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INTRODUCTION

ABSTRACT

Secular variations in stable carbon-isotope values of marine carbonates are
used widely to correlate successions that lack high-resolution index fossils.
Various environmental processes, however, commonly may affect and alter
the primary marine carbon-isotope signal in shallow epicratonic basins. This
study focuses on the marine carbon-isotope record from the carbonate—evapo-
rite succession of the upper Katian (Upper Ordovician) Red River Formation of
the shallow epicratonic Williston Basin, USA. It documents the carbon-isotope
signal between the two major Ordovician positive shifts in §'°C, the early
Katian Guttenberg and the Hirnantian excursions. Eight §'°C stages are identi-
fied based on positive excursions, shifts from positive to negative values and
relatively uniform 8'°Cg,y, values. A correlation between carbon-isotope trends
and the relative sea-level changes based on gross facies stacking patterns
shows no clear relation. Based on the available biostratigraphy and §'°C
trends, the studied Williston Basin curves are tied to the isotope curves from
the North American Midcontinent, Québec (Anticosti Island) and Estonia,
which confirm the Late Katian age (Aphelognathus divergens Conodont Zone)
of the upper Red River Formation. The differences in the §'°C overall trend
and absolute values, coupled with the petrographic and cathodoluminescence
evidence, suggest that the carbon-isotope record has been affected by the syn-
depositional environmental processes in the shallow and periodically isolated
Williston Basin, and stabilized by later burial diagenesis under reducing
conditions and the presence of isotopically more negative fluids.

Keywords §'°C chemostratigraphy, carbonate diagenesis, Ordovician,
sequence stratigraphy, Williston Basin.

2001; Herrmann et al., 2004; Vandenbroucke

The Ordovician has traditionally been consi-
dered to have been dominated by greenhouse
conditions (Fischer, 1982; Frakes et al., 1992)
with warm temperatures, high sea-level, and an
atmospheric pCO, level estimated to be between
eight and 22 times higher than today (Yapp &
Poths, 1992; Berner, 1994; Berner & Kothavala,

et al., 2010). Such a relatively ice-free world of
the Early Ordovician underwent cooling in the
late Middle and early Late Ordovician (Pope &
Read, 1998; Trotter et al., 2008), culminating in
the Hirnantian glaciation episode (Frakes, 1979;
Brenchley et al., 1994, 2003; Qing & Veizer,
1994; Paris et al.,, 1995; Marshall et al.,, 1997;
Finnegan et al., 2011) and mass extinction
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events (Sepkoski, 1995; Sheehan, 2001; Alroy
et al., 2008; Bergstrom et al., 2014). The Hirnan-
tian glaciation was preceded by enhanced
organic carbon burial during the Chatfieldian
that resulted in the Guttenberg excursion, which
was associated with lowered atmospheric pCO,
to levels near the threshold for ice buildup
(Saltzman & Young, 2005). Both of these epi-
sodes are marked by significant positive shifts in
carbon-isotope values (Saltzman & Young, 2005,
and references therein). Interestingly, although
examined in detail in Baltoscandia (e.g. Kaljo
et al., 2008; Ainsaar et al., 2010; Bergstrom
et al., 2010b), relatively little is known in North
America about the §'°C trend in the interval
between these prominent excursions. The only
available 5'°C curves from North America that
partially cover this interval are the Midcontinent
composite curve (Bergstrom et al., 2007, 2010d),
the Anticosti Island curve (Young et al., 2010)
and the Monitor Range composite curve from
central Nevada that was constructed by Saltz-
man & Young (2005) based partly on data from
Kump et al. (1999). To study the carbon-isotope
signal of this interval in more detail, three
continuously cored wells through the Upper
Ordovician Williston Basin shallow-marine
carbonate—evaporite Red River Formation were
used.

The objectives of this study were to: (i) esta-
blish a detailed carbon-isotope stratigraphy for
the Upper Ordovician study interval of the Will-
iston Basin and thus provide a reference curve
for the Late Katian interval between Guttenberg
and the Hirnantian excursions; (ii) assess the
influence of various environmental processes
affecting and potentially altering the primary
marine §'°C signal in a shallow, evaporative
epicratonic basin; as well as (iii) evaluate later
diagenetic processes related to burial diagenesis,
potentially resetting the §'°C signal; and (iv) test
whether the relation between carbon-isotope
trends and sequence stratigraphy in the basin
can be established.

