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Abstract — Mesoproterozoic marine successions worldwide record a shift in average §'3C values from
0 to +3.5 %o, with the latter value evident in successions younger than 1250 Ma. New carbon isotope
data from the ~ 1300 to 1270 Ma Dismal Lakes Group, Arctic Canada, provide further insight into
this fundamental transition. Data reveal that the shift to higher §!*C values was gradual and marked
by occasional excursions to values less than 0 %o0. When compared to records from older and younger
marine successions, it is evident that the difference between isotopic minima and maxima increased
with time, indicating that the marine system evolved to become isotopically more variable. We interpret
these patterns to record an increase in the crustal inventory of organic carbon, reflecting eukaryotic
diversification and a change in the locus of organic carbon burial to include anoxic deep marine
sites where preservation potential was high. We speculate that the release of O, to Earth’s surface
environments associated with increased organic carbon storage induced irreversible changes in the
Mesoproterozoic biosphere, presaging the more extreme environmental and evolutionary developments

of the Neoproterozoic.
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1. Introduction

Much emphasis has been placed on understanding
the nature of biogeochemical processes during Neo-
proterozoic time, particularly between c. 800 and
550 Ma. This interval was marked by a fluctuating
marine §"°C record (Kaufman & Knoll, 1995, and
references therein), vacillation between global cli-
mate extremes (Kaufmann, Knoll & Narbonne, 1997,
Hoffman, Kaufman & Halverson, 1998; Hoffman
et al. 1998), diversification of multicellular algal
communities (Zhang & Yuan, 1996; Woods, Knoll &
German, 1998; Xiao, Knoll & Yuan, 1998; Xiao, Zhang
& Knoll, 1998), the appearance of the Ediacaran fauna
(Fedonkin, 1990; Knoll & Walter, 1992; Narbonne,
Kaufman & Knoll, 1994; Grotzinger et al. 1995;
Narbonne, 1998) and the advent of metazoan miner-
alization (Braiser, Green & Shields, 1997; Grotzinger,
Watters & Knoll, 2000). By contrast, our understanding
of conditions leading up to the Neoproterozoic is
relatively limited.

The Mesoproterozoic Eon (1600 to 1000 Ma)
represents a critical period in Earth history from the
standpoint of global tectonic reorganization (Hoffman,
1989, 1991, Dalziel, 1991; Karlstrom et al. 2001),
the redox state of the oceans (Des Marais et al.
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1992; Canfield & Teske, 1996; Canfield, 1998), the
carbonate saturation state of the oceans (Grotzinger,
1989; Kah & Knoll, 1996; Bartley et al. 2000; Kah,
Lyons & Chesley, 2001), eukaryotic diversification
(Knoll, 1992; Anbar & Knoll, 2002) and the advent
of multicellularity (Butterfield, Knoll & Swett, 1990;
Woods, Knoll & German, 1998; Butterfield, 2000).
Only recently, however, have enough geochemical data
that are well-constrained in terms of age, depositional
environment and post-depositional history become
available to permit the evaluation of even first-order
secular variation in the marine carbon isotope system
(Buick, Des Marais & Knoll, 1995; Knoll, Kaufman
& Semikhatov, 1995; Xiao et al. 1997; Frank, Lyons
& Lohmann, 1997; Kah et al. 1999q; Lindsay &
Braiser, 2000; Bartley et al. 2001). Whereas previous
workers have described the Mesoproterozoic §'°C
record as uneventful (Buick, Des Marais & Knoll, 1995;
Brasier & Lindsay, 1998), a more recent and extensive
compilation of data (Kah et al. 1999a) indicates that
the Mesoproterozoic can be divided into two distinct
intervals based on the variation and magnitude of §'*C
values in the marine carbonate record. Marine car-
bonates of early Mesoproterozoic age exhibit uniform
carbon isotope compositions (§"*C=0.0 % 1.0%o),
consistent with prolonged stability of the marine
carbon cycle between 1600 and ~ 1300 Ma. Carbonate
strata younger than ~ 1200 Ma are characterized by
higher §"°C values (§"*C =+3.5 & 1.0 %o). The shift
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Figure 1. Geological map of the Coppermine Homocline, modified from Kerans ef al. (1981) and Ross & Kerans (1988), showing
outcrop extent of the Dismal Lakes Group and major basement features. Reactivation of the Leith Line and Teshierpi Fault during
Dismal Lakes deposition significantly affected basin development. Samples for isotopic analysis were collected from measured sections

in the region of September Lake (SL) and north of Dismal Lake (DL).

to higher §'3C values suggests a fundamental change
in ocean chemistry, which persisted throughout the
latter half of the Mesoproterozoic. Although it is
clear that these first-order variations are of broad
chronostratigraphic utility (Kah et al. 1999q; Bartley
et al. 2001), additional data are needed to constrain
more precisely the timing and nature of this carbon
isotope transition and to interpret its significance with
regard to global-scale processes.

In this paper we present new carbon isotope data
from the Dismal Lakes Group, Arctic Canada, which
was deposited c. 1300-1270 Ma, during the global
shift in marine carbon isotope composition from
0%o to 3.5%o reported in Kah et al. (1999a). Five
detailed sections through Dismal Lake carbonate
strata were measured in the regions of September
Lake and Dismal Lake (Fig. 1). Depositional facies
record a variety of water depths ranging from marine
peritidal to mid-shelf environments (Kerans et al.
1981; Kerans, 1983; Kerans & Donaldson, 1988,
1989). Samples for petrographic and geochemical
analysis were collected at 5—10 m intervals from each
measured section and all depositional facies, providing
an opportunity to examine both temporal (that is,
stratigraphic) change in ocean chemistry, as well as

regional variations related to basin-scale processes.
We use an integrated approach, in which geochemical
data are evaluated for possible diagenetic effects and
interpreted within a petrographic, sedimentological
and stratigraphic framework. This approach permits
evaluation of diagenetic trends and recognition of
primary isotopic signatures, and ultimately aids in
resolving global versus local influences on isotopic
variation. Comparisons of resulting data with those
from Mesoproterozoic successions worldwide are used
to resolve the timing of the mid-Mesoproterozoic
global carbon isotope transition and to evaluate the
character of the shift with respect to its possible driving
forces.

2. Geological setting and age
2.a. Regional geology

The N-dipping Coppermine Homocline, Northwest
and Nunavut territories, Arctic Canada, is represented
by >4000m of unmetamorphosed and virtually
undeformed siliciclastic, carbonate and volcanic rocks
(Fig. 1). The homocline succession is composed of the
predominantly sedimentary Hornby Bay and Dismal
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Lakes groups and takes its name from the regionally
extensive, extrusive volcanic rocks of the Coppermine
River Group (Barager & Donaldson, 1973). Strata
of the Coppermine Homocline unconformably overlie
metamorphic and volcanic rocks of the Great Bear
Batholith and McTavish Supergroup (Hildebrand,
1981), located in the northernmost extension of the
Palaeoproterozoic (~ 1.93 to 1.85 Ga) Wopmay Oro-
gen (Van Schmus & Bowring, 1980; Hoffman &
Bowring, 1984). Coppermine strata are unconformably
overlain by Phanerozoic cover and, in part, by carbonate
and siliciclastic strata of the Neoproterozoic Rae
Group, Shaler Supergroup (Young, 1979, 1981a, b;
Rainbird et al. 1994; Rainbird, Jefferson & Young,
1996). Together, the Hornby Bay and Dismal Lakes
groups record a complex history of post-Wopmay
crustal stabilization (Kerans et al. 1981), episodes
of compressional and extensional intracratonic adjust-
ment (Kerans et al. 1981; Cook & MacLean, 1992,
1995, 1996), periods of tectonic stability (Kerans et al.
1981) and regional uplift (Kerans, 1983) prior to
the extrusion of voluminous flood basalts of the
Coppermine River Group.

2.b. Dismal Lakes Group

Within the Coppermine Homocline, the > 1500 m
thick Dismal Lakes Group is exposed in a sinuous
belt stretching from Great Bear Lake to the Coronation
Gulf (Fig. 1). Basin development during Dismal
Lakes deposition was governed in part by reactivation
of antecedent structural elements. Higher rates of
subsidence to the west of a major structural hinge
(Leith Line; Fig. 1) resulted in significant deepening
and thickening of depositional units westward of the
September Lake High (Fig. 2; Kerans et al. 1981). This
effect was heightened by the reactivation of a series
of NE-trending structures (e.g. Teshierpi Fault; Fig. 1)
before and during Dismal Lakes deposition (Cook &
MacLean, 1992, 1996). These faults originated as con-
jugate transcurrent faults during oblique convergence
of the Wopmay Orogen (Hoffman, 1980a; Hoffman &
St Onge, 1981).

The Dismal Lakes Group consists of the siliciclastic-
dominated LeRoux, Fort Confidence and Dease Lake
formations and the carbonate-dominated Kendall
River, Sulky and Greenhorn formations (Fig. 2; Ross
& Kerans, 1988). Basal strata consist of fluvial
and marginal marine quartz arenites (Kerans et al.
1981). Siliciclastic mudstones, which show evidence
of shallow-water deposition and subaerial exposure,
become increasingly dominant in the Fort Confidence
and Dease Lake formations and record the gradual
development of a low-relief, siliciclastic shoreline
(Kerans et al. 1981). In the overlying Kendall River
Formation, siliciclastic facies gradually disappear,
while oolitic, intraclastic and microbially lamin-
ated carbonates become increasingly prominent. This
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transition from siliciclastic- to carbonate-dominated
facies records the development of the Dismal Lakes
carbonate platform. The regional uniformity and lateral
continuity of Kendall River carbonate facies (Kerans
et al. 1981) suggest minimal activity along major
structural elements (Teshierpi Fault and Leith Line)
as the platform became established.

The overlying Sulky Formation contains three
informal members (Kerans et al. 1981). East—west
facies trends and increasing stratigraphic thickness to
the west suggest that NE-trending structural elements
became active during Sulky deposition. The lower
Sulky member consists of structureless to parallel-
laminated flaggy dolostones with thin interbeds of red
and black shale. Soft-sediment slump structures and
carbonate debris flows in strata to the west of the
Leith Line indicate the development of a W-facing
slope (Kerans et al. 1981). East of the Teshierpi Fault,
the top of the lower Sulky member is marked by an
unconformity with up to 5 m of erosional relief. To
the west, in the region of Dismal Lake (Fig. 2), the
contact between the lower and middle Sulky members
is conformable, suggesting that subaerial exposure,
related to uplift and/or a drop in relative sea level, was
limited to the eastern (shallower) part of the basin.

Stratigraphic relationships and sedimentological
data suggest that deposition of the middle Sulky
member commenced during a rise in relative sea
level. East of the Teshierpi Fault, this rise is marked
by the development of the ~30 m thick September
Lake reef complex, composed of massive, conical
stromatolites that preserve a synoptic relief of greater
than 10 m (Donaldson, 1976; Kerans et al. 1981,
Kerans & Donaldson, 1989). The absence of reef debris
between coniforms and the magnitude of synoptic
relief suggest that the main stage of reef growth
occurred in a low-energy depositional setting, likely
below storm wavebase. Coniform stromatolites of
the September Lake reef complex are overlain by
massive domal to columnar forms, suggesting gradual
shallowing (Kerans & Donaldson, 1989). West of the
Teshierpi Fault, the middle Sulky member consists
of a 4.1 m interval of finely laminated, organic-rich
dolostone with unusual cuspate microbialite structures
(flank facies of Kerans & Donaldson, 1989). These
microbialites consist of an open network of draping
laminae over thin, vertical supports and are similar to
those reported in the Archean Transvaal Supergroup,
South Africa (Sumner, 1997). Structural void space is
filled with several generations of carbonate cement,
including penecontemporaneous herringbone cements
(cf. Sumner & Grotzinger, 1996a, b) and a late-
stage purple, ferroan dolomite cement. Microbialite
morphology, inferred palacobathymetry and the close
association with herringbone precipitates and organic-
rich, finely laminated dolostone suggests that the
microbialites formed in relatively deep, suboxic to
anoxic waters (Kah et al. 1999b).
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Figure 2. Generalized stratigraphy and cross-section of the Dismal Lakes Group, modified from Kerans ef al. (1981). Lower, siliciclastic
units are poorly exposed in the Coppermine Homocline, and likely overlie the Hornby Bay Group with significant disconformity (Cook
& MacLean, 1992). Dramatic thickening of Dismal Lakes strata is recorded in the regions of Dease Lake (DSL) and Great Bear Lake
(GBL) west of the antecedent Teshierpi Fault (TF) and Leith Line (LL). Type I sequence boundaries (showing subaerial exposure,
incision and/or karst development) are common in Dismal Lakes Group carbonate strata, and are most pronounced on September Lake
High, east of the Teshierpi Fault. Samples for chemostratigraphic analysis were collected from measured sections in the region of
September Lake (SL) and Dismal Lake (DL). See Figure 5 for details of measured sections.

