemblage.
(A) A comparison of carbonate �18O and Ce/Ce* do not show any strong correlations. (B) Similarly,
comparing �18O and La/Yb, there are no strong correlations. (C) Comparison of Ce/Ce* with Mg/Ca shows
minimal correlation. (D) Comparison between Mg/Ca and La/Yb, shows no correlation. (E) Ce/Ce* does
not have a strong correlation with Rb concentration, nor is there any tapering of Ce/Ce* values towards 1.0
with increasing Rb concentrations. (F) Similar to Ce/Ce*, there is little shift in La/Yb values with increasing
Rb concentrations.
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fine-grained dolomite. These sediments are fine-grained and laminated, likely suggest-
ing relatively low-energy conditions on the distal portion of a ramp. This facies
preserves little to no indication of reworking by storm, tidal or wave action. The lack of
turbidites and other ramp-derived structures suggests limited shoreward slope develop-
ment. Transitions from these deeper water, middle to lower ramp facies into shallower
upper ramp settings (for example the Tetsa Fm. to lower George Fm.) show progres-
sively greater carbonate content upwards and increasing amounts of physical sediment
reworking.

The lower and middle George Fm., the uppermost Chischa Fm., and the upper
Tuchodi Fm. are interpreted to represent a mid-ramp setting, likely near the fair-
weather wave base but certainly above storm-wave base facies. These facies are
characterized by coarser, more calcareous sediments influenced by traction currents.
These units often comprise silty and sandy dolomites rather than pure carbonates (fig.
5E), suggesting the influence of a nearby clastic system. Fine-grained and finely-
crystalline dolomites contain occasional soft-sediment deformation structures and
flame structures (fig. 5C). Fine-grained carbonates and interbedded siliciclastics
contain both wave and current ripples (fig. 5F) indicating active sediment reworking

Fig. 8. (A) Ce*/Ce anomalies show a narrow range of values relative to modern environments across the
Muskwa Assemblage (0.86–1.36). Ce anomalies show no clear correlation with LREE depletion between
facies or across the basin. (B) Ce anomalies are tightly correlated to �13C in shallow and mid- ramp facies but
not with deeper lower ramp facies.
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by wave action and storm wave action. These features likely derive from a higher energy
environment above storm-wave base, probably near fair weather wave base. Tabular
beds of clast-supported, coarse flat-pebbled carbonate conglomerate beds (fig. 5A)
and finer-grained graded beds are common. These carbonate conglomerate beds are
often capped by climbing ripples, reflecting potential storm reworking and a high-
energy environment. Based on the range of lithologies, from silty carbonates, debrites,
and wave rippled sands, this facies association probably represents a mid-ramp setting,
influenced by intermittently high-energy processes. Many planar cross-bedded and
wave-rippled sand beds occur in what is interpreted as the shallowest sections of this
facies, likely straddled across storm-wave base and fair-weather wave base. In contrast,
the lower part of this middle ramp facies is characterized by silty and sandy carbonates
receiving abundant sediment influx from the upper ramp, and commonly reworked by
storm- and fair-weather wave action.

A stratigraphically thin portion of the lower George Fm, the upper George Fm.
and the lower Tuchodi Fm. are interpreted to encompass the shallowest marine
environments of the Muskwa Assemblage, with deposition above fair-weather wave
base. This facies contains clean carbonates with cross-bedding, stromatolites (fig. 5D),
MTS (fig. 4C), and preserves limestone lithologies. The lack of debris deposits and
soft-sediment deformation structures in these formations coincides with the develop-
ment of stromatolitic units and MTS. Silicification and MTS are usually associated with
shallow water settings in Precambrian basins (Shields, 2002; Maliva and others, 2005;
Smith, 2016), with MTS typically restricted to sub-tidal facies (O’Connor, 1972; James
and others, 1998). Taken together, these features indicate a more stable but higher
energy environment, likely placing this facies in a shallower upper ramp environment.
Though it is difficult to estimate a precise water depth, there are no clear sub-aerial

TABLE 4

Major and trace element concentrations for a selection of sequentially leached whole
rock carbonates from units across the Muskwa Assemblage

Sample Leaching 
Step

Mg 
(ppm)

Al 
(ppm)

Ca 
(ppm)

Mn 
(ppm)

Fe 
(ppm)

Rb 
(ppm)

Sr 
(ppm)

E1303-418 S1 - - - - - - -
S2 8100 72 345400 125 1105.8 0.15 82
S3 10700 201 153600 71 1481.5 0.32 34.2
S4 3900 94 81200 25 422 0.22 11