GEOLOGICAL SETTING

The Williston Basin of North Dakota, South
Dakota, Montana, Wyoming and south-central
Canada is a kidney-shaped, Phanerozoic epicra-
tonic depression in the western distal Canadian
Shield (Fig. 1). An approximately 4900 m
(16 000 ft) thick succession of sedimentary rocks
spans the Cambrian through to Quaternary (e.g.

Carlson & Anderson, 1965; Gerhard et al., 1982)
and includes all the classic Sloss’ (1963) uncon-
formity bounded sequences in North America.
The Palaeozoic sequences are mostly carbonates,
which were deposited in dominantly shallow
marine environments (Porter & Fuller, 1959;
Carlson & Anderson, 1965; Gerhard et al., 1982),
occupying equatorial latitudes (Jin et al., 2013)
in a region of high evaporation as inferred from
thick evaporite deposits. Of the several major
epeirogenic structures within the basin, the
Cedar Creek (Clement, 1987) and Nesson anti-
clines (Gerhard et al., 1987; LeFever et al., 1987)
are the best known. Basin subsidence began in
the Chatfieldian (early Katian) with the deposi-
tion of the Winnipeg Group (Oberg, 1966; Sweet,
1982) when the initial depression with seaway
connections to the west was formed (Sandberg,
1964). During its Phanerozoic evolution, the
basin has subsided ca 4900 m (16 000 ft) with-
out undergoing severe orogenic deformation or
significant peripheral tectonic distortion (Ger-
hard et al., 1982).

Lithostratigraphy

The Upper Ordovician Red River Formation is
present throughout the Williston Basin, reaching
a maximum thickness of slightly more than
210 m (700 ft) in the central part of the basin in
Dunn County, North Dakota (Fig. 2). The Red
River Formation sharply overlies a series of
argillaceous layers of predominantly siliciclastic
deposits of the underlying early Katian (Chatfiel-
dian) Winnipeg Group. The upper boundary of
the Red River Formation with overlying carbo-
nates and shales of the Stony Mountain Forma-
tion is also conformable, but sharp (Carroll,
1979; Fig. 2).

The Red River Formation consists primarily of
shallow water limestone and dolomite, the latter
having major oil reservoirs, and traditionally it
has been subdivided into a lower and an upper
unit (Sinclair, 1959; Fuller, 1961; Ballard, 1963;
Carroll, 1979). The lower unit ranges from 120 to
170 m (400 to 550 ft) in thickness and is domi-
nated by fossiliferous, bioturbated and selectively
dolomitized wackestone (Porter & Fuller, 1959;
Carroll, 1979). The upper 40 to 90 m (120 to
270 ft) thick unit is characterized by the presence
of extensive evaporite capping cycles consisting
of the basal fossiliferous limestone and fine-
grained dolomite (Porter & Fuller, 1959; Carroll,
1979). In addition, thin argillaceous beds overly-
ing nodular anhydrite are traceable basinwide on
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Fig. 2. (A) Stratigraphic column of the Tippecanoe sequence in North Dakota. Stratigraphic position of Upper
Ordovician Red River Formation is highlighted (modified from Bluemle et al., 1981; Murphy et al., 2009). (B)
Stratigraphic position of informal units within the studied upper Red River Formation (modified from Kohm &

Louden, 1978; Carroll, 1979).

gamma-ray wireline logs. In the oil industry ter-
minology, there are four porosity zones within
the upper unit, in descending order, the ‘A’, ‘B’,
‘C’ and ‘D’ cycles (Kohm & Louden, 1978; Carroll,
1979). The first three of these comprise subtidal
(burrowed) and intertidal (laminated) facies over-
lain by evaporites (anhydrites; Fig. 2B). The ‘D’
cycle occurs in porous dolomitized lenses in the
lower, burrowed unit, below the ‘C’ cycle (e.g.
Carroll, 1979; Longman et al., 1983; Derby & Kil-
patrick, 1985). Each cycle can be correlated
basinwide using wireline logs.