In the region of the September Reef Complex,
the contact with the upper Sulky member is sharp
and overlain by ~20 m of fenestral and pisolitic
dolostone. West of the Teshierpi Fault, the upper
Sulky comprises interbedded dolomicrites, quartzose
dolostones and stromatolitic intervals. Throughout the
basin, the top of the upper Sulky is marked by a
prominent microbialite horizon, which contains and is
interbedded with cauliflower chert and chert breccia,
with the latter suggestive of evaporite dissolution and
collapse. Shoaling of the September Lake reef complex
into predominantly peritidal to supratidal deposits may
reflect a fall in relative sea level, which ultimately led
to evaporitic conditions and, possibly, exposure across
much of the basin.

The overlying Greenhorn Formation is divided
into two informal members (Kerans et al. 1981;
Kerans, 1983; Kerans & Donaldson, 1988). The lower
Greenhorn member consists of a monotonous sequence
of microbially laminated dolostone in the east and
rhythmically bedded shale and oolitic/stromatolitic
dolostone in the west (Kerans et al. 1981), which
record the re-establishment of peritidal conditions. The
microbially laminated dolostone contains abundant
chert, which preserves a variety of oscillatoriacean fila-
mentous sheaths, entophysalidacean colonial coccoids,
chroococcacean coccoids and the akinete Archae-
oellipsoides. Such microfossil forms are common
in the Dismal Lakes Group (Sulky and Greenhorn
formations: Horodyski & Donaldson, 1980, 1983) and
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are typical of Mesoproterozoic peritidal to supratidal
successions (Hofmann & Jackson, 1991; Sergeev,
1994; Sergeev et al. 1994, Sergeev, Knoll & Grotzinger,
1995; Knoll & Sergeev, 1995). Oolites, stromatolite
beds and intraformational breccias become increas-
ingly common in the upper part of the lower Greenhorn
member, suggesting the gradual development of high-
energy conditions.

The contact between the lower and upper Greenhorn
members is unconformable and marked by karst
features, including sand- and flowstone-filled grikes,
cave-floor stream deposits and collapse breccias up to
30 m thick (Kerans ef al. 1981; Kerans, 1983; Kerans
& Donaldson, 1988). Evidence for karsting becomes
increasingly subtle to the west, where a thin lag of
quartz arenite records post-karst deposition (Kerans
& Donaldson, 1988). On the basis of stratigraphic
relationships, Kerans (1983) suggested that lower
Greenhorn deposition was terminated by the emplace-
ment of the Muskox intrusion in the easternmost
Coppermine Homocline, which resulted in > 60 m of
tectonic uplift east of the Teshierpi Fault. The extent of
palaeokarst development (from September Lake High
to the Parry Bay-Kanuyak formations > 300 km to
the east; Campbell, 1978; Kerans & Donaldson, 1988;
Pelechaty ef al. 1991) and the abundance of terrigenous
material overlying the disconformity, however, suggest
that uplift was of greater regional extent or, perhaps,
coincident with a fall in sea level (Kerans & Donaldson,
1988). Strata of the upper Greenhorn are dominated
by stromatolitic, oolitic and intraclastic dolostone,
which record the re-establishment of the carbonate
platform following subaerial exposure and karsting.
Within the upper metres of the upper Greenhorn
member, soft sediment deformation structures record
interaction between wet sediment and hot lava, and
indicate that carbonate deposition ended abruptly when
flood basalts of the overlying Coppermine River Group
were extruded across the basin (Kerans et al. 1981).

2.c. Age of the Dismal Lakes Group

The age of the Dismal Lakes Group is constrained by
geochronological data derived from: (1) the underlying
Narakay Volcanic Complex and (2) the Coppermine
River Group, including flood basalts that cap the upper
Greenhorn sequence. The Narakay Volcanic Complex,
composed of marine strata and interbedded/cross-
cutting bimodal volcanic rocks, represents the offshore
equivalent of the upper Hornby Bay Group (Ross,
1982). Zircons from feldspar-phyric dykes and volcanic
breccias associated with the final stage of felsic
volcanism in the Narakay complex yield an age of
1662 £+ 8 Ma (Bowring & Ross, 1985).

Although zircon data from the Narakay Volcanic
Complex are useful in constraining the maximum age
of'the Dismal Lakes Group, identification of subsurface
Coppermine Homocline strata west of the exposed
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outcrop belt, via drill cores (Aitken & Pugh, 1984)
and seismic sections (Cook & Taylor, 1991; Cook &
MacLean, 1992, 1995), suggest that the Hornby Bay—
Dismal Lakes contact is regionally unconformable.
Seismic interpretations (Cook & Taylor, 1991; Cook &
MacLean, 1992) suggest that a period of compressional
tectonism (Forward Orogeny: Cook & MacLean, 1995)
led to regional block faulting and truncation of the
Hornby Bay Group prior to the onset of Dismal
Lakes deposition. Cook & MacLean (1995, 1996)
related the Forward Orogeny to the Racklan Orogeny,
which deformed similarly aged strata of the Wernecke
Supergroup (Parrish & Bell, 1987) and the East
Kootenay Orogeny (Anderson & Davis, 1995), which is
believed to have terminated Belt Supergroup deposition
at ~ 1370 Ma (Doughty & Chamberlain, 1996; Luepke
& Lyons, 2001). These regional tectonic constraints
indicate that the unconformity that caps the Hornby
Bay Group records a significant period of time and
suggest that deposition of the Dismal Lakes Group
commenced sometime after 1370 Ma. Carbon isotope
stratigraphy allows further revision of this estimate (see
Section 4.d).

Cessation of Dismal Lakes deposition is marked
by emplacement of the Muskox intrusion (Hoffman,
1980b; Kerans, 1983) and extrusion of the Coppermine
River Group flood basalts over wet sediments of
the Greenhorn Formation (Barager & Donaldson,
1973). The Muskox (1270 £ 4 Ma, U-Pbpagqeryite:
LeCheminant & Heaman, 1989) is a layered ultramafic-
to-mafic intrusion (Irvine, 1970) interpreted as the
primary feeder chamber for flood basalts of the Cop-
permine River Group and associated dyke swarm.
Combined, basalts of the Coppermine River Group
and associated dykes are referred to as the Mackenzie
igneous event and are dated at 1267 £+ 2 Ma, U-—
Pbypadderyiee (LeCheminant & Heaman, 1989).

3. Geochemical methods

Prior to sampling for geochemical analysis, polished
slabs and thin-sections were examined using standard
petrographic and cathodoluminescence microscopy to
document the full range of textures and petrographic
components. Samples (~ 2 mg) were drilled from pol-
ished slabs using hand-held and microscope-mounted
drilling assemblies fitted with dental drill bits with tip
diameters ranging from 20 to 1000 um. These larger
samples were split for paired stable isotopic and major
element analyses; however, a number of smaller (50 to
100 pg) samples were collected in the same manner
for stable isotopic analysis only.

Samples for stable carbon and oxygen isotope ana-
lysis (typically < 0.5 mg) were roasted under vacuum
at 380 °C for one hour to remove volatile contaminants
and were reacted with anhydrous phosphoric acid in
individual reaction vessels of an on-line, automated
MultiPrep device coupled to a VG Optima mass
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spectrometer housed at Mountain Mass Spectrometry,
Inc., Evergreen, Colorado, USA. Oxygen isotope ratios
were corrected for 7O contribution (Craig, 1957) and
are reported in per mil (%0) relative to the VPDB
(Vienna Pee Dee Belemnite) standard. Precision is
better than 0.1 %o for §'°C and §'*O values and was
monitored through daily analyses of NBS and other
powdered calcite standards.

For determination of major element (Ca, Mg, Sr,
Mn and Fe) concentrations, samples (0.5 to 2 mg)
were digested in 2.5 ml of ultrapure 2N HNO;.
Solutions were then centrifuged, and 2.0 ml were
pipetted to avoid insoluble residues. Measurements
were performed at the University of Missouri using
a Perkin Elmer Inductively Coupled Plasma Atomic
Emission Spectrometer (ICP-AES) fitted with a mi-
croconcentric nebulizer and calibrated to a series of
gravimetrically determined standards. Reproducibility,
determined through replicate analysis of sample and
standard solutions, is better than 5 % for Sr and Mn
and better than 10 % for Ca, Mg and Fe.

4. Geochemical results

Geochemical data are provided in Tables 1 through 3.
Petrographic components are plotted as three distinct
groups in Figures 3, 4 and 5. These groups are: (1) mi-
crobially laminated dolostone, micrite and microspar,
interpreted to have been deposited under subtidal to
peritidal conditions; (2) primary precipitates (seafloor
fans, microlaminated precipitates and microbialites
with precipitated fabrics) and synsedimentary cements
(herringbone cement and ooid/pisoid cortices); and
(3) secondary cements, including those related to
early (e.g. intergranular cement, cement in syneresis
cracks and fenestrae/pore-filling cement) and late-stage
diagenesis (e.g. blocky cement in void centres and
cross-cutting fractures).

Carbon and oxygen isotope analyses reveal distinct
differences in the composition of Group 3 components
relative to those in Groups 1 and 2 (Fig. 3). Group 3
shows the lowest values of 8§80 (ranging to <—9 %o)
and §C (-3.0 %o or lower for many samples). With
oxygen isotope compositions between —4 %o and —7 %o
and carbon isotope compositions ranging from —1.5 %o
to +2.5 %o, Group 1 and 2 components have higher and
less-variable §'30 and §'3C values than recorded in the
secondary cements that compose Group 3.

With the exception of some late-stage cement
phases, the petrographic components are all largely
dolomitized, with Mg/Caratios exceeding 0.5. Detailed
fabric preservation in most depositional components
and synsedimentary precipitates suggests that dolomit-
ization occurred early in the diagenetic history of the
Dismal Lakes Group, although secondary and tertiary
diagenetic fabrics are also recognized. Strontium
concentrations (Fig. 4, left) are typically < 100 ppm,
although higher concentrations occur in some Group 3
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samples. Manganese concentrations are generally
<~ 1000 ppm in Groups 1 and 2; higher concentra-
tions, ranging to ~ 4000 ppm, are observed in Group 3
(Fig. 4, right). All components are characterized by
high Fe contents (~ 3000 ppm =+ 200 for most com-
ponents), reflecting the tendency of Fe** to substitute
for Mg?* and Ca®" in the dolomite crystal structure
(Tables 1-3).

4.a. Effects of diagenesis

When interpreting geochemical data from carbonate
rocks, post-depositional effects must be considered.
The effects of diagenesis, which may modify original
isotopic and geochemical compositions, may be recog-
nized through examination of elemental and isotopic
trends (e.g. Veizer, 1983; Brand & Veizer, 1980;
Choquette & James, 1990). Because of the disparity
in relative concentrations of carbon and oxygen in
water versus carbonate rock (oxygen concentrations
are roughly equal, whereas carbon is concentrated in
carbonate), exchange with meteoric or hydrothermal
fluids tends to modify §'3O values substantially before
primary §'3C values are affected (Lohmann, 1988;
Banner & Hanson, 1990), although isotopic exchange
with organic CO, may lead to slight *C depletion of
carbonate (Valley, 1986). The coupled effects of these
processes are typically expressed in carbonates that
have undergone burial diagenesis as a covariant trend
of sharply decreasing §'*0O with slightly decreasing
813C values (Choquette & James, 1990). Such a
trend is evident in the Dismal Lakes data (Fig. 3),
suggesting that original isotopic compositions have
been modified to some degree. Most Group 1 and 2
components, however, have §'80 values similar to those
documented in other well-preserved Mesoproterozoic
marine carbonates (e.g. Frank & Lyons, 2000; Kabh,
2000), suggesting relatively little modification of
primary signatures. By contrast, significantly lower
880 and 8'3C values in Group 3 components record
diagenetic alteration. Furthermore, near the contact
with the Coppermine Flood basalt, Group 1 and 2
components show significant depletions in '*C and
130, suggesting that compositions were modified during
interaction with hot fluids associated with lava eruption.