E1304-104.1 S1 136000 167 189200 277 4630.7 0.42 25.3
S2 116500 374 159600 215 4033.1 0.21 17.4
S3 88900 223 132500 152 3271.3 0.19 13.2
S4 50100 165 92400 84 2196.9 0.22 6.5

E1301-163.8 S1 48400 4370 189300 316 6155.9 5.41 151.8
S2 23900 2892 89200 132 3299.3 2.32 42.8
S3 11200 1678 29300 54 2013.8 1.24 10.2
S4 3400 645 6700 12 609.7 0.62 2.6

E1303-536.6 S1 53000 165 262900 171 2651.6 0.58 84.4
S2 60800 510 265100 193 3214.7 0.31 75.8
S3 76800 958 167900 198 3394.7 0.35 36
S4 30100 403 70000 72 1621.6 0.28 7.5

Blank 0.971 0.593 10.047 0.27 0.721 0.006 0.062
Error (2-σ) 103.8 6.25 420.25 2.21 0.3 0.02 0.14

141Muskwa Assemblage, British Columbia, Canada



T
A

B
L

E
5

R
ar

e
E

ar
th

E
le

m
en

t
an

d
Y

tt
ri

um
(R

E
E

�
Y

)
co

nc
en

tr
at

io
ns

fo
r

se
le

ct
io

n
of

se
qu

en
ti

al
ly

le
ac

he
d

w
ho

le
ro

ck
ca

rb
on

at
es

fr
om

un
it

s
ac

ro
ss

th
e

M
us

kw
a

A
ss

em
bl

ag
e

Sa
m

pl
e

Le
ac

hi
ng

 
St

ep
La

 
(p

pm
)

C
e 

(p
pm

)
Pr

 
(p

pm
)

N
d

(p
pm

)
Sm

 
(p

pm
)

Eu
(p

pm
)

G
d

(p
pm

D
y

(p
pm

)
Y

 
(p

pm
)

H
o

(p
pm

)
Er

 
(p

pm
)

Tm
 

(p
pm

)
Y

b 
(p

pm
)

E1
30

3-
41

8
S1

-
-

-
-

-
-

-
-

-
-

-
-

-
S2

9.
8

16
.8

9
2.

06
6.

94
1.

3
0.

25
1.

12
8

0.
61

5.
7

0.
15

0.
36

0.
06

0.
28

S3
4.

2
9.

06
1.

08
3.

93
0.

6
0.

13
0.

61
2

0.
44

3.
1

0.
08

0.
2

0.
03

0.
1

S4
1

2.
18

0.
3

1.
09

0.
2

0.
05

0.
16

5
0.

1
0.

65
0.

02
0.

06
0.

01
0.

04
E1

30
4-

10
4.

1
S1

1.
9

4
0.

52
2.

24
0.

6
0.

17
0.

75
2

0.
67

5.
43

0.
13

0.
37

0.
04

0.
28

S2
2.

9
7.

04
1.

2
4.

7
1.

5
0.

42
1.

59
3

1.
36

7.
21

0.
24

0.
61

0.
07

0.
48

S3
1.

6
4.

26
0.

57
2.

45
0.

6
0.

16
0.

71
2

0.
64

4.
94

0.
12

0.
29

0.
04

0.
24

S4
0.

8
2.

08
0.

28
1.

15
0.

4
0.

1
0.

37
1

0.
33

2.
16

0.
06

0.
16

0.
02

0.
12

E1
30

1-
16

3.
8

S1
9.

1
20

.8
7

2.
55

11
2.

5
0.

51
2.

37
7

2.
37

13
.2

2
0.

45
1.

23
0.

16
1.

15
S2

3.
5

8.
33

1.
07

4.
6

1
0.

23
1.

02
6

1.
01

5.
18

0.
19

0.
52

0.
06

0.
46

S3
1.

3
3.

74
0.

41
2

0.
5

0.
09

0.
46

0.
38

1.
78

0.
07

0.
18

0.
03

0.
19

S4
0.

3
0.

96
0.

13
0.

48
0.

1
0.

02
0.

09
9

0.
07

0.
54

0.
02

0.
04

0.
01

0.
04

E1
30

3-
53

6.
6

S1
1.

4
1.

53
0.

13
0.

5
0.

1
0.

02
0.

08
7

0.
07

0.
83

0.
02

0.
05

0.
01

0.
04

S2
4.

8
8.

76
0.

93
3.