There are no outcrops of the Red River Forma-
tion in the central Williston Basin but locally
fossiliferous exposures are known along the
basin margins in Wyoming (e.g. Holland & Patz-
kowsky, 2009) and southern Manitoba (e.g. Jin &
Zhan, 2001). The lithostratigraphy of the Upper
Ordovician in the outcrop areas, as well as in
the subsurface of Alberta and Satskatchewan, is
illustrated in Fig. 3. For a more detailed version
of the stratigraphy, see Jin & Zhan (2001).

Biostratigraphy

There is some agreement that the combination
of chemostratigraphy and biostratigraphy, where
feasible, results in a more robust interpretation

of the carbon-isotope curve. This approach is
particularly important in such cases as the pre-
sent one in which carbon-isotope data are avai-
lable from a vertical succession of rather limited
stratigraphic range.

The present study, with focus on a carbon-iso-
tope stratigraphy of the Red River Formation, is
based on samples from 70 to 87 m thick drillcore
intervals just below the basal portion of the Stony
Mountain Formation. The investigated interval,
which represents ca 40% of the total thickness of
the Red River Formation, is likely to be coeval
with the Fort Garry, and possibly part of the Sel-
kirk, members of the Red River Formation of Man-
itoba (Jin, 2000; Jin & Zhan, 2001; Fig. 3). The age
of this succession has not been controversial and
this interval has generally been referred to the
Richmondian (upper Katian) Stage.

Regarding correlations with other well-studied
locations in western North America, the B bur-
rowed member of the Red River Formation has
been correlated with part of the Horseshoe
Mountain Member of the Bighorn Dolomite (Jin
& Zhan, 2001; Boyd, 2007; Rendall & Husinec,
2012), the lower Coronach Member of the Herald
Formation of Saskatchewan and the middle Fort
Garry Member of Manitoba (cf. Elias ef al.,
1988). The latter authors also assigned the C
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Fig. 3. Diagram illustrating global and North American series, formations and members recognized in the Willis-
ton Basin and adjacent areas. Note the prominent unconformity between the top of the Chatfieldian Winnipeg
Group and the base of overlying Richmondian strata that corresponds to at least the entire Edenian and Maysvil-
lian stages. Red River §'°C curve (three-point moving average, core #9800, Williams County) with Cincinnati posi-
tive 8"°C excursions (Bergstrom et al., 2007, 2010c) is on the right side of the figure. Abbreviation: Hir.,

Hirnantian.

laminite, the C anhydrite and the B burrowed
members to the middle-upper Richmondian
Aphelognathus divergens Conodont Zone that
corresponds to the middle part of the Amorpho-
gnathus ordovicicus Conodont Zone.

In summary, because the sampled interval
herein is in the upper half of the Red River For-
mation, it is likely to be coeval with an interval
well above the base of the type Richmondian,
probably above the Waynesville Formation in
the Richmondian type area in the Cincinnati
region. This conclusion is important for the
interpretation of excursions in the §'°C curves.

STUDY METHODS

This study is based on a detailed bed by bed
analysis of three cores through the subsurface
upper Red River Formation along the north-
south transect in western North Dakota (Fig. 1).
This transect includes the Simpson #1 core
located roughly in the centre of the Willison
Basin, as well as the Federal #10-1 and Urlacher
State Unit #1 cores, the sites of which are located
104 km and 243 km, respectively, to the south
from that of Simpson #1 (Appendix Table A1).

The cores were logged using a binocular
microscope and stratigraphic position, pore
types, mineralogy, sedimentary structures, tex-
tures, Dunham rock types, dolomite crystal sizes
and fossils were recorded. Samples were taken at
irregular intervals for petrographic and cathodo-
luminescence analyses as part of a larger study
on high-resolution sequence stratigraphy and dia-
genesis of the Red River Formation. The above
cores were selected because they were the thick-
est and stratigraphically most complete cores of
the Red River Formation available at the Wilson
M. Laird North Dakota Geological Survey’s Core
Laboratory in Grand Forks, which is the major
core storage facility in the study region. No cores
were available from the lower Red River Forma-
tion because that part of the formation is not a
petroleum reservoir and, consequently, has not
been the target of the drilling companies.