Although Mn/Sr ratios are useful indicators of
diagenesis (Veizer, 1983), their application to under-
standing diagenesis is hampered by redox conditions
during early diagenesis, which can promote relatively
high Mn concentrations in pore fluids. The integrity
of this ratio is also affected by Sr loss in carbonates
that have undergone early dolomitization (Veizer, 1983;
Carpenter et al. 1991). Despite these complications,
the highest Mn?" concentrations would be expected to
occur in components affected by reducing pore waters
during late-stage diagenesis (Choquette & James,
1990). Given these considerations, the observed pattern
of higher Mn contents and lower §'30 and §'*C values



Isotopic evolution in the Mesoproterozoic ocean 403
Table 1. Dismal Lakes Group isotopic and elemental compositions, September Lake (Measured Sections 1, 2, and 3)

Height sBC 8180 Sr Mn Fe
Sample (m) Formation  Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
Measured Section 1 (SL1)
SL1-0-1 0 Kendall R. 1 micritic intraclast 0.0 —-5.8 0.591 30 567 2730
SL1-0-2 0.0 Kendall R. 1 microspar 0.0 -5.0 0.638 31 433 2008
SL1-1-1 1.0 Kendall R. 1 microbial lamina 0.0 —5.5 0.619 32 469 2610
SL1-1-2 1.0 Kendall R. 1 microspar —0.1 —4.9 0.604 30 458 1483
SL1-1-3 1.0 Kendall R. 3 void fill -0.3 -7.1 0.615 21 741 4302
SL1-4 4.0 Kendall R. 2 synsedimentary precipitate 2.0 -5.0 0.614 32 560 2318
SL1-10 10.0  Sulky (1) 1 microspar —0.6 —4.5 0.604 22 1155 6850
SL1-10 10.0  Sulky (1) 1 microspar —0.6 —4.5 0.602 22 1150 6880
SL1-20 20.0  Sulky (1) 1 microspar 0.3 -52 0.601 23 663 7014
SL1-20 20.0  Sulky (1) 1 microspar 0.3 —52 0.599 26 682 7039
SL1-38 38.0  Sulky (1) 1 microspar 1.7 —43 0.670 30 319 3396
SL1-41 41.0  Sulky (m) 1 micrite -0.2 —6.0 0.599 52 348 3302
SL1-50-1 50.0  Sulky (m) 2 synsedimentary precipitate 1.5 -3.2 0.637 57 179 1378
SL1-50-2 50.0  Sulky (m) 1 micrite 1.4 —4.0 0.603 51 311 2706
SL1-60 60.0  Sulky (m) 2 microbial precipitate 1.0 —43 0.583 37 543 3471
SL1-73-1 73.0  Sulky (m) 2 microbial precipitate 1.5 -3.5 0.633 40 217 1053
SL1-73-2 73.0  Sulky (m) 1 micrite 1.4 —6.4 0.603 31 912 4685
DS3-1.7-1 85.4  Sulky (u) 1 microspar 1.4 -5.8 0.566 31 226 1079
DS3-1.7-2 85.4  Sulky (u) 1 geopetal micrite 1.7 —5.0 0.619 36 262 1437
DS3-1.7-3 85.4  Sulky (u) 1 geopetal microspar 1.8 —4.0 0.579 42 230 1366
DS3-1.7-4 85.4  Sulky (u) 3 intergranular cement 1.0 -7.8 0.636 24 989 5597
DS3-1.7-5 85.4  Sulky (u) 3 intergranular cement 0.6 —-10.9 0.529 21 1455 15080
DS3-1.7a-1 85.4  Sulky (u) 1 micrite 1.4 —6.0
DS3-1.7a-2 85.4  Sulky (u) 2 synsedimentary precipitate 1.7 —4.1
DS3-1.7a-3 85.4  Sulky (u) 2 synsedimentary precipitate 1.9 —4.2
DS3-1.7a-4 85.4  Sulky (u) 3 intergranular cement 1.3 —6.4
DS3-1.7a-5 85.4  Sulky (u) 3 intergranular cement 0.0 —-8.0
DS3-1.7a-6 85.4  Sulky (u) 2 synsedimentary precipitate 1.8 —4.4
DS3-1.7a-7 85.4  Sulky (u) 2 pisoid cortex 1.8 —4.7
DS3-1.7a-8 85.4  Sulky (u) 2 pisoid cortex 1.7 —4.8
DS3-2.1-1 85.8  Sulky (u) 1 intragranular cement 1.7 —4.8 0.584 33 333 1754
DS3-2.1-2 85.8  Sulky (u) 1 micrite 1.7 —49 0.598 35 324 1897
DS3-2.1-3 85.8  Sulky (u) 3 void fill 1.2 =75 0.599 16 916 4371
DS3-2.1-4 85.8  Sulky (u) 3 void fill —0.1 -9.3 0.546 34 3967 19739
DS3-2.1b-1 85.8  Sulky (u) 3 intergranular cement 0.9 —6.9
DS3-2.1b-2 85.8  Sulky (u) 2 pisoid cortex 1.8 —4.9
DS3-2.1b-3 85.8  Sulky (u) 2 pisoid cortex 1.8 -5.0
DS3-3-1 86.7  Sulky (u) 1 micrite 1.8 —42 0.601 25 265 1386
DS3-3-2 86.7  Sulky (u) 1 micrite 1.8 —4.8
DS3-3.8 87.5  Sulky (u) 1 microspar 1.7 -29 0.606 34 325 1630
DS3-10-1 93.7  Sulky (u) 1 microspar 1.6 —55 0.588 26 400 2331
DS3-10-2 93.7  Sulky (u) 3 void fill 1.5 -5.0 0.577 30 318 1513
DS3-10-3 93.7  Sulky (u) 1 micrite intraclast 1.5 -59 0.632 36 438 2917
DS3-19-1 102.7  Sulky (u) 1 micrite intraclast 1.6 —4.6 0.621 38 245 1415
DS3-19-2 102.7  Sulky (u) 1 microspar 1.2 —4.2 0.606 38 295 1507
DS3-20-1 103.7  Sulky (u) 1 micrite 1.5 —4.5 0.602 31 201 977
DS3-20-2 103.7  Sulky (u) 1 microspar 1.2 —4.0 0.600 28 203 1056
DS3-36-1 119.7  Sulky (u) 1 micrite 1.8 —49 0.580 28 271 1386
DS3-36-2 119.7  Sulky (u) 1 microspar 1.5 —53 0.584 36 437 2147
Measured Section 2 (SL2)
S2-1-1 1.2 Sulky (1) 2 synsedimentary precipitate —-0.2 —53 0.640 32 792 2781
S2-1-2 1.2 Sulky (1) 3 fenestral cement —0.2 =51 0.643 31 580 2062
S2-2 9.0  Sulky () 1 micrite -0.3 —5.1 0.612 28 734 3606
S2-6 29.0  Sulky (1) 1 microspar 0.9 -5.9 0.593 27 875 8813
S2-56.5-1 36.5 Sulky () 2 microbial precipitate 1.5 —4.9 0.605 43 426 2766
S2-7 47.5  Sulky (1) 1 micrite 1.6 -55 0.615 39 1023 8291
S2-53 53.0  Sulky (m) 1 microbial micrite 1.6 -3.0 0.628 92 509 3939
S2-56.5-2 56.6  Sulky (m) 3 void fill 0.8 -89 0.583 20 1763 8858
ISM 56.8  Sulky (m) 1 micrite 1.4 -25
ISM 56.8  Sulky (m) 1 micrite 1.4 -2.5 0.572 51 467 3125
LM 56.8  Sulky (m) 1 micrite 1.5 -2.8
LM 56.8  Sulky (m) 1 micrite 1.4 —-2.8 0.575 48 268 2177
ST 56.8  Sulky (m) 1 microbial microspar 1.2 -33 0.574 46 285 1904
ST 56.8  Sulky (m) 1 microbial microspar 1.2 -33
S2-57 57.0  Sulky (m) 2 microbial precipitate 1.3 -3.7 0.601 55 265 1669
S2-67.5 67.5  Sulky (m) 2 microbial precipitate 1.5 -39 0.610 43 343 2070
S2-83 83.0  Sulky (m) 2 microbial precipitate 1.5 —4.2 0.599 34 411 1896
S2-95 95.0  Sulky (m) 2 microbial precipitate 1.5 -39 0.592 30 311 1487
SL2-1 134.0  Greenhorn (1) 1 micrite 1.7 =51 0.593 30 252 1194
SL2-5-1 138.0  Greenhorn (1) 1 micrite 1.7 —4.6 0.583 42 308 1335
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Height Sr Mn Fe
Sample (m) Formation Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
SL2-5-1 138.0  Greenhorn (1) 1 micrite 0.584 42 302 1301
SL2-5-2 138.0  Greenhorn (1) 3 void fill 0.599 16 113 6173
SL2-9-1 142.0  Greenhorn (1) 1 micrite intraclast 0.607 42 319 1501
SL2-9-2 142.0  Greenhorn (1) 1 micrite 0.621 38 530 2924
SL2-21 154.0  Greenhorn (1) 2 synsedimentary precipitate 0.563 22 357 1714
SL2-23-1 156.0  Greenhorn (1) 3 intergranular cement
SL2-23-2 156.0  Greenhorn (1) 3 intergranular cement
SL2-23 156.0  Greenhorn (1) 1 micrite intraclast 0.600 26 427 1760
SL2-34-1 167.0  Greenhorn (1) 1 microspar 0.633 24 287 1102
SL2-34-2 167.0  Greenhorn (1) 3 void fill 0.571 23 938 3189
SL2-52-1 185.0  Greenhorn (u) 3 intergranular cement
SL2-52-2 185.0  Greenhorn (u) 3 intergranular cement
SL2-52-3 185.0  Greenhorn (u) 3 intergranular cement
SL2-52-4 185.0  Greenhorn (u) 3 intergranular cement
SL2-52 185.0  Greenhorn (u) 1 micrite intraclast 0.619 22 316 1464
SL2-62 195.0  Greenhorn (u) 2 synsedimentary precipitate 0.630 33 249 1362
SL2-71 204.0  Greenhorn (u) 2 synsedimentary precipitate 0.599 30 303 1478
SL2-71 204.0  Greenhorn (u) 2 synsedimentary precipitate 0.598 30 306 1496
SL2-84 217.0  Greenhorn (u) 2 synsedimentary precipitate 0.607 29 325 1690
SL2-94-1 227.0  Greenhorn (u) 2 synsedimentary precipitate 0.599 47 270 1148
SL2-94-2 227.0  Greenhorn (u) 1 microspar 0.610 30 319 1799
SL2-102-1 235.0  Greenhorn (u) 1 micrite 0.598 24 499 1778
SL2-102b-1 235.0  Greenhorn (u) 1 micrite
SL2-102b-2  235.0  Greenhorn (u) 1 micrite
SL2-102-2 235.0  Greenhorn (u) 3 microbreccia 0.602 30 291 1491
SL2-110 243.0  Greenhorn (u) 1 microspar 0.562 31 359 1817
SL2-110 243.0  Greenhorn (u) 1 microspar 0.559 31 350 1811
SL2-120 253.0  Greenhorn (u) 1 microbial micrite 0.554 67 1186 6663
SL2-124.5 257.5  Greenhorn (u) 1 micrite 1.1 0.581 55 873 5922
SL2-125-1 258.0  Greenhorn (u) 1 microbial micrite 1.5 0.589 55 835 6494
SL2-125b-1 258.0  Greenhorn (u) 1 micrite 1.7
SL2-125b-2  258.0  Greenhorn (u) 1 microbial micrite 1.5
SL2-125b-3 258.0  Greenhorn (u) 1 microbial micrite 1.5
SL2-125-2  258.0  Greenhorn (u) 1 microspar —-1.2 0.605 62 537 5123
SL2-128 261.0  Greenhorn (u) 1 microspar 1.1 0.566 61 612 4763
SL2-135 268.0  Greenhorn (u) 2 ooid 1.4
SL2-137 270.0  Greenhorn (u) 1 microbial microspar 1.2 0.579 55 353 2165
SL2-137 270.0  Greenhorn (u) 1 microbial microspar 1.2 0.579 55 358 2240
SL2-138 271.0  Greenhorn (u) 1 micrite 1.0
SL2-138 271.0  Greenhorn (u) 1 micrite 1.1
SL2-138 271.0  Greenhorn (u) 1 micrite intraclast 0.4
SL2-138 271.0  Greenhorn (u) 1 microspar 0.7
SL2-141 273.0  Greenhorn (u) 1 micrite 1.0
SL2-141 273.0  Greenhorn (u) 1 micrite 1.1
SL2-142 274.0  Greenhorn (u) 1 micrite 0.9
SL2-143 275.0  Greenhorn (u) 3 intergranular cement 0.6
SL2-144.5 276.5  Greenhorn (u) 1 micrite intraclast
SL2-146 278.0  Greenhorn (u) 1 micrite
SL2-147.6 280.6  Greenhorn (u) 1 microbial microspar
SL2-150.7 282.7  Greenhorn (u) 1 micrite
SL2-151.8 283.8  Greenhorn (u) 1 micrite
SL2-151.8 283.8  Greenhorn (u) 2 ooid
SL2-153 286.0  Greenhorn (u) 1 microspar 0.606 310 356 2372
SL2-156.5 288.5  Greenhorn (u) 1 microspar
SL2-156.5 288.5  Greenhorn (u) 1 microspar
SL2-156.5 288.5  Greenhorn (u) 1 microspar
SL2-158 290.0  Greenhorn (u) 1 micrite
SL2-158 290.0  Greenhorn (u) 1 microbial micrite
SL2-158 290.0  Greenhorn (u) 1 microspar
SL2-158 290.0  Greenhorn (u) 1 microspar
SL2-157.5-1 290.5  Greenhorn (u) 1 microbial microspar 0.591 151 223 2116
SL2-157.5-2 290.5  Greenhorn (u) 1 microspar 0.583 80 194 2240
SL2-172 305.0  Greenhorn (u) 1 microspar 0.607 32 327 1850
SL2-176.5 308.5  Greenhorn (u) 3 intergranular cement
SL2-176.5 308.5  Greenhorn (u) 3 intergranular cement
SL2-178.9 310.9  Greenhorn (u) 3 intergranular cement
SL2-178 311.0  Greenhorn (u) 1 micrite 0.563 72 120 942
SL2-178 311.0  Greenhorn (u) 1 micrite 0.566 72 122 937
Measured Section 3 (SLW)
SLW-3 3.0  Sulky (m) micrite 0.572 23 702 7362
SLW-13 13.0  Sulky (m) microspar 0.570 22 354 4874
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Height sBC 8180 Sr Mn Fe