96
0.

8
0.

14
0.

67
0.

53
3.

85
0.

1
0.

3
0.

04
0.

29
S3

3.
1

6.
56

0.
75

2.
88

0.
5

0.
1

0.
44

8
0.

37
2.

56
0.

07
0.

17
0.

03
0.

16
S4

0.
7

1.
57

0.
16

0.
67

0.
1

0.
03

0.
11

6
0.

11
0.

54
0.

05
0.

05
0.

01
0.

05

B
la

nk
0.

00
5

0.
00

9
0.

00
1

0.
01

4
0.

00
1

0.
00

6
0.

00
8

0.
00

1
0

0.
00

4
0

0
0.

00
1

Er
ro

r (
2-

σ)
0.

20
1

0.
01

5
0.

08
4

0.
01

5
0.

13
5

0.
01

3
0.

00
2

0.
08

0.
01

6
0.

08
1

0.
02

4
0.

02
3

0.
02

5

142 E. J. Bellefroid and others—Shallow water redox conditions of the mid-Proterozoic



Fig. 9. A comparison of bulk leached REE�Y patterns to sequentially leached REE�Y patterns. For each
sequentially leached sample we scaled REE�Y concentrations to a theoretical Mg and Ca sum of 35% to
account for variable carbonate dissolution in each step. Sequential leaching step S3, which is considered the
cleanest step (Tostevin and others, 2016), does not show any significant deviation from bulk leached REE�Y
values for all four samples. Additionally for each sample, a cumulative composite REE�Y value was
calculated by adding together the concentration for each sample’s first three leaching steps (S1-S3). There is
little difference in REE�Y values and concentration between each, which indicates that early leaching steps
do not impact overall REE�Y patterns.
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exposure features (for example mudcracks, teepee structures) or a long-term
exposure surface (for example karst development), suggesting a persistently
subaqueous environment.

Placing these three facies paleo-depth constraints within stratigraphic context,
these facies transitions appear to form two cyclic sequences in the basal five formations
of the Muskwa Assemblage. The upper Chischa Fm. records an initial basin deepening,
followed by the first regressive sequence occurring from the Tetsa Fm. To the top of
the George Fm, with a smaller order regressive-transgressive sequence in the lower
George Fm. This is then followed by a sharp transgression in the basal Henry Creek
Fm. The second sequence consists of a more rapid shallowing from the lower Henry
Creek Fm. To a maximum regressive surface in the lower Tuchodi Fm. Above this,
the upper Tuchodi Fm., Aida Fm. and Gataga Fm. appear to be distinct from this
cyclic sedimentation pattern. The upper Tuchodi Fm. contains far more abundant
coarse-grained siliciclastics than the lower units of the Muskwa Assemblage, and
both the Aida and Gataga Fm. are dominantly fine-grained siliciclastics with little to
no carbonate present. They appear to show a general transgressive trend, with the
Gataga Fm. containing mainly deep water, fine-grained sediments (Bell, ms 1966).
It is unclear what drives the cyclicity of the basal five formations (for example
eustatic sea-level change or periodic basin subsidence), however, the departure
from this cyclicity marks an important shift in either local tectonics or sedimentary
source.

Rare Earth Element Geochemistry
REE�Y preservation.—Marine carbonates have been found to be a reliable archive

of seawater REE�Y (for example Liu and Schmitt, 1984; Sholkovitz and Shen, 1995).
Even in cases of minor diagenesis or dolomitization, empirical studies have found
samples can reliably retain primary REE�Y patterns (Banner and others, 1988b;
Kamber and Webb, 2001; Bau and Alexander, 2006). REE�Y have a high calcite-
seawater partitioning coefficient compared to many other elements (	100; Zhong and
Mucci, 1995), making REE�Y less sensitive to secondary fluid-rich diagenesis, includ-
ing dolomitization (Zhao and Zheng, 2017). However, there are some examples of
significant post-depositional carbonate REE�Y alteration (for example Nothdurft and
others, 2004; Zhao and Zheng, 2017). Therefore, it is imperative that samples are
individually assessed for primary REE�Y signal preservation (Tostevin and others,
2016). We evaluate samples for alteration from meteoric diagenesis, dolomitization,
and dissolution of detrital material.