Two hundred and twenty-three samples of
shallow-water carbonates from the upper Red
River Formation were collected at intervals of
between 30 cm and 90 cm from the three cores
discussed above (Appendix Table A2). Fresh
chips free of calcite veins, large fossil fragments
and stylolites were drilled to obtain 0.5 g
powdered bulk rock using a 1.8 mm regular car-
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bide bur on a Dremel 400XPR rotary tool (Robert
Bosch Tool Corporation, Mount Prospect, IL,
USA). Bulk carbonate powders were analysed
for stable isotopes (5'°C and §'°0) using a com-
mon acid bath interfaced to a Finnigan-MAT
251 mass spectrometer (Finnigan-MAT, Bremen,
Germany) at RSMAS/MGG Stable Isotope Labo-
ratory of Peter Swart, University of Miami. The
results are reported in permil relative to the
VPDB (Vienna PeeDee Belemnite) standard.
Reproducibility on replicate analyses was better
than 0.1%, for both carbon and oxygen isotopes.
Twelve non-covered thin sections representa-
tive of major facies from the studied cores were
examined at the St. Lawrence Carbonate Sedi-
mentology Laboratory using cathodolumine-
scence (CL) microscopy with a Technosyn cold-
cathodoluminescence unit (Reliotron control
console; Reliotron Industries, Bedford, MA,
USA) attached to an Olympus SZX-10 stereomi-
croscope (Olympus Corporation, Tokyo, Japan)
equipped with an Olympus DP72 12.8MP digital
colour camera. Operating conditions were 7 to
8 kV beam voltage and 0.6 to 0.8 mA beam
current and chamber pressure 80 to 90 mTorr.

RESULTS

Depositional sequence framework

The facies in the upper Red River Formation in
North Dakota are described and interpreted in
Table 1. A generalized outline of the upper Red
River sequence stratigraphy based on the three
studied cores (Figs 4 to 6) is presented here to facil-
itate the discussion of: (i) the intrabasinal and ex-
trabasinal correlation; and (ii) the relation between
the carbon-isotope trends, relative sea-level and
sequence stratigraphy. The sequence stratigraphic
terminology in this paper follows the definitions of
Van Wagoner et al. (1988) and Weber et al. (1995)
for naming sequence stratigraphic depositional
units and their component parasequences.

Long-term (third-order) depositional
sequences

The upper part of the Red River Formation in
Williston Basin, North Dakota, is made up of
three complete longer term transgressive-regres-
sive sequences (RR1, RR2 and RR3; Husinec,
2013) composed of lowstand (LST), transgressive
(TST) and highstand systems tracts (HST); the
top of the formation, i.e. the section stratigraphi-
cally above the A anhydrite (or A laminite