Sample (m) Formation  Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
SLW-20 20.0  Sulky (m) 1 microspar 1.4 —-4.9 0.584 20 586 6633
SLW-20 20.0  Sulky (m) 1 microspar 1.4 —49 0.586 20 589 6569
SLW-28 28.0  Sulky (m) 1 micrite 1.1 —4.8 0.578 24 549 4063
SLW-36 36.0  Sulky (m) 1 micrite 1.4 -32 0.564 54 883 4381
SLW-37-1 37.0  Sulky (m) 1 microspar 1.4 —42 0.564 30 226 1443
SLW-37-2 37.0  Sulky (m) 1 micrite 1.4 -3.1 0.561 36 169 1045
SLW-42 42.0  Sulky (m) 1 microspar 1.2 -39 0.563 41 376 3034
SLW-53-1 53.0  Sulky (m) 2 microbial precipitate 1.3 -39 0.530 37 419 2727
SLW-53-2 53.0  Sulky (m) 2 microbial precipitate 1.1 -3.8 0.518 38 379 1652
SLW-53-3 53.0  Sulky (m) 3 fenestral cement 0.9 —-74 0.507 19 653 3781
SLW-60 60.0  Sulky (m) 1 microbial microspar 1.9 -3.8 0.579 38 354 2385
SLW-74 74.0  Sulky (m) 1 microspar 1.0 -5.9 0.583 41 323 2153
SLW-82 82.0  Sulky (u) 2 synsedimentary precipitate 1.6 -5.7 0.566 29 351 1657
SLW-82-1 82.0  Sulky (u) 3 void fill 1.7 -7.0

SLW-82-2 82.0  Sulky (u) 3 intergranular cement 1.8 —4.6

SLW-82-3 82.0  Sulky (u) 3 intergranular cement 0.8 -7.2

SLW-82-4 82.0  Sulky (u) 2 pisoid cortex 1.7 -5.0

SLW-82-5 82.0  Sulky (u) 2 pisoid cortex 1.9 —4.8

SLW-82-6 82.0  Sulky (u) 2 pisoid cortex 1.7 -5.5

SLW-90a 90.0  Sulky (u) 1 microbial microspar 1.9 5.2 0.572 34 376 2059
SLW-90b-1 90.0  Sulky (u) 3 void fill 1.4 —12.8

SLW-90b-2 90.0  Sulky (u) 3 void fill 1.6 —10.5

SLW-90b-3 90.0  Sulky (u) 3 void fill 22 —5.7

SLW-90b-4 90.0  Sulky (u) 2 pisoid cortex 2.0 —4.8

SLW-99-1 99.0  Sulky (u) 3 intergranular cement 1.4 —10.1

SLW-99-2 99.0  Sulky (u) 3 intergranular cement 1.8 —4.1

SLW-99-3 99.0  Sulky (u) 3 intergranular cement 1.9 -39

SLW-99-4 99.0  Sulky (u) 2 pisoid cortex 1.8 —4.4

SLW-116-1 116.0  Greenhorn (1) 2 synsedimentary precipitate —-1.7 —6.4 0.526 29 657 3694
SLW-116-2 116.0  Greenhorn (1) 3 fenestral cement -3.5 -9.7 0.599 25 643 3464
SLW-130 130.0  Greenhorn (1) 1 microspar —-1.0 -59 0.613 25 345 1670
SLW-137-1 137.0  Greenhorn (u) 1 microspar —-0.8 54 0.617 26 278 1276
SLW-137-2 137.0  Greenhorn (u) 3 fenestral cement —-0.8 —6.9

SLW-153 153.0  Greenhorn (u) 2 synsedimentary precipitate —-04 —-52 0.576 30 273 1550
SLW-162 162.0  Greenhorn (u) 1 micrite 0.2 —5.8 0.574 25 647 2938
SLW-162 162.0  Greenhorn (u) 1 micrite 0.2 —5.8 0.569 26 648 3007
SLW-181 181.0  Greenhorn (u) 2 synsedimentary precipitate —0.1 -7.0 0.582 27 299 1588
SLW-181-1 181.0  Greenhorn (u) 3 intergranular cement 0.3 -53

SLW-181-2 181.0  Greenhorn (u) 1 microspar 0.3 54

SLW-190 190.0  Greenhorn (u) 3 bulk rock 0.5 -5.0 0.572 35 251 860
SLW-190 190.0  Greenhorn (u) 3 bulk rock 0.5 -5.0 0.572 34 258 879
SLW-201 201.0  Greenhorn (u) 1 micrite 0.5 —54 0.580 260 396 1863
SL3U-1 226.0  Greenhorn (u) 1 microbial microspar 0.5 —5.1 0.570 34 321 1419
SL3U-10 235.0  Greenhorn (u) 1 microspar 0.7 —6.1 0.552 26 311 1854
SL3U-23 248.0  Greenhorn (u) 1 microspar 0.4 —-53 0.583 29 325 1643
SL3U-36.5-1 261.5  Greenhorn (u) 1 micrite 1.3 —6.2

SL3U-36.5-1 261.5  Greenhorn (u) 1 micrite 1.5 —6.6

SL3U-36.5-1 261.5  Greenhorn (u) 1 micrite 1.2 =7.7

SL3U-38.5 263.5  Greenhorn (u) 1 microbial microspar 0.6 -7.8 0.569 52 433 6329
SL3U-42.5-1 267.5  Greenhorn (u) 1 micrite -0.3 —6.3 0.558 59 238 996
SL3U-42.5-2 267.5  Greenhorn (u) 3 intergranular cement —0.1 —10.4 0.574 1241 1113 5408
SL3U-52b 277.0  Greenhorn (u) 1 micrite 0.9 —-8.3 0.563 44 773 3607
SL3U-52a 277.0  Greenhorn (u) 2 ooid 0.9 -84 0.567 45 792 3974
SL3U-52a-1 277.0  Greenhorn (u) 2 ooid 1.3 —8.5

SL3U-52a-2 277.0  Greenhorn (u) 2 ooid 1.0 -7.6

SL3U-52b-1 277.0  Greenhorn (u) 3 intergranular cement 1.1 -7.7

SL3U-52b-2 277.0  Greenhorn (u) 3 intergranular cement 0.6 —10.7

SL3U-52b-3 277.0  Greenhorn (u) 3 intergranular cement 1.1 -7.0

SL3U-52b-4 277.0  Greenhorn (u) 3 intergranular cement 1.2 -7.8

SL3U-59b-1 284.0  Greenhorn (u) 3 intergranular cement 0.8 —10.0

SL3U-59b-2 284.0  Greenhorn (u) 3 intergranular cement 1.0 —6.8

SL3U-59b-3 284.0  Greenhorn (u) 3 intergranular cement 0.7 -84

SL3U-59a 284.0  Greenhorn (u) 3 microbreccia 0.9 —-74 0.567 54 367 2834
SL3U-79.5 304.5  Greenhorn (u) 1 micrite 0.8 —4.4

SL3U-79.5 304.5  Greenhorn (u) 1 micrite 0.8 —4.4

SL3U-79.5 304.5  Greenhorn (u) 2 synsedimentary precipitate 0.4 —-94

SL3U-79.5 304.5  Greenhorn (u) 3 fenestral cement 0.4 -94

SL3U-81 306.0  Greenhorn (u) 1 micrite 0.0 —-3.8

SL3U-81 306.0  Greenhorn (u) 1 micrite 0.0 -38

SL3U-84 309.0  Greenhorn (u) 1 micrite 0.1 -3.7

SL3U-84 309.0  Greenhorn (u) 1 micrite 0.1 -3.7
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Height sBC 8180 Sr Mn Fe
Sample (m) Formation Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
SL3U-84.5 309.5  Greenhorn (u) 1 micrite —-0.2 —-5.6
SL3U-84.5 309.5  Greenhorn (u) 1 micrite —-1.3 -7.7
SL3U-84.5 309.5  Greenhorn (u) 1 micrite —1.3 -7.7
SL3U-84.5 309.5  Greenhorn (u) 1 micrite —0.2 —5.6
SL3U-86.6 311.6  Greenhorn (u) 1 micrite —-1.2 —-8.0
SL3U-86.6 311.6  Greenhorn (u) 1 micrite —1.2 —8.0
SL3U-86.6 311.6  Greenhorn (u) 1 microspar -0.5 -7.1
SL3U-86.6 311.6  Greenhorn (u) 1 microspar -0.5 —7.1
SL3U-87 312.0  Greenhorn (u) 1 micrite 0.4 —4.1
SL3U-87 312.0  Greenhorn (u) 1 micrite 1.2 —1.8
SL3U-87 312.0  Greenhorn (u) 3 bulk rock 0.4 —4.1
SL3U-87 312.0  Greenhorn (u) 3 bulk rock 1.2 —1.8
SL3U-87.9 312.9  Greenhorn (u) 3 bulk rock —-2.8 —14.9
SL3U-87.9 3129  Greenhorn (u) 3 bulk rock —-2.7 —15.4
SL3U-87.9 312.9  Greenhorn (u) 3 bulk rock 2.7 —154
SL3U-87.9 312.9  Greenhorn (u) 3 bulk rock —-2.8 —14.9
SL3U-88.3 313.3  Greenhorn (u) 3 basalt vesicle fill —1.9 —9.1