Meteoric diagenesis and dolomitization are of particular concern for the Muskwa
Assemblage. This is because dolomite is the most common carbonate mineralogy
within the Muskwa Assemblage, and low �18O values may suggest some secondary
meteoric diagenesis. Many dolomitic units, where dolomitization occurs both early and
late in the paragenetic sequence, have been found to reliably retain REE�Y patterns
during dolomite replacement (Banner and others, 1988b; Bau and Alexander, 2006).
REE�Y preservation is likely due to a combination of a high rock buffering capacity, a
marine Mg source during dolomite replacement, which can help lead to retention of
marine trace metal chemistry (Wacey and others, 2007; Kenward and others, 2009;
Hood and Wallace, 2014), and minimal contamination from clays and oxide dissolu-
tion (Liu and Schmitt, 1984; Shaw and Wasserberg, 1985; Elderfield and Sholkovitz,
1987; Haley and others, 2004). However, fabric destructive dolomitization can alter
REE�Y patterns of the precursor limestone if the dolomitizing (or subsequent) fluids
have a very different REE�Y concentrations and distributions compared to seawater-
derived fluids (for example Nothdurft and others, 2004). The timing of dolomitization
in the Muskwa Assemblage is not well-constrained. However, the dolomitization is
largely fabric-retentive and in thin section, dolomitized limestone lithologies are
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not coarsely-crystalline (crystal size less than 50 �m). Fabric-retentive dolomitiza-
tion often occurs during early diagenesis, with a fluid derived largely from seawater
(for example Tucker, 1983), suggesting that Muskwa dolomitization was potentially
early and could have retained primary REE�Y signatures. Additionally, we find that
dolomite and limestone samples both preserve similar LREE enriched REE�Y
pattern in upper ramp settings (fig. 10C) and LREE depleted REE�Y patterns in
lower and middle ramp settings (figs. 10A–10B). While Ce/Ce* and La/Yb show no
strong correlation with Mg/Ca values (figs. 7C–7D), they show nearly a full range of
values at both low and high Mg/Ca values. Thus, while Muskwa Assemblage
carbonates may have undergone minor secondary fluid-rich diagenesis, the range
of REE�Y patterns observed does not appear to be controlled by the dolomitizing
fluid.

Silicate material is another common source of REE�Y contamination (Noth-
durft and others, 2004; Tostevin and others, 2016). During carbonate sample
dissolution detrital clays and silicate minerals can be inadvertently dissolved,
incorporating terrigenous REE�Y into solution and contaminating carbonate
REE�Y values (Bailey and others, 2000; Liu and others, 2013; Tostevin and others,
2016). In addition, detrital sourced REE�Y may also be incorporated into carbon-
ate crystals during diagenesis (Liu and Schmitt, 1984; Shaw and Wasserberg, 1985).
We attempt to track the extent of these processes using [Rb] concentrations. As Rb
is released during silicate and clay dissolution (Banner and others, 1988a; Bailey
and others, 2000), but is also incorporated into the carbonate lattice during
recrystallization, it can track terrigenous contamination during diagenesis. Compar-
ing Ce/Ce* and La/Yb to Rb concentrations, we see no systematic shift in REE�Y
patterns (figs. 7E–7F), suggesting that terrigenous input is minor and has not
significantly altered REE�Y patterns.

To further ensure we are measuring primary REE�Y profiles, we measured
REE�Y on several sequentially leached samples, which has emerged as a more
thorough dissolution method (for example Tostevin and others, 2016) We compare
the best-preserved leaching steps to bulk leached samples and see little difference in
actual REE�Y patterns and in their respective Ce/Ce* and La/Yb values (fig. 9).

Non-traditional REE�Y alteration proxies.—In addition to the more traditional
carbonate alteration and detrital contamination proxies (Mn/Sr, [Rb]), there is a
growing use of a number of non-traditional alteration proxies to identify REE�Y
preservation. In particular, total REE�Y concentrations (�REE�Y), Y/Ho ratios and
middle REE�Y enrichment (MREE; Chen and others 2015; Satkoski and others,
2016), have all been used to try and identify primary carbonate REE�Y samples.
Applying these to assess Precambrian carbonates REE�Y preservation present some
problems, however, as these proxies rely on assumptions about modern seawater
REE�Y cycling.