Carbon-isotope record of an epicratonic basin 319

where anhydrite is not present), probably repre-
sents a TST of the overlying sequence SM1 com-
prising shales of the Stony Mountain Formation.
The absence of radiometric age data, and the dif-
ficulties in establishing precise intercontinental
correlation based on established conodont, grap-
tolite and brachiopod zones make estimation of
the chronological duration of the sequences RR1
to RR3 difficult. Each of the upper Red River
sequences RR1 to RR3 is characterized by
unique, regionally correlative lithological prop-
erties, and by using neutron porosity and bulk
density logs, these sequences can be traced
regionally over North Dakota. Subaqueous anhy-
drites within each sequence probably formed
during relative sea-level lows that lead to the
precipitation of anhydrite in a quiet, lagoonal
environment (e.g. Tucker, 1991; Sarg, 2001; and
references therein). That the Red River anhy-
drites, which are restricted to central portion of
the Williston Basin, are not lowstand wedges is
suggested by their stratigraphic position in
sequences RR1 to RR3, where they conformably
overlie, are interbedded with and laterally pinch
out against tidal flat laminites. In contrast, the
restricted evaporite lowstand wedges overlie
highstand systems tracts comprised of foreslope
and basinal carbonate rocks (for example, the
Paradox Basin: Hite & Buckner, 1981; Weber
et al., 1995). Within sequences, transgressive
systems tracts are commonly thin and composed
of subtidal, lagoonal facies of predominantly
skeletal mudstone to wacke-packstone with
abundant burrow mottling. The basal TST is at
many locations characterized by a thin microbial
laminite that probably formed during the onset
of regional transgression associated with dissolu-
tion of anhydrite. This, in turn, raised the incom-
ing ocean-water salinities and locally facilitated
cyanobacterial blooms and preservation of strati-
form stromatolitic structures (cf. Husinec & Read,
2011). Highstand system tracts are generally
thicker than TSTs and composed of peritidal,
porous laminated dolomite. Sequence bound-
aries are characterized by onlap of shallow sub-
aqueous evaporites (cf. Sarg, 1988), with locally
developed subaerial and submarine erosional
truncation marked by intraclast breccia interbed-
ded with dololaminites below sequence bound-
aries. Consequently, all sequence boundaries,
except the lower sequence boundary of RR1,
were picked at the base of shallow subaqueous
to supratidal anhydrite. The tops of evaporite
packages represent transgressive surfaces that
are easily traceable basinwide in cores, and
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Fig. 4. Detailed stratigraphic column of core #9800 (Simpson #1, Williams County, North Dakota) showing min-
eral composition, sedimentary structures, Dunham rock types, parasequences and long-term depositional
sequences. Upward-deepening units are shown by upward-narrowing triangles; upward-shallowing units are
shown by upward-widening triangles. TST = transgressive systems tract, MFS = maximum flooding surface,
HST = highstand systems tract, LST = lowstand systems tract. Carbon-isotope curve, carbon-isotope stages (Roman
numerals) and §"°C-derived systems tracts are on the right side of the figure. For well location, see Fig. 1.

especially on gamma ray logs, where they are
characterized by a slightly positive excursion.
These excursions are probably due to the pres-
ence of a very thin shale bed overlying the anhy-
drite. The shale was not recovered from any of
the studied cores, so it can only be speculated if
it represents an aeolian silt at the top of all
observed LST deposits; alternatively, it can be
interpreted to have been formed during initial
invasion of marine waters into the shallow hy-
persaline Williston Basin during regional relative
rises in sea-level (Weber et al., 1995). Actual
maximum flooding surfaces were difficult to
locate in any of the cores and could only arbi-
trarily be picked based on broad characteristics,
for example, above upward-decreasing and
below upward-increasing shallow-water facies,
beneath skeletal grainstones-packstones capping
burrow-mottled muddy carbonates, or above
repeated pyrite-encrusted hardgrounds.

Dolomite petrography and
cathodoluminescence

Given the abundance and distribution of dolo-
mite within the Red River Formation (Figs 4 to
6), to use the bulk carbonate matrix at 30 to
90 cm intervals for carbon and oxygen stable
isotope analysis, both muddy limestone and
laminated dolomite were sampled. To better
understand the Red River dolomite diagene-

sis, its petrography is summarized below, and
augmented with petrographic and cathodolumi-
nescence (CL) observations reported herein.
Unlike the laminated members that are dolo-
mitized pervasively, the burrowed members of
the Red River Formation exhibit a complex and
regionally discontinuous pattern of dolomitiza-
tion (Kendall, 1976; Longman et al., 1983; Holm-
den, 2009). Most commonly, as is the case in the
study area, the burrows are dolomitized and the
matrix is not; however, in other parts of the Will-
iston Basin, both the burrows and the matrix can
be dolomitized, or they both remain as limestone
(Kendall, 1976; Longman et al., 1983; Neese,
1985; Canter, 1998; Qing et al., 2001; Gingras
et al., 2004). Dolomite is predominantly replacive
and in laminated members occurs as non-planar,
bimodal (5 to 50 um) crystals in completely do-
lomitized intervals, or as 25 to 50 pm rhombs
floating in lime mudstone or associated with styl-
olites (Zenger, 1996). In burrowed members, dolo-
mite is composed of 20 to 160 pm, primarily non-
planar crystals in the largely replaced burrow
fills. It also occurs as crystals disseminated along
stylolites, or less commonly as large crystals
replacing echinoderm fragments, or as late-stage,
void-filling saddle dolomite (Zenger, 1996). In the
studied area, the two types of dolomite make up
the bulk of the dolomite succession: aphanocrys-
talline to finely crystalline tidal-flat dolomite and
finely to medium crystalline burrow-fill dolomite.