Table 2. Dismal Lakes Group isotopic and elemental compositions, Dismal Lake (Measured Sections 4 and 5)

Height sBC 880 Sr Mn Fe

Sample (m) Formation  Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
Measured Section 4 (DL1)

DL1-3 3.0 KendallR. 2 ooid 0.5 —6.1 0.547 24 808 4370
DL1-5.2-1 52  Kendall R. 1 micrite 0.7 —53 0.594 18 470 2894
DL1-5.2-2 52  Kendall R. 3 void fill 0.2 —12.7 0.512 44 4708 42669
DL1-5.2b-1 52  Kendall R. 2 ooid 0.8 —5.0

DL1-5.2b-2 52 Kendall R. 2 ooid 0.8 -5.1

DL1-5.2b-3 52  Kendall R. 2 ooid 0.9 -5.0

DL1-7-2 7.0  Kendall R. 3 fracture fill —-1.0 -9.6

DL1-7-1 7.0  Kendall R. 1 micrite 0.4 —6.1 0.591 19 653 4016
DL1-9-2 9.0  Kendall R. 1 micrite 0.6 —5.2 0.578 29 428 2020
DL1-9-3 9.0  Kendall R. 1 microspar 0.6 —4.9 0.581 30 374 1558
DL1-9-1 9.0 Kendall R. 2 synsedimentary precipitate 0.7 54 0.581 26 592 3185
DL1-21 21.0  Kendall R. 3 microbreccia 0.3 —4.0 0.561 33 551 1754
DL1-31 31.0  Kendall R. 1 microspar —-0.4 —4.7 0.571 27 676 4663
DL1-42 42.0  Sulky (1) 1 micrite 1.2 —4.1 0.597 37 658 9058
DL1-43.5 435  Sulky (1) 1 micrite 0.2 —6.7 0.563 26 623 7290
DL1-48 48.0  Sulky (1) 1 micrite 0.8 —5.8 0.532 29 928 4641
DL1-48 48.0  Sulky (1) 1 micrite 0.8 —5.8 0.556 22 929 4696
DL1-48 48.0  Sulky (1) 1 micrite 0.8 —5.8 0.563 26 932 4735
DL1-59 59.0  Sulky (1) 1 micrite 1.5 —4.2 0.581 23 842 4423
DL1-67 67.0  Sulky (1) 1 micrite 1.6 2.4 0.584 34 790 3147
DL1-76 76.0  Sulky (1) 1 micrite 1.3 —6.0 0.565 30 998 4583
DL1-76 76.0  Sulky (1) 1 micrite 1.3 —6.0 0.567 30 993 4620
DL1-88 88.0  Sulky (m) 2 microbial precipitate 1.7 —-53 0.555 35 533 3449
DL1-88 88.0  Sulky (m) 2 microbial precipitate 1.7 —53 0.550 36 537 3493
DL1-159 159.0  Sulky (m) 1 micrite 2.0 —6.3 0.570 38 592 1985
DL1-168 168.0  Sulky (u) 1 microspar 2.1 —6.1 0.559 34 404 2188
DL1-186 186.0  Sulky (u) 3 bulk rock 23 —6.6 0.585 40 312 2357
DL1-186 186.0  Sulky (u) 3 bulk rock 2.3 —6.6 0.554 33 399 2139
DL1-201 201.0  Sulky (u) 1 microspar 2.1 —6.2 0.566 35 378 1867
DL1-214-1 214.0  Sulky (u) 1 microbial microspar 2.1 —5.5 0.590 26 213 1066
DL1-214-2 214.0  Sulky (u) 1 microspar 22 —4.7 0.570 33 154 896
DL1-214-2 214.0  Sulky (u) 1 microspar 22 —4.7 0.559 34 153 887
DL1-222 222.0  Sulky (u) 1 microspar 1.5 —6.3 0.576 29 412 1863
DL1-231 231.0  Sulky () 1 microspar 1.7 —4.1 0.562 44 285 1408
DL1-240 240.0  Sulky (u) 1 microspar 2.0 —6.1 0.579 23 368 1707
DL1-263-1 263.0  Greenhorn (1) 2 synsedimentary precipitate —-0.7 —-54 0.534 29 237 1013
DL1-263-1 263.0  Greenhorn (1) 2 synsedimentary precipitate —-0.7 —5.4 0.566 32 242 1068
DL1-263-2 263.0  Greenhorn (1) 1 microspar -0.7 -5.1 0.543 38 280 791
DL1-278 278.0  Greenhorn (1) 3 microbreccia —-0.3 -5.5 0.581 41 255 888
DL1-286-1 286.0  Greenhorn (1) 1 microspar 0.2 —54 0.585 35 277 1053
DL1-286-2 286.0  Greenhorn (1) 3 fracture fill —-1.2 —8.4 0.588 43 6516 5864
DL1-298 298.0  Greenhorn (1) 1 micrite 0.4 —6.1 0.587 31 375 1664
DL1-306-1 306.0  Greenhorn (1) 3 microbreccia 0.6 —-53 0.567 39 314 1173
DL1-306-2 306.0  Greenhorn (1) 3 void fill 0.2 —11.6

DL1-315 315.0  Greenhorn (1) 2 synsedimentary precipitate 0.9 -59 0.593 37 342 1222
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Table 2 (Cont.)

Height sBC 880 Sr Mn Fe
Sample (m) Formation ~ Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
DL1-318-1 318.0  Greenhorn (1) 1 microspar 1.0 —6.3 0.551 41 374 1713
DL1-318-2 318.0  Greenhorn (1) 2 synsedimentary cement 1.0 52 0.620 46 268 798
DL1-324-2 324.0  Greenhorn (1) 3 fracture fill 0.7 —13.8
DL1-324-1 324.0  Greenhorn (1) 2 microlaminated precipitates 1.1 —-5.5 0.595 38 441 1248
DL1-324-1 324.0  Greenhorn (1) 2 microlaminated precipitates 1.1 -5.5 0.589 31 436 1216
DL1-324-1 324.0  Greenhorn (1) 2 microlaminated precipitates 1.1 —5.5 0.588 32 425 1207
DL1-332 332.0  Greenhorn (1) 1 microspar 1.1 —6.1 0.569 31 323 1669
DL1-341 341.0  Greenhorn (1) 1 microspar 1.0 -59 0.584 39 400 1630
DL1-351-1 351.0  Greenhorn (1) 1 microspar 1.5 —6.6 0.585 34 741 2936
DL1-351-2 351.0  Greenhorn (1) 2 synsedimentary cement 0.8 —6.7 0.565 27 653 2883
DL1-364-1 364.0  Greenhorn (1) 1 micrite 1.7 —5.2 0.588 38 438 2370
DL1-364-2 364.0  Greenhorn (1) 1 microspar 1.7 -5.0 0.578 36 432 2132
DL1-372-1 372.0  Greenhorn (1) 1 microspar 1.6 —6.1 0.576 34 397 2053
DL1-372-2 372.0  Greenhorn (u) 2 synsedimentary cement 1.7 —4.8 0.584 37 306 1035
DL1-397-1 397.0  Greenhorn (u) 1 microspar 14 —5.1 0.549 40 497 1961
DL1-397-2 397.0  Greenhorn (u) 2 synsedimentary cement 1.0 —-5.6 0.614 43 464 1435
DL1-397-3 397.0  Greenhorn (u) 2 synsedimentary cement 0.8 —13.4 0.580 37 3335 7680
DL1-3T 460.0  Greenhorn (u) 1 micrite 2.0 —6.7 0.585 56 308 4567
DL1-119T-1  468.9  Greenhorn (u) 1 microbial micrite 1.1 -7.5 0.573 54 226 4600
DL1-119T-2  468.9  Greenhorn (u) 1 microspar 0.8 —8.2 0.570 50 220 3743
DL1-11.9T-A1 468.9  Greenhorn (u) 1 micrite intraclast 0.9 —6.9 0.576 88 233 4773
DLI-11.9T-A2 468.9  Greenhorn (u) 3 intergranular cement 0.9 —6.8 0.584 158 228 4989
DLI-11.9T-A3 468.9  Greenhorn (u) 2 microbreccia 0.7 -7.7 0.598 488 241 5716
DL1-11.9T-C1 468.9  Greenhorn (u) 1 microbial micrite 1.0 —8.0 0.574 111 236 5549
DLI-11.9T-C2 468.9  Greenhorn (u) 1 microspar 1.1 —8.1 0.581 75 221 4066
DLI-11.9T-C3 468.9  Greenhorn (u) 3 void fill 0.5 -99 0.625 9376 286 8629
DL1-17.9T-1 4749  Greenhorn (u) 2 ooid 0.4 —11.5 0.583 65 244 5775
DL1-179T-2 4749  Greenhorn (u) 1 micrite 0.4 -7.0 0.580 81 281 7154
DL1-179T-3 4749  Greenhorn (u) 1 micrite 0.6 —7.1 0.579 72 241 6450
DL1-17.9T-4 4749  Greenhorn (u) 3 microbreccia 0.6 —7.1 0.573 400 228 3458
DL1-179T-5 4749  Greenhorn (u) 3 intergranular cement 0.6 —7.1 0.586 9482 288 8702
DL1-23.7T 480.7  Greenhorn (u) 1 micrite 1.6 —6.3 0.539 55 158 2137
DL1-28T-2 485.0  Greenhorn (u) 3 intergranular cement 1.1 —6.3
DL1-28T-3 485.0  Greenhorn (u) 3 bulk rock 1.3 —6.4
DL1-28T-4 485.0  Greenhorn (u) 1 micrite 14 —6.2
DL1-28T 485.0  Greenhorn (u) 2 ooid 0.7 —8.0 0.542 86 286 2847
DL1-28T-1 485.0  Greenhorn (u) 2 ooid 0.9 =7.7
DL1-28.8 485.8  Greenhorn (u) 2 ooid 1.5 —6.7 0.556 63 172 2662
DL1-28.8-1 485.8  Greenhorn (u) 2 ooid 14 -7.0
DL1-33.7T 490.7  Greenhorn (u) 1 micrite 1.5 -7.5 0.571 70 155 1983
DL1-35.2T 4922  Greenhorn (u) 2 synsedimentary precipitate 1.2 -7.6 0.531 53 168 1933
DL1-38T-1 495.0  Greenhorn (u) 1 micrite 2.0 —6.2 0.565 56 202 2382
DL1-38T-1 495.0  Greenhorn (u) 1 micrite 2.0 —6.2 0.566 61 198 2433
DL1-38T-2 495.0  Greenhorn (u) 3 microbreccia 1.7 —6.5 0.568 58 169 2743
DL1-39.9T 496.9  Greenhorn (u) 2 synsedimentary precipitate 1.7 —6.4 0.583 53 168 2037
DL1-42.5T 499.5  Greenhorn (u) 1 micrite 1.3 —6.1 0.565 50 190 1552
DL1-43T-1 500.0  Greenhorn (u) 1 micrite intraclast 0.4 -7.5
DL1-43T-1 500.0  Greenhorn (u) 1 micrite intraclast 1.2 -5.0
DL1-43T-1 500.0  Greenhorn (u) 1 microspar 1.0 —6.1
DL1-47.9T 504.9  Greenhorn (u) 1 micrite 1.8 —6.8 0.536 43 483 2432
DL1-47.9T 504.9  Greenhorn (u) 1 micrite 1.8 —6.8 0.519 44 505 2522
DL1-50.5T 507.5  Greenhorn (u) 1 microspar 1.6 -73 0.590 41 493 2550
DL1-52T 509.0  Greenhorn (u) 1 microspar 1.4 -7.9
DL1-54.2T 511.2  Greenhorn (u) 1 microspar 0.6 =75 0.589 39 1201 3626
Measured Section 5 (DL2)
DL2-1 1.0 Kendall R. 3 microbreccia 0.7 —-5.4 0.558 23 367 1989
DL2-2 2.0 Kendall R. 2 ooid 0.8 —4.9 0.557 20 304 2043
DL2-10-1 10.0  Kendall R. 2 ooid 0.9 —6.0
DL2-10-2 10.0  Kendall R. 2 ooid 0. —6.1
DL2-10-3 10.0  Kendall R. 3 intergranular cement 0.8 —6.2
DL2-12-1 12.0  Kendall R. 3 bulk rock 0.8 —4.8
DL2-12-2 12.0  Kendall R. 1 micrite 0.8 —4.7
DL2-12-3 12.0  Kendall R. 3 intergranular cement 0.8 —4.8
DL2-13-1 13.0  Kendall R. 1 micrite 0.5 —54 0.546 19 439 2527
DL2-13-2 13.0 Kendall R. 2 ooid 0.5 —55 0.567 17 414 3460
DL2-13a-1 13.0 Kendall R. 2 ooid 0.2 —5.6
DL2-13a-2 13.0  Kendall R. 2 ooid 0.6 —4.9
DL2-13a-3 13.0 Kendall R. 2 ooid —0.2 —6.5
DL2-19-1 19.0 Kendall R. 2 microlaminated precpitate 0.8 —4.7 0.623 0 404 1816
DL2-19-2 19.0 Kendall R. 1 microspar 0.7 —43 0.601 28 458 1181
DL2-28 28.0  Kendall R. 3 microbreccia —0.6 —4.5 0.588 22 413 1546
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Height sBC 8180 Sr Mn Fe