For instance, Y/Ho ratios have emerged as a tool to track detrital contamination
in carbonate REE�Y measurements. As modern oxic seawater has a high Y/Ho
(�60–90) and detrital clays and silicates have Y/Ho values near Upper Continental
Crust (�27–30; Taylor and McLennan, 1985), low Y/Ho values in Phanerozoic
carbonate REE�Y measurements have been interpreted to indicate detrital contamina-
tion (Zhao and others, 2013). The Y/Ho enriched in modern seawater, however, is due
to the preferential removal of REE relative to Y by Fe-Mn oxyhydroxides in oxic
conditions (Bau and others, 1997; Bau, 1999). In modern anoxic basins, such as the
hypersaline Tyro sub-Basin, large Y/Ho enrichments are restricted to within surface
oxic waters and deeper anoxic waters do not preserve any Y/Ho enrichment (Bau and
others, 1997). Therefore, it should be expected that Mid-Proterozoic seawater likely
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had a large range of Y/Ho (27–57, this study) and variations in sample Y/Ho could just
as likely be preserving prevailing water column chemistry rather than secondary
detrital contamination.

Fig. 10. REE�Y results from carbonates of the Muskwa Assemblage. Each formation and carbonate
facies shows distinct REE�Y profiles. (A) Deeper lower ramp facies carbonates preserve LREE depleted
profiles with no Ce anomalies. Included for comparison is the range of modern seawater REE�Y values
(Kamber, 2010). (B) Mid ramp facies carbonates preserve a large LREE depletion and some positive Ce
anomalies. (C) Upper ramp facies have generally flat REE�Y profiles with a negative Ce anomaly and a small
LREE enrichment. All carbonate samples in ppm and normalized to PAAS (Taylor and McLennan, 1985).
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Similar to Y/Ho, �REE�Y has been used as a detrital contamination proxy. As
detrital contamination has much higher REE�Y than modern carbonates, high
�REE�Y have been used to suggest detrital contamination (Chen and others, 2015).
However, modern anoxic basins show a considerable range of �REE�Y concentrations
between anoxic and overlying oxic waters (for example De Baar and others, 1988; Bau
and others, 1997). Therefore, variations in �REE�Y may record variable seawater
�REE�Y rather than contamination.

Lastly, strong MREE enrichments have been used as an indicator of alteration
during diagenesis. Studies on Phanerozoic conodonts and carbonate sediments have
reported that early diagenesis can drive a strong MREE enrichment (Haley and others,
2004; Kim and others, 2012). During early diagenesis, the reduction of Fe-Mn oxides
and organic bound REE�Y preferentially releases MREE, which can then be incorpo-
rated into carbonate minerals (Elderfield and Sholkovitz, 1987; Haley and others,
2004; Kim and others, 2012; note that porewater REE�Y profiles should be considered
relative to the overlying seawater). However, in the Proterozoic, metal cycling is likely
to occur within the water column and we, therefore, cannot assume signatures of metal
oxide cycling are inherited. The MREE enrichment observed in a range of Proterozoic
carbonates (Frimmel, 2009; Hood and Wallace, 2014, 2015; Tang and others, 2016;
Wallace and others, 2017; this study figs. 10A–10B) is more likely representative of
seawater rather than porewater processes.

Thus while the development of these new tools is promising and they provide a
new means to test the preservation of carbonate REE�Y, there application in the
Precambrian may be limited.

A shallow water Mid-Proterozoic chemocline.—Using stratigraphic and sedimentologi-
cal interpretations of the Muskwa Assemblage to place carbonate REE�Y patterns
within a paleo-depth profile, there appear to be three distinct marine REE�Y patterns
between upper, mid, and lower ramp carbonate facies (figs. 10 and 11). We find that
the shallowest facies, the upper ramp, has a high preponderance of Ce/Ce* values
normally distributed around a value of 1.0. In a marked contrast from the upper ramp,
the mid-ramp facies shows two distinct Ce/Ce* populations, one normally distributed
positive population ranging from 1.2 to 1.4, and a light “tail” of samples stretching
from 0.79 to 1.0. The deepest facies, the lower ramp, also has two populations of
Ce/Ce* values, but they have a much narrower range, with the total range of the
deepest facies spanning from 0.89 to 1.14.