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 314-349



Fig. 5. Detailed stratigraphic
column of core #9103 (Federal
#10-1, Dunn County, North Dakota)
showing mineral composition,
sedimentary structures, Dunham
rock types, parasequences and long-
term depositional sequences.
Upward-deepening units are shown
by upward-narrowing triangles;
upward-shallowing units are shown
by upward-widening triangles.

TST = transgressive systems tract,
MFS = maximum flooding surface,
HST = highstand systems tract,

LST = lowstand systems tract.
Carbon-isotope curve and carbon-
isotope stages (Roman numerals) are
on the right side of the figure. For
key to symbols, see Fig. 4. For well
location, see Fig. 1.
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Tidal-flat dolomite (Fig. 7A to D) makes up the
bulk of the laminated members in the study area.
This early diagenetic replacement dolomite
replaces tidal-flat, microbial lithofacies and forms
porous replacement mosaics of interlocking ap-
hanocrystalline to finely crystalline dolomites (<1
to 30 pm). Individual crystals are anhedral to sub-
hedral, relatively clear to slightly hazy without
zonation. Lamination is best visible in polished
cores, while in thin sections, it is vaguely dis-
cernible as fine alternation of millimetre-scale
laminae with different dolomite crystal sizes.
Cathodoluminescence imaging yields the dark
orange to red colour of these dolomites.

Fine to medium crystalline (2.5 to 80 um) dolo-
mite replaces the burrow-fill lithofacies (mostly
skeletal wackestone, less commonly packstone)
of the burrowed members (Fig. 7E to H). The do-
lomitized burrows show relatively sharp burrow-
matrix boundaries, resulting in a clear burrow-
mottled fabric. Elsewhere, these boundaries are
less sharp, exhibiting thin dolomitized haloes
surrounding the burrows, with floating, isolated
fine dolomite crystals decreasing in abundance
from dolomitized burrows into the non-burrowed
micrite matrix. These relatively ‘dirty’ crystals are
subhedral to euhedral. These dolomites exhibit a
dark orange to red cathodoluminescence colour
similar to tidal flat dolomite. Locally, zoned crys-
tals with dark, cloudy nuclei and clear rims are
visible in plain polarized light. Under cathodolu-
minescence, these crystals show somewhat
brighter rims and darker orange to red cores
(Fig. 7F and H).

Other dolomite types are subordinate and
comprise only a minor fraction of the entire
dolomite succession. These include medium-
grained dolomites that are associated mostly
with stylolites, voids and minor fractures, and
coarse-grained zoned euhedral dolomite that is
rarely found in localized larger voids.

Carbon-isotope chemostratigraphy

In this paper, the stable carbon-isotope signal is
split into stages to facilitate discussion and

Carbon-isotope record of an epicratonic basin 325

enable correlation with the North American
carbon-isotope stratigraphy in the Richmondian
Stage (Bergstrom et al., 2010c). Stable carbon-
isotope stages (Table 2) are identified based on
positive excursions, shifts from positive to nega-
tive values and relatively uniform values. To
avoid confusion with depositional sequences (0
to 3) and the production interval (D to A) termi-
nology, the stable carbon-isotope stages are
labelled with Roman numerals, and are
described below for each of the cores used in
this study.

Simpson #1 (#9800; Williams County)

Stage I represents an interval of relatively uni-
form to gently decreasing §'°C values between
1.0%, and —1.0%, (Fig. 4). It is followed by a
pronounced increase from —1 to +19%, (stage II),
while the overlying stage III shows stepwise
decreasing values to —19, The subsequent
stage IV is characterized by a stepwise increase
in carbon-isotope values up to value of 2.19,.
Stage V is defined by a rapid decreasing trend
towards §'°C values near —2.5%,. During subse-
quent stage VI, the carbon-isotope values
increase stepwise to 1.1%,; the increase is inter-
rupted by a negative spike (—1.3 to —3.1%,)
below the stage top. The overlying stage VII is
characterized by a stepwise decrease towards
3'°C values near —2.8%, In the topmost part
of the section, the basal part of stage VIII exhi-
bits an increase in carbon-isotope values to
—0.99%,.