Sample (m) Formation  Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
DL2-36 36.0 Kendall R. 1 microspar —0.1 —4.7 0.571 20 478 1808
DL2-43 43.0  Kendall R. 1 microspar —-0.8 —4.5 0.563 23 825 3843
DL2-43 43.0  Kendall R. 1 microspar —0.8 —4.5 0.557 23 824 3814
DL2-64 64.0  Sulky (1) 1 micrite 1.5 —-4.9 0.565 21 719 3601
DL2-95 95.0  Sulky (1) 1 micrite 1.8 —6.6 0.536 34 237 1563
DL2-102 102.0  Sulky (m) 2 synsedimentary precipitate 1.5 —6.8 0.575 33 294 1658
DL2-106 106.0  Sulky (m) 1 microspar 2.5 —6.3 0.566 25 367 2024
DL2-115 115.0  Sulky (m) 1 microspar 22 —6.7 0.595 24 349 1802
DL2-118 118.0  Sulky (m) 1 microspar 24 —6.5 0.579 23 437 2375
DL2-125 125.0  Sulky (m) 1 micrite 22 -7.1 0.565 31 537 3222
DL2-125 125.0  Sulky (m) 1 micrite 22 —7.1 0.562 32 531 3149
DL2-140 140.0  Sulky (m) 1 microspar 22 -7.0 0.576 30 727 3495
DL2-154 154.0  Sulky (m) 1 microspar 2.1 -7.5 0.545 32 707 2917
DL2-154 154.0  Sulky (m) 1 microspar 2.1 =75 0.543 31 716 2920
DL2-163 163.0  Sulky (m) 3 intergranular cement 2.2 53 0.573 30 356 1605
DL2-174 174.0  Sulky (u) 1 microspar 2.1 —-5.7 0.543 27 379 2115
DL2-183 183.0  Sulky (u) 2 synsedimentary precipitate 1.9 -7.0 0.586 33 393 1956
DL2-193-1 193.0  Sulky (u) 2 synsedimentary precipitate 1.6 —-7.2 0.562 36 352 1385
DL2-193-1 193.0  Sulky (u) 2 synsedimentary precipitate 1.6 —-7.2 0.562 36 348 1389
DL2-193-2 193.0  Sulky (u) 3 intergranular cement 1.0 —-8.7 0.580 26 866 5622
DL2-202 202.0  Sulky (u) 1 micrite 2.0 —5.4 0.555 26 376 1529
DL2-213 213.0  Sulky (u) 1 microbial microspar 2.3 —5.0 0.598 20 284 1055
DL2-220-1 220.0  Sulky (u) 1 microbial microspar 1.7 —5.8 0.577 24 431 1343
DL2-220-2 220.0  Sulky (u) 1 micrite 1.8 —4.7 0.582 24 216 773
DL2-220a-1  220.0  Sulky (u) 1 micrite 1.7 —4.7

DL2-220a-2  220.0  Sulky (u) 1 micrite 1.7 —4.8

DL2-231 231.0  Sulky (u) 1 micrite 1.5 -5.0 0.578 22 215 879
DL2-235 2350  Sulky (u) 2 ooid 0.0 —8.1 0.547 20 432 1443
DL2-235-1 235.0  Sulky (u) 2 ooid 1.7 —4.4

DL2-235-2 235.0  Sulky (u) 2 ooid 1.3 —52

DL2-242 242.0  Sulky (u) 3 microbreccia 2.0 —4.8 0.544 62 255 1265
DL2-253-1 253.0  Greenhorn (1) 1 micrite —1.1 —54

DL2-253-2 253.0  Greenhorn (1) 1 micrite —1.2 52

DL2-270 270.0  Greenhorn (1) 1 microbial microspar -0.9 -5.5 0.579 30 421 1715
DL2-281-1 281.0  Greenhorn (1) 1 micrite —1.6 —5.4 0.561 31 447 1352
DL2-281-2 281.0  Greenhorn (1) 3 fracture fill —0.6 —12.0 0.571 32 5249 12902
DL2-291 291.0  Greenhorn (1) 2 synsedimentary precipitate —-1.2 —5.2 0.587 26 428 1261
DL2-302 302.0  Greenhorn (1) 2 synsedimentary precipitate —-0.9 —5.8 0.580 28 294 1247
DL2-312-1 312.0  Greenhorn (1) 1 micrite —-0.3 5.2 0.560 26 292 1130
DL2-312-1 312.0  Greenhorn (1) 1 micrite —-0.3 —5.2 0.561 25 293 1121
DL2-312-2 312.0  Greenhorn (1) 2 synsedimentary precipitate —1.1 —6.9 0.556 26 390 1623
DL2-312b-1  312.0  Greenhorn (1) 3 intergranular cement —-0.3 —-9.7

DL2-312b-2  312.0  Greenhorn (1) 3 intergranular cement —0.2 —-9.7

DL2-312b-3  312.0  Greenhorn (1) 3 intergranular cement —-0.3 -9.7

DL2-312b-4  312.0  Greenhorn (1) 1 micrite intraclast —-0.7 -59

DL2-327-1 327.0  Greenhorn (1) 1 microspar 0.3 53 0.581 24 333 1120
DL2-327-2 327.0  Greenhorn (1) 3 fracture fill -1.1 -94 0.523 28 7708 20027
DL2-327-3 327.0  Greenhorn (1) 3 fracture fill —0.6 —11.7 0.593 28 4695 12519
DL2-335-1 335.0  Greenhorn (1) 1 microspar 0.1 -5.5 0.583 23 253 1049
DL2-335-2 335.0  Greenhorn (1) 3 fracture fill —-1.0 —83 0.527 28 9795 17377
DL2-345-1 345.0  Greenhorn (1) 1 micrite 0.1 —54 0.575 37 342 1546
DL2-345-2 345.0  Greenhorn (1) 3 void fill 0.1 —6.3 0.598 31 448 3059
DL2-355-1 355.0  Greenhorn (1) 1 micrite 0.4 —6.0 0.559 27 519 2503
DL2-355-2 355.0  Greenhorn (1) 1 microspar 0.3 —6.0 0.599 30 546 2457
DL2-371-1 371.0  Greenhorn (1) 3 microbreccia 0.6 —6.0 0.575 28 441 1819
DL2-371-1 371.0  Greenhorn (1) 3 microbreccia 0.6 —6.0 0.568 29 444 1834
DL2-371-2 371.0  Greenhorn (1) 3 void fill 0.4 -7.0 0.587 22 424 1740
DL2-371-3 371.0  Greenhorn (1) 3 void fill 0.2 —13.9 0.539 25 9917 8097
DL2-384 384.0  Greenhorn (1) 2 microlaminated precipitate 0.6 —5.8 0.580 34 389 1440
DL2-408 408.0  Greenhorn (1) 1 micrite intraclast 1.4 -5.5 0.578 18 601 2156
DL2-419-1 419.0  Greenhorn (1) 1 microspar L.5 —-5.8 0.569 25 1039 3008
DL2-419-2 419.0  Greenhorn (1) 3 fracture fill 0.9 —-12.2 0.562 27 5306 8649

in Group 3 and, in contrast, lower Mn contents coupled
with higher §'*0 and §"3C values in Groups 1 and 2
is consistent with conclusions drawn on the basis of
isotopic data alone.

In summary, trends in geochemical and isotopic
data suggest that most Dismal Lakes carbonates record

primary marine carbon isotope compositions. Notable
exceptions are late-stage components (that is, ferroan
dolomite cement in deep-water microbialites) and the
uppermost part of the stratigraphic section, adjacent to
the contact with the Coppermine River flood basalts.
Retention of marine §'3C values in these and other
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Table 3. Isotopic and elemental compositions, basinal coniform microbialites (Measured Section 4)
Height sBC 8180 Sr Mn Fe

Sample (m) Formation  Group Phase (%0 VPDB) (%0 VPDB) Mg/Ca (ppm) (ppm) (ppm)
PR-4.5-1 96.2 Sulky (m) 1 microbial microspar 1.6 —6.6 0.601 11 351 2876
PR-4.5-2 96.2 Sulky (m) 2 herringbone cement 1.5 —6.1 0.601 31 350 2220
PR-4.5-3 96.2 Sulky (m) 3 void fill 0.6 —14.9 0.579 29 4756 16148
PR-6-1 97.7 Sulky (m) 1 microbial microspar 1.5 -7.0 0.600 29 532 3494
PR-6-2 97.7 Sulky (m) 2 herringbone cement 1.8 -59 0.606 27 264 1455
PR-6-3 97.7 Sulky (m) 3 void fill —0.6 —12.8 0.575 21 3843 12764
DL1-98-1 98.0 Sulky (m) 1 microbial microspar 1.8 —6.3 0.591 16 362 2873
DL1-98-2 98.0 Sulky (m) 2 herringbone cement 2.0 —6.0 0.608 34 289 1923
DL1-98-3 98.0 Sulky (m) 3 void fill 1.7 —8.6 0.604 20 456 3710
DL1-102-1 102.0 Sulky (m) 1 microbial microspar 1.8 —6.8 0.583 18 375 2754
DL1-102-2 102.0 Sulky (m) 2 herringbone cement 2.0 —53 0.606 35 229 1645
DL1-102-3 102.0 Sulky (m) 3 void fill 1.0 —14.4 0.549 27 3403 10074
DL1-102F-1 102.0 Sulky (m) 1 microbial microspar 1.8 —6.5 0.601 12 325 2145
DLI-102F-2  102.0 Sulky (m) 2 herringbone cement 1.7 —6.3 0.604 30 301 2020
DL1-102F-3  102.0 Sulky (m) 3 void fill 1.5 —14.4 0.582 40 4269 15246
PR-10.5A-1 102.2 Sulky (m) 1 microbial microspar 1.5 -73 0.596 32 423 2958
PR-10.5A-1 102.2 Sulky (m) 1 microbial microspar 1.5 -7.3 0.596 32 423 2958
PR-10.5A-2 102.2 Sulky (m) 2 herringbone cement 1.9 —6.6 0.597 33 246 1712
PR-10.5A-3 102.2 Sulky (m) 3 void fill 1.3 —13.1 0.587 23 2469 9275
PR-10.5B-2 102.2 Sulky (m) 2 herringbone cement 2.0 —6.3 0.606 30 248 1657
PR-10.5B-3 102.2 Sulky (m) 3 void fill 0.0 —12.7 0.582 25 3514 12156
DL1-103-1 103.0 Sulky (m) 1 microbial microspar 1.7 -7.1 0.598 11 258 2658
DL1-103-2 103.0 Sulky (m) 2 herringbone cement 2.0 —11.0 0.595 31 205 1622
DL1-103-2 103.0 Sulky (m) 2 herringbone cement 1.7 —10.8 0.606 34 205 1667
PR-12-1 103.7 Sulky (m) 1 microbial microspar 1.8 -7.3 0.600 28 537 4125
PR-12-2 103.7 Sulky (m) 2 herringbone cement 2.0 —5.8 0.608 32 191 1291
PR-12-3 103.7 Sulky (m) 3 void fill 1.4 —13.7 0.579 32 3145 12693
PR-12-3 104.0 Sulky (m) 3 void fill 1.4 —13.7 0.568 29 3056 12245
PR-19.5-1 111.2 Sulky (m) 1 microbial microspar 1.7 —6.1 0.601 31 349 1832
PR-19.5-2 111.2 Sulky (m) 2 herringbone cement 1.8 —6.3 0.605 30 414 1633
PR-19.5-3 111.2 Sulky (m) 3 void fill 0.6 —11.4 0.581 17 1522 7078
DL1-118-1 118.0 Sulky (m) 1 microbial microspar 1.8 —6.5 0.596 11 538 2496
DLI1-118-2 118.0 Sulky (m) 2 herringbone cement 1.7 —6.2 0.614 31 523 2278
DL1-118-3 118.0 Sulky (m) 3 void fill 1.4 —10.4 0.563 20 1952 4191
DL1-128A-1 128.0 Sulky (m) 1 microbial microspar 2.0 —7.1 0.596 27 397 3376
DLI-128A-1  128.0 Sulky (m) 1 microbial microspar 2.0 -7.1 0.593 12 386 3244
DLI-128A-2  128.0 Sulky (m) 2 herringbone cement 2.1 -5.9 0.597 33 259 1819
DL1-128A-3  128.0 Sulky (m) 3 void fill 0.1 —14.4 0.362 25 3394 9797
DLI1-128B-1  128.0 Sulky (m) 1 microbial microspar 1.8 =57 0.592 16 294 1768
DLI1-128B-2  128.0 Sulky (m) 2 herringbone cement 1.82 —6.34 0.561 29 291 1650
DL1-128B-3  128.0 Sulky (m) 3 void fill 1.7 -9.3 0.604 17 369 3297
DL1-147-1 147.0 Sulky (m) 1 microbial microspar 1.7 —6.3 0.596 14 499 2640
DL1-147-2 147.0 Sulky (m) 2 herringbone cement 1.0 —10.2 0.593 25 309 1490
DL1-147-3 147.0 Sulky (m) 3 void fill 1.4 —123 0.590 21 2323 6571