This systematic shift in Ce/Ce* with depth is likely best explained by comparing
our results with Ce/Ce* profiles observed in modern anoxic basin chemoclines (De
Baar and others, 1988; German and Elderfield, 1989; German and others, 1991; Bau
and others, 1997). In modern examples (for example Cariaco Trench, Black Sea),
Ce/Ce* values in surface oxic waters are near 1.0 or slightly negative and generally
decrease to more negative values with depth until they reach the base of the oxic layer,
where Ce/Ce* values rapidly jump to positive values as it crosses the redox boundary
(De Baar and others, 1988; German and others, 1991). A number of mechanisms play a
key role in this characteristic profile. At the surface ocean, REE�Y with Ce/Ce* near
1.0 is added to the water column by settling dust particles leading to a surface ocean
peak in Ce concentrations (Greaves and others, 1994; Pearce and others, 2013). In
oxic surface waters, Ce3� is oxidized to Ce4� and is preferentially scavenged from
seawater by sinking particles, driving a local depletion of Ce as measured by negative
Ce/Ce* values (De Baar and others, 1988; German and Elderfield, 1989; Bau and
others, 1996; Bau, 1999). Ce enriched particles then settle down through the water
column and reach a redox boundary where Ce is dissolved back into seawater,
generating a positive Ce/Ce* anomaly at and immediately below the redox boundary.
Below the redox boundary, Ce/Ce* values progressively return to values near 1.0 as
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dissolved Ce-rich particles mix with Ce depleted waters rebalancing Ce values (German
and Elderfield, 1989; German and others, 1991; Bau and others, 1997).

Comparing these modern examples to our Ce/Ce* results, it would appear to
indicate that the Muskwa Assemblage preserved a redox chemocline within the
mid-ramp facies, thus restricted to within storm-wave base and likely even within the
mixed layer. The generally narrow range of Ce/Ce* values in the upper ramp
environment is consistent with a shallow surface ocean setting, recording minor Ce
cycling but generally low values due to surface ocean addition of dust derived Ce. The
preponderance of both the most negative and positive Ce/Ce* anomalies within the
mid-ramp setting is most consistent with the presence of a chemocline within this
setting, where large Ce/Ce* anomalies would have formed above and below the
chemocline. A return to a much narrower Ce/Ce* population in the lower-ramp likely
indicates a more persistently anoxic environment below the chemocline. The lower
ramp setting does contain small negative and positive Ce/Ce* populations, thus it’s
entirely possible that the chemocline experienced a seasonal shift in depth. Some
modern anoxic basins experience similar seasonal shifts (for example Saanich inlet;
German and Elderfield, 1989) due to shifts in ocean mixing rates and reductant or
oxidant availability. A seasonal deepening of the chemocline during deposition of the
Muskwa Assemblage would have smeared Ce/Ce* values between different paleo-
environments, potentially explaining the presence of minor negative and positive
Ce/Ce* values within the lower ramp facies.

Overall, these results appear most consistent with the presence of a chemocline
within the mid-ramp facies of the Muskwa Assemblage, thus restricted to within
storm-wave base and likely even within the mixed layer. This interpretation is consis-
tent with prior work, which suggests that Paleo- and Mesoproterozoic oceans were
largely anoxic with only a thin oxidized surface ocean (Gilleaudeau and Kah, 2015;

Fig. 11. A histogram of Ce/Ce* values for each carbonate facies. The upper ramp facies preserves a
narrow range of Ce/Ce* values centered around 1.0. The mid-ramp facies shows two distinct Ce/Ce*
populations, one normally distributed positive population ranging from 1.2–1.4, and a light “tail” of samples
stretching from 0.79–1.0. The deepest facies, the lower ramp, also has two populations of Ce/Ce* values, but
they have a much narrower range, with the total range of the deepest facies spanning from 0.89–1.14.
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Reinhard and others, 2016; Tang and others, 2016; Hardisty and others, 2017;
Bellefroid and others, 2018).

Understanding Muskwa Assemblage LREE depletions.—Muskwa Assemblage carbon-
ates have a considerable range of LREE enrichments between upper- and lower-ramp
settings, in addition to shifts in Ce/Ce*. However, Ce/Ce* and La/Yb, a measure of
depletion, do not show a clear correlation, suggesting they do not share a similar
mechanism (fig. 8A).

Neoproterozoic and Mesoproterozoic carbonates often preserve convex-upwards
patterns with MREE enrichments and/or a large LREE depletion (for example
Frimmel, 2009; Hood and Wallace, 2014, 2015; Wallace and others, 2017; this study).
This REE�Y “MREE-bulge” and LREE depletion signature could be reflective of
largely anoxic Proterozoic seawater where Fe-Mn oxide cycling occurred within the
water column and in the environments of carbonate precipitation (Planavsky and
others, 2011). Further, with metal oxide dissolution within the water column, other
particulate matter may have taken the dominant role in REE�Y removal from
seawater. In Proterozoic oceans, REE�Y patterns could have been mainly driven by
sorption to organics and inorganic nano-particles (inorganic NPC), such as clays and
fine-grained silicate minerals. Though there are few studies of inorganic NPC scaveng-
ing, Tepe and Bau (2016) found NPC’s preferentially scavenge LREE with a small
heavy REE�Y enrichment, generating dissolved REE�Y patterns similar to those
observed in this study.