Federal #10-1 (#9103; Dunn County)

An interval of relatively uniform §'C values
scattered from —0.4 to 1.1%, characterizes stage I
(Fig. 5). The overlying stage II shows a rapid
increase from 0.1 to 1.1%,. The §"°C value trends
for stage IIl and the lower part of stage IV
remain unknown due to lack of core material.
The upper part of sampled stage IV is characte-
rized by an increase in §'°C values from 0.3 to
1.7%,; this is also the topmost cored interval
through the Red River Formation from the Fed-
eral #10-1 well.

Figure 7. Paired plane light (left) and cathodoluminescent (right) photomicrographs of the main dolomite types
of the Red River Formation. (A), (B), (C) and (D) Crinkly laminated dolomudstone (microbial dololaminite), B lam-
inated member. Note the wispy dark laminae representing remains of organic matter forming microbial mats. The
dolomite exhibits replacement mosaics composed of non-zoned, aphanocrystalline to finely crystalline non-planar
and planar-s crystals exhibiting dark orange to red luminescence. (E), (F), (G) and (H) Finely to medium-grained
planar-s dolomite replacing burrow fill in lime mudstone (E) and (F) and skeletal wackestone (G) and (H) matrix.
Contact between burrow fill (b) and matrix (m) is marked by dashed lines. Note the similar dark orange to red ca-
thodoluminescence colour of burrow fill as in tidal-flat dolomite, and non-luminescent to deep red micrite matrix.
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Table 2. Upper Katian carbon-isotope stages, Williston Basin, North Dakota, USA.
C-isotope shift Interval
C-isotope amplitude thickness
stage C-isotope trend (%, VPDB) (m) Lithostratigraphic unit
VIII Pronounced positive shift 2.7 >5 Red River Formation to Stony Mountain
Formation transition
VII Stepwise negative shift 1.8-3.9 2.1-8.1 Upper A interval
VI Pronounced positive shift 2-3.6 5.5-12 Lower A interval
interrupted by a negative
spike (up to 2%,) below the
stage top
\Y% Sharp negative shift 3.5-4.6 5.2-7 Uppermost B laminated member to
lowermost A interval
v Pronounced positive shift 2.1-3.1 4-13.4 B burrowed member to B laminated member
I Stepwise negative shift 2-2.2 10.7-11.9 Uppermost C laminated member to B
burrowed member
I Pronounced positive shift 0.8-2 2.1-6.4 Upper C laminated member
I Relatively uniform values of - >48 Upper C burrowed member to lower C

between —19%, and 1.5%,

laminated member

Urlacher State Unit #1 (#8010; Hettinger
County)

An interval of relatively uniform §'°C values
between 0%, and +1.59%, characterizes stage I
(Fig. 6). This trend is interrupted by a positive
shift from 09, and +1.5%, in the upper part of the
stage; such a pronounced positive shift has not
been identified in the other two cores. In the over-
lying stage II, the §'°C values increase up-section
from 0 to +1.5%,, while stage III shows stepwise
decreasing values to —0.79,. Stage IV begins with
a sharp increase to ca +1.4%,, followed by a
sequence of relatively uniform values of between
+0.7 and +1.1%, and a peak of 1.49, at the top.
Stage V is characterized by a rapid decrease to
—2.1%,, the lowest §'°C value recorded from the
Simpson #1 core. An increase towards —0.1%,,
interrupted by a negative spike (—0.2 to —19,)
below the top characterizes stage VI. During sub-
sequent stage VII, carbon-isotope values decrease
to —1.9%,. In the overlying stage VIII, carbon-iso-
tope values continuously increase, reaching the
maximum value of +0.89,, at the very top of the
sampled interval, which is in the lowermost part
of the Stony Mountain Formation.

Stable oxygen isotopes

Stable oxygen-isotope values of limestone
range between —8.0%, VPDB and -3.89%, VPDB,

and between —6.89%, VPDB and —3.9%, VPDB
in dolomite (Fig. 8). The mean §'®0 value for
limestone is —6.1%, VPDB. The mean value for
oxygen isotopes of dolomite whole rock sam-
ples is —4.99, VPDB, i.e. on average dolomites
are 1.2%, heavier than limestones. The modern