Precambrian carbonates is favoured by factors that
promote rock-dominated conditions during diagenetic
alteration (low water—rock ratios), widespread synde-
positional lithification and rapid stabilization of marine
carbonate phases by early diagenetic, seawater-driven
dolomitization (Knoll & Swett, 1990; Kaufman et al.
1991; Kah, 2000). Such conditions promote buffering
of the §'3C values of diagenetic fluids to host rock
(primary marine) values, allowing for the retention of
primary isotopic signatures in diagenetically altered
carbonate phases.

4.b. Stratigraphic trends

Although there is considerable overall variation in
813C, examination of data in a stratigraphic context
reveals that most of the variation occurs as systematic,
vertical trends (Fig. 5). Most carbonate strata of the
upper Kendall River Formation (base of Sections 1,

4 and 5) have §"C values of 0-1%c; §°C values
decrease slightly (by 0.5 %o) upward toward the contact
with the overlying Sulky Formation. Values increase
gradually through the lower Sulky Formation, reaching
a maximum (1.5%. in Sections 1-3, and 2%. in
Sections 4 and 5) near the base of the middle Sulky
Formation. The §'*C values then remain relatively
uniform to the base of the chert breccia, which forms
the top of the upper Sulky Formation. Immediately
above the chert breccia, §'3C values drop to ~—2 %o
in Sections 2 and 3 and ~—1%o in Sections 4 and
5, above which they increase monotonically upward
through the Greenhorn Formation toward the base of
the Coppermine River flood basalts, which cap the
sequence. The only exceptions to these trends are either
(1) associated with samples that record interaction
with late-stage diagenetic fluids, namely purple ferroan
dolomites in deep-water cuspate microbialites (~ 95—
150 m, Section 4) and intergranular cements (base of
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Figure 3. Carbon and oxygen isotope compositions from
September Lake Sections 1-3 (top), Dismal Lake Sections 4-5
(middle) and Platy Microbialites at Section 4 (bottom). Symbols
indicate petrographic components belonging to Group 1
(micritic and microsparitic components), Group 2 (synsediment-
ary precipitates) and Group 3 (secondary cements).

upper Sulky member, Section 1) or (2) samples from
strata affected by extrusion of the Coppermine River
flood basalts (tops of Sections 2 and 3).

The smooth and time-correlative nature of the
813C shifts in Dismal Lakes strata is consistent
with changes expected to record secular variation
in marine composition and favours a primary rather
than diagenetic cause for vertical changes in §°C
values (e.g. regional diagenesis of discrete stratigraphic
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intervals). The abrupt drop in §'*C recorded across the
chert breccia that marks a sequence boundary between
the upper Sulky member and the Greenhorn Formation
is interpreted to reflect nondeposition along a regional
unconformity.

4.c. Basin-scale trends

Lateral variations in depositional environment are re-
flected in isotopic data as differences in the magnitude
of §13C along stratigraphic horizons. The §'*C values
recorded in deeper water facies west of the Teshierpi
Fault tend to be 0.5—1.0 %o higher than those recorded
to the east of the fault within shallower water facies of
the same stratigraphic interval (Fig. 5). These isotopic
differences are most pronounced in the Greenhorn
Formation. Higher rates of subsidence to the west
resulted in the development of deeper water environ-
ments and/or less restricted water movement in western
regions. Minor '3C depletions in shallower/more
restricted depositional settings have been observed in
other Proterozoic dolostone successions, even where
regional chemostratigraphic trends are similar. For
example, lower §'3C values are particularly common
in laminated microbialites, where *C depletions on
the order of ~ 1 %0 have been recorded (e.g. Ghazban,
Schwartz & Ford, 1992; Kah et al. 1999a). Petrographic
observations (Kah & Knoll, 1996) suggest that lower
813C values in laminated microbial facies reflect in situ
carbonate precipitation (within cyanobacterial mats)
in the presence of isotopically light carbon released
during the microbial degradation of organic matter. By
contrast, §'°C values of carbonate precipitated directly
from the water column (ooids, sea floor precipitates
and micrite forming in surface waters and settling
to the sea floor) more accurately reflect the isotopic
composition of marine water. Lateral facies variations
in the Greenhorn Formation, marked by an increase
in laminated microbialites from west to east, are
consistent with this interpretation.

4.d. Comparison with older and younger records

Mesoproterozoic marine successions preserve a global
transition in the marine §'*C record from relatively
static '3C values near 0% to values near +3.5 %o
(Kah et al. 1999qa). Although geochronological data
constrain the timing of this isotopic transition to
between ~ 1300 Ma and ~ 1200 Ma (Kah et al. 1999a;
Bartley et al. 2001), the isotopic record between
1300 and 1200 Ma is not well understood. Carbon
isotope compositions from the Allamoore Formation
(1250"5, Ma; Roths, 1993) range between +2 and
+4 %o (Kah & Bartley, 1997), suggesting that carbon
isotope compositions typical of the late Mesoprotero-
zoic had been attained by ~ 1250 Ma. The carbon
isotope record from the Dismal Lakes Group is char-
acterized by 8'°C values that are generally higher and
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Figure 4. §'80 values plotted v. Sr (left) and Mn (right) concentrations for samples from September Lake Sections 1-3 (top), Dismal
Lake Sections 4-5 (middle) and Platy Microbialites at Section 4 (bottom). Symbols indicate petrographic components belonging to
Group 1 (micritic and microsparitic components), Group 2 (synsedimentary precipitates) and Group 3 (secondary cements).

more variable than those typical of strata > 1300 Ma
and, at the same time, lower and less variable than
those typical of records younger than ~ 1250 Ma.
Considered as a whole, chemostratigraphic data and the
minimum age provided from the overlying Coppermine
River Group (~ 1270 Ma) suggest that Dismal Lakes
deposition commenced after 1300 Ma.

As data from the present study resolve the timing
of the carbon isotope shift, it becomes apparent that
as average 8'°C values increase, the lowest §3C
values associated with negative excursions become

increasingly more negative, resulting in an overall
increase in the degree of isotopic variation with
time. Isotopic excursions are relatively rare in late
Palaeoproterozoic and early Mesoproterozoic (prior
to ~ 1300 Ma) records, with minimum values rarely
lower than ~—1.0 %o (cf. Buick, Des Marais & Knoll,
1995; Xiao et al. 1997; Frank, Lyons & Lohmann,
1997; Lindsay & Brasier, 2000). Late Mesoproterozoic
marine carbonate successions, however, commonly
show short-lived excursions to §'3C values of ~ 2 %o
(this study; Fairchild, Marshall & Betrand-Sarfati,
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1990; Knoll, Kaufman & Semikhatov, 1995; Kah et al.
1999q; Bartley et al. 2001). Neoproterozoic records
show short-lived negative excursions to §'*C values
of =2 %0 to —4 %0 (Kaufman & Knoll, 1995; Brasier
et al. 1996; Kennedy, 1996; Kaufmann, Knoll &
Narbonne, 1997; Hoffman, Kaufman & Halverson,
1998) and —6 %0 or lower in the Vendian (Lambert
et al. 1987; Magaritz et al. 1991; Narbonne, Kaufman
& Knoll, 1994; Brasier et al. 1996; Kaufman et al.
1996; Pelechaty, Kaufman & Grotzinger, 1996; Bartley
et al. 1998).

5. Discussion

Variation in marine §'°C reflects changes in the ratio
of organic C (C,y) to inorganic C (C.,s) that is
removed from the oceans through burial of organic
matter and sedimentary carbonate (Holland, 1984).
Long-term excursions to higher marine §*C values
reflect an increase in the removal of isotopically light
organic carbon relative to carbonate carbon, whereas
excursions to lower §'3C values indicate the opposite.
Preferential removal of C,, may be driven by a
number of mechanisms, including increased biological
productivity in surface waters leading to greater C,,
burial, enhanced preservation of organic matter under
anoxic conditions, and/or increased sedimentation rates
associated with tectonic uplift (Demaison & Moore,
1980; Canfield, 1989, 1994). Assuming steady state
conditions, these relationships may be expressed as

f — ((SBCw - 513Ccarb)
org AB

where f;,, represents the organic fraction of the
total carbon burial flux, §!*C,, represents the isotopic
composition of carbon derived from the weathering and
volcanic fluxes, §'3C.,,,;, is the composition of marine
carbonate, and Ajp is the isotopic difference between
the C,, and C,,, removed from the ocean reservoir,
expressed as a negative number (Holland, 1984). The
above equation demonstrates that if Az and §'°C,, are
constant, a change in the removal rate of C,,, from the
ocean system will be recorded in §°C,,; (Kump &
Arthur, 1999).

Using the Mesoproterozoic record as an example,
and specifying that Az =-30%0 (Des Marais, 1997)
and 8'*C,, =—5 %o (composition of the modern weath-
ering flux), the observed isotopic shift in §3C.,.,
from 0 to +3.5%0 could be interpreted to reflect a
59 % increase in f,,,, from 0.17 to 0.28. Des Marais
et al. (1992) showed a similar increase (54 %) through
this interval based on a compilation of data from
Proterozoic sedimentary organic carbon and carbonate
by Strauss et al. (1992). Assuming C,.,, fluxes in
the ocean remained constant through this time, the
observed mid-Mesoproterozoic isotopic shift would
require a > 50 % increase in the burial preservation
of C,. In light of the relationships between marine
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81C and f,,, increases in §'°C,,, are often linked to
high sedimentation rates during periods of mountain
building, which is believed to promote burial preserva-
tion of C,,,4 (e.g. Knoll, Kaufman & Semikhatov, 1986;
Kaufman, Jacobsen & Knoll, 1993; Karhu & Holland,
1996; Des Marais, 1997). The Mesoproterozoic record,
which shows a permanent shift in the marine §°C
baseline, requires that elevated sedimentation rates
were maintained for roughly 450 Ma (~ 1300-850 Ma)
to sustain enhanced organic matter burial preservation.
Difficulties associated with a tectonically driven model
are discussed in Section 5.a.