Regardless of what combination of processes is controlling the shape of Protero-
zoic REE�Y patterns, there is strong evidence that mid-Proterozoic oceans were largely
anoxic with only a very shallow chemocline. Though it is difficult to precisely constrain
depth, in the examined samples, the chemocline was above storm-wave base and
therefore, based on modern analogies, in the upper 30 to 100 m of the surface ocean.
This likely helps explain the stark contrast between Proterozoic and Phanerozoic
seawater REE�Y profiles (Shields and Webb, 2004; Olivier and Boyet, 2006; Frimmel,
2009; Hood and Wallace, 2014, 2015; Wallace and others, 2017; this study). The
consistency of the Mesozoic and Cenozoic REE�Y patterns is reflective of the wide-
spread oxic oceans, whereas both less negative Ce/Ce* and more MREE enriched
REE�Y profiles in Precambrian carbonates are reflective of anoxic seawater before the
full-scale oxygenation of the oceans and atmosphere (for example Tang and others,
2016; Wallace and others, 2017; Bellefroid and others, 2018). Importantly, the com-
mon occurrence of weakly negative Ce/Ce* and co-occurring positive Ce/Ce* in
Muskwa Assemblage carbonates and other shallow water Paleoproterozoic and Meso-
proterozoic successions (Tang and others, 2016) is a clear indicator that the Mid-
Proterozoic oceans were only oxygenated at the ocean surface, likely reflecting low and
stable atmospheric oxygen levels. Although there are small isolated regions with a
shallow chemocline in the modern oceans (for example the Chesapeake Bay; Sholko-
vitz and others, 1992) a very shallow water chemocline in a high-energy marine basin, is
difficult to explain under a well-oxygenated atmosphere. Further, it is important to
note that coeval suboxic conditions (compare with Slack and others, 2007) could have
been possible even in a low pO2 ocean if there was subduction of water masses in
oligotrophic regions of the oceans.

Implications for the Mid-Proterozoic carbon cycle.—Similar to the REE�Y profile with
depth, Muskwa Assemblage carbonates show a systematic decrease in �13C from
shallower to deeper sedimentary facies of �2 to 3 permil. Upper ramp facies sediments
(Upper George Fm. and lower Tuchodi Fm.) have high �13C values (mean 0.49 ‰,
stdev 0.57 ‰), mid-ramp facies (lower George Fm. and lower Tuchodi) have mid-
range �13C values with a large variance (mean �0.59 ‰, stdev 1.10 ‰), and deeper
water lower ramp (Chischa Fm. and upper Tuchodi Fm.) have more negative �13C
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values (mean �0.70 ‰, stdev 0.96 ‰). This trend is paralleled by a shift in REE�Y
derived redox conditions, with a moderate but significant correlation between Ce/Ce*
and �13C in upper and mid-ramp facies (R2
0.723, fig. 8B). This correlation is not
observed in deeper water facies (R2
0.40), thus this sharp �13C gradient is likely
restricted to near the chemocline where Fe-Mn cycling is most important.

Interpreting these results from a modern perspective, the � 2 to 3 permil �13C
gradient observed in Muskwa Assemblage (fig. 8B, fig. 12) sediments is quite small. For
comparison, the �13C of marine DIC across the oxic Bahama Bank shows a �4 permil
range (Patterson and Walter, 1994; Swart and Eberli, 2005), while the dominantly
anoxic Black Sea shows a �7 permil range with depth (Fry and others, 1991). As in the
case of these examples, a combination of organic matter remineralization and basin
restriction can lead carbonate platform or ramps to record secular changes in �13C
unrelated to the global carbon cycle (Weber and Woodhead, 1969; Patterson and
Walter, 1994; Holmden and others, 1998). The general consensus has been that these
processes were minor in Mid-Proterozoic carbonate sequences, and high marine DIC
would have muted any sharp �13C gradients (Bartley and Kah, 2004; Hotinsky and
others, 2004). Consequently, this has led to the argument that any stratigraphic shift in
�13C through a single Mid-Proterozoic carbonate sequence must reflect secular
changes in the global carbon cycle (for example Kah and others, 2012; Gilleaudeau
and Kah, 2013). Though basin restriction and organic matter oxidation are recognized
to drive some form of �13C gradient, it is argued that these would only be significant
across large lateral distances (Gilleaudeau and Kah, 2013). In contrast, our observation
of a consistent � 2 to 3 ‰ �13C shift within 50 to 100m inferred paleo-depth lends
some weight to the idea of steep, but small shallow water �13C gradient over a shallow
chemocline during this time period.

Variability in �13C values may be linked in part to a shift in the organic matter
remineralization e-folding depth (the point at which 1/e, or �37 %, of sinking organic
carbon is remineralized; Meyer and others, 2016), driving a steep �13C gradient within
the water column, even if productivity was low and DIC was higher than in the modern
oceans. Several authors have suggested, in a cyanobacterial dominated metazoan free
world, slower export in the mid-Proterozoic could have led to more efficient organic
matter remineralization and, therefore, higher �13C gradients in shallower waters

Fig. 12. A generalized interpretation of Muskwa marine chemistry. The chemocline between oxic and
anoxic waters appears to form between fair weather wave-base and storm wave-base. REE�Y patterns shift
across this chemocline reflected in a shift from negative to positive Ce/Ce* values (facies specific data shown
in box and whiskers plot, curve represents average). Furthermore, �13C appear to also shift across the
boundary, likely reflecting the oxidation of organic matter at this boundary (facies specific raw data shown as
box and whisker plots, curve represents average).
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(Logan and others, 1995; Butterfield, 2011). This is debated, however, as organic
matter export rates are complicated by fecal pellet disaggregation, fecal density,
porosity, dust fluxes, and a number of other factors, which bring into question whether
metazoan zooplankton alone could have had such a large impact and, therefore,
whether there was much difference in organic matter export rates between the
Mid-Proterozoic and the Neoproterozoic (for review see Planavsky and others, 2015).

The development of a �13C gradient in the Muskwa Assemblage (fig. 12) may have
implications for the use of �13C as a chemostratigraphic tool. Shallow water anaerobic
respiration, potentially tied to Fe-Mn cycling at the chemocline, could have driven
small but significant �13C gradients in mid-Proterozoic marine DIC, similar to what is
observed in Phanerozoic and modern carbonate systems (for example Fry and others,
1991; Holmden and others, 1998; LaPorte and others, 2009). Overall, we suggest that
small stratigraphic shifts in �13C may not necessarily be attributed to secular global
carbon cycling. Thus, caution must be used when interpreting the origins of Mid-
Proterozoic carbonate �13C, especially when stratigraphic context and redox condi-
tions are unknown. Whether this feature persisted into the Neoproterozoic is unclear.
Neoproterozoic carbonate stratigraphers have focused on targeting large (	 5 ‰)
carbon isotope excursions for �13C chemostratigraphy (for example Halverson and
others, 2005, 2010; Macdonald and others, 2010). Though their primary origins have
been disputed and there are relatively few studies on �13C variations within single
basins (for discussion see Swart and Eberli, 2005; Knauth and Kennedy, 2009; Derry,
2010), these excursions are largely thought to be globally synchronous (for example
Rooney and others, 2015; Husson and others, 2015). Thus, Neoproterozoic �13C
excursions are likely large enough to require a separate and global mechanism to
explain.

conclusion
The Muskwa Assemblage is a Mid-Proterozoic carbonate ramp with three distinct

facies, which are developed in the lower units of the assemblage. Above fair-weather
wave base, an upper ramp setting is characterized by cross-bedded sands, relatively
pure carbonates (including low-relief stromatolite mounds and the development of
MTS) and minor silicification. Deeper-water, lower ramp environments are dominated
by rippled and laminated fine-grained dolomites and shales. A storm-wave base to
fair-weather wave base facies is dominated by storm influenced marly carbonates and
shows sediment reworking characteristic of a ramp setting.

REE�Y and �13C values of carbonates have depth dependent trends (fig. 12). Ce
anomalies are moderately negative above fair-weather wave base but are positive
between fair-weather wave base and storm-wave base. The preservation of both positive
and negative Ce/Ce* indicates an active Mn cycle and a redox gradient near fair-
weather wave base. Though it is unclear what the driving mechanism is for the
observed MREE “bulge” REE�Y pattern in deeper waters, we suggest that this pattern
is characteristic of Meso- and Neoproterozoic anoxic seawater and active water column
oxide cycling.

�13C values correlate with Ce/Ce* in shallow and mid-ramp facies, and show a
�3 permil decrease with depth. This correlation suggests a small but important �13C
gradient across the shallow marine chemocline. The utility of �13C as a chemostrati-
graphic tool must be treated with caution.
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