Relatively short-lived negative excursions in the
global marine §'3C,,,; record are achieved largely
through transient perturbations to the carbon cycle,
such as episodic changes in biological productivity
(Zachos, Arthur & Dean, 1989; Kump, 1991), the
rapid release of isotopically light carbon from gas
hydrate sources (Dickens et al. 1995), sea-level change
and associated variation in reduced carbon storage
on continental shelves, and upwelling of a stratified
ocean with anoxic deep-waters (Knoll et al. 1996). If
related to productivity, excursions of the magnitude
observed (2-3 %0) would require the near cessation of
productivity, similar to conditions associated with the
Cretaceous—Tertiary extinction event (Kump, 1991).
This mechanism seems unlikely when considered in
light of the Mesoproterozoic fossil record (Knoll,
1992). The release of methane from gas hydrate
sources is also an unsatisfactory explanation. Although
relative to today the residence time of methane may
have been significantly longer in the anoxic, SO4-
poor Proterozoic ocean (Pavlov et al. 2003), mass
balance constraints indicate that the system will recover
rapidly from an episodic injection of methane (Dickens,
Castillo & Walker, 1997). As such, isotopic excursions
associated with methane release are extremely abrupt
and therefore difficult to identify in the ancient
geological record, in particular where the sampling
resolution is large (5-10 m for most Proterozoic
records). In the Dismal Lakes Group, the excursions
to lower §'*C values occur near sequence boundaries,
suggesting that the shifts are related to changes in sea
level.

5.a. Invoking a tectonic explanation

The static nature of the early Mesoproterozoic carbon
isotope record has been interpreted to reflect unusual
stability in the carbon cycle controlled by low primary
productivity during an interval of prolonged tectonic
quiescence that resulted in nutrient stability and P-
limitation in the oceans (Buick, Des Marais & Knoll,
1995; Brasier & Lindsay, 1998; Lindsay & Brasier,
2000). Higher §'3C values observed in Neoproterozoic
successions have been attributed to increased biological
productivity and burial preservation of C,, (Des
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Marais et al. 1992; Des Marais, 1994), perhaps
triggered by higher sedimentation rates associated
with the assembly of Gondwana (Knoll ef al. 1986;
Kaufman, Jacobsen & Knoll, 1993). A similar ex-
planation has been invoked by Bartley et al. (2001)
to explain the more recently recognized and relatively
modest mid-Mesoproterozoic baseline shift to higher
813C values (this paper; Kah et al. 1999a). The timing
of the shift (~ 1300 Ma) corresponds closely to a
rise in marine 8’Sr/%Sr ratios (Bartley et al. 2001)
and a peak in arc formation (McLelland, Daly &
McLelland, 1996), interpreted to mark the onset of
Rodinia assembly.

Although attractive, a purely tectonic rationalization
for the Mesoproterozoic carbon record remains unsatis-
factory. P-limitation models, which rely on global tec-
tonic quiescence to account for stasis in the marine §'*C
record prior to ~ 1300 Ma (Buick, Des Marais & Knoll,
1995; Brasier & Lindsay, 1998; Lindsay & Brasier,
2000), are challenged by evidence for tectonic activity
between ~ 1900 and ~ 1300 Ma (Hoffman, 1989;
Karlstrom et al. 2001; Moores, 2002). Furthermore,
evidence for continuously high rates of siliciclastic
deposition between ~ 1300 and 1000 Ma, necessary to
sustain enhanced burial of C,,,, is lacking. Rather, data
from detrital zircons from the Neoproterozoic Shaler
Supergroup and coeval successions (Rainbird, Heaman
& Young, 1992; Khudoley ef al. 2001) suggest that the
most significant siliciclastic deposition occurred after
~ 850 Ma, in association with rapid denudation of the
Grenville orogen.

5.b. Evolutionary developments

Throughout the Proterozoic, complex communities
of benthic prokaryotes, manifest as microbial mats,
dominated carbonate platforms. Their restriction to
shallow marine environments suggests that photo-
synthesis was the primary means of organic matter
production for these benthic communities. Despite
the abundance of photosynthetic prokaryotes, however,
rapid consumption by oxidants (Canfield & Des Marais,
1993) and carbonate dilution likely resulted in very
little burial preservation of C,, in association with
microbialite-dominated carbonates of the Protero-
zoic (Des Marais, 1991). Palaeontological evidence
indicates that the other dominant life forms, the
photosynthetic eukaryotes, occurred in relatively low
abundance and diversity priorto c. 1250 Ma (Summons
& Walter, 1990; Knoll, 1992, 1994), with most forms
inhabiting coastal environments (Javaux, Knoll &
Walter, 2001). Beginning ~ 1300 Ma, however, larger
and more complex acritarchs with organic walls com-
posed of more robust organic material became increas-
ingly abundant (Knoll, 1994; Butterfield, 1997; Xiao
et al. 1997). Through the remainder of the Proterozoic,
modern groups of photosynthetic eukaryotes, including
multicellular red and yellow-green algae (Butterfield,
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Knoll & Swett, 1990; Woods, Knoll & German,
1998; Butterfield, 2000), gradually expanded to inhabit
previously unoccupied marine habitats (Butterfield &
Chandler, 1992).

These patterns of eukaryotic diversification have
been attributed to changes in the availability of
biologically important trace metals (that is, Fe and
Mo), which affected nitrogen fixation and nitrate
assimilation in the Proterozoic ocean (Anbar & Knoll,
2002). The availability of dissolved forms of Fe and
Mo may have been limited by the anoxic, and perhaps
sulphidic, nature of the deep ocean (Canfield, 1998),
which promoted the removal of these elements to
sediments. Anbar & Knoll (2002) suggested that prior
to ~ 1250 Ma, eukaryotic algae preferred coastal and
estuarine sites due to the proximity of these areas
to nutrient and metal sources derived from rivers
and upwelling-related processes on basin margins.
Increased weathering and erosion at ~ 1250 Ma as-
sociated with the onset of the Grenville Orogeny is
suggested to have increased the supply of trace metals
and phosphorus to the oceans (Anbar & Knoll, 2002).
Furthermore, enhanced burial preservation of C,,, with
increased sedimentation rates may have led to a modest
rise in atmospheric Po,. This postulated rise in Po,
may be reflected in the rock record as the oldest,
laterally extensive, bedded marine CaSQO, evaporites
preserved within the ~ 1200 Ma Grenville and Bylot
supergroups (Kah, Lyons & Chesley, 2001). With the
rise in O,, N-limitation may have lessened, stimulating
productivity and facilitating eukaryotic diversification
(Anbar & Knoll, 2002). Although increased erosion
with the onset of the Grenville Orogeny may have
increased sedimentation rates along basin margins and
enhanced burial preservation of C,,,, orogenic effects
alone cannot fully explain the character of the mid-
Mesoproterozoic transition in marine §'*C. Rather, we
suggest that the evolutionary developments, triggered
by increased nutrient and trace metal availability,
played the larger role in shaping the carbon isotope
evolution of the Mesoproterozoic ocean.

Palaeontological data indicate that prior to ~ 1300—
1250 Ma, most carbonate and organic matter ac-
cumulated in shallow marine environments due to
the environmental limitations of eukaryotes and pho-
tosynthetic prokaryotes in benthic microbial mats
(Grotzinger, 1990; Knoll, Fairchild & Swett, 1993;
Kah & Knoll, 1996). Under these conditions, C.4
and C,,, were exhumed simultaneously during sea level
lowstands. Because secular variation in marine §'*C is
driven largely by changes in f,.,, (Kump & Arthur,
1999), this pairing of the two sedimentary carbon
reservoirs limited variation in the marine §"*C value
throughout much of the Palaeoproterozoic and early
Mesoproterozoic.

In the latter half of the Mesoproterozoic, eukaryotes
became more abundant and diversified to inhabit open
ocean sites. Thus, while carbonate sediments continued
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to accumulate principally in shallow marine settings,
sites of organic matter accumulation expanded to
include the deep sea. An anoxic and possibly sulphidic
deep ocean environment that may have persisted well
into the Neoproterozoic (Canfield, 1998) would have
promoted preservation of organic matter in deep-
sea sediments (Canfield, 1994). An increase in f,,
associated with sequestration of C,,, in the deep sea
would have produced an increase in the average §'*C
value of the ocean, recorded in the Mesoproterozoic
record as a shift in the §°C,,, baseline from 0 to
+ 3.5 %o. Intermittent upwelling along basin margins,
however, would mix '3C-depleted deep waters with the
shallow ocean. Subsequent oxidation of this carbon
would cause a decrease in the §°C value of marine
DIC (dissolved inorganic carbon), which would be
reflected in the geological record as a transient decrease
in §'*C,y. In the Dismal Lakes Group, negative carbon
isotope excursions occur in association with sequence
boundaries, suggesting that upwelling during changing
sea level may have played a role in transferring reduced
carbon to the shallow ocean. The effectiveness of
the oxidation process, echoed in the magnitude of nega-
tive isotopic excursions, would have intensified as the
upper ocean and atmosphere became gradually more
oxidizing due to increasing burial preservation of C,.
Despite the relatively high carbonate saturation state
of the Proterozoic ocean (Grotzinger, 1989), which
buffered the carbon isotope composition of marine
DIC, an increasing contribution of isotopically light
Core would have gradually lowered the §'*C value of
> CO; in the deeper waters of the stratified ocean.
Thus, as the deep sea became more depleted in '*C,
and the atmosphere became more oxidizing, upwelling
events would have produced excursions in §'*C,,;, that
became increasingly negative with time. Coupled with
a long-term shift in §"*C.,, due to increases in f,,,
and the crustal inventory of C,,,, these changes would
have yielded a marine system that became isotopically
more variable with time, similar to the temporal trend
observed in Mesoproterozoic—Neoproterozoic records.
Patterns of secular variation typical of the Phanerozoic,
generally marked by less extreme variation in §'3C.,,,
would have been reached only as the ocean became less
stratified, dissolved O, levels increased and processes
of in situ organic matter oxidation in the deep sea
became more efficient.

6. Conclusions

With the increased availability of well-constrained
carbon isotope data, a clearer picture is emerging
of the complex interactions among biogeochemical
processes that shaped the interval leading up to the
Neoproterozoic. We propose that increased storage of
Corg In anoxic marine sites after ~ 1250 Ma led to
the release of O, to Earth’s surface environments. As
oxygen levels in the atmosphere and shallow ocean
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increased, trace metals brought to the shallow ocean
via rivers and upwelling were oxidized, easing nutrient
restrictions that had previously limited eukaryotic algae
to coastal and estuarine sites (Anbar & Knoll, 2002).
Carbon isotope records suggest that these changes
developed into a self-perpetuating system, wherein
increasing C,,, production and accumulation in the
deep sea drove a steady, but gradual increase in
83Ceqp. At the same time, as the deep sea became
increasingly depleted in '3C and the atmosphere more
oxidizing, reduced carbon brought to the surface ocean
via upwelling produced excursions in §'3C,,, that
became progressively more negative. Coupled with the
long-term increase in §'3C,,,;, these changes resulted
in a marine system that evolved to become isotopically
more variable.

The hypothesis presented herein provides an ex-
planation for carbon isotope patterns observed in
Mesoproterozoic strata and is consistent with emerging
models based on independent criteria (e.g. Anbar
& Knoll, 2002). However, current understanding of
how evolutionary changes, orogenic events and redox
transitions combined to shape the Mesoproterozoic
Earth remains somewhat unrefined due to limitations
in available data. In particular, the lack of a robust
chronostratigraphy for this critical interval makes it
difficult to compare geographically distributed records
and, as such, reduces the capacity of researchers to
develop a clear global picture. Although significant
progress is being made through the generation of
83C.qpp records (this study; Kah et al. 1999a; Bartley
et al. 2001) and emerging §**S records (Kah, Lyons
& Chesley, 2001), the development of a robust
Sr isotope stratigraphy for the Mesoproterozoic is
necessary to provide further insight into relationships
between global tectonic events, continental weathering
and biological diversification and the effects of these
relationships on the evolution of the Mesoproterozoic
environment.
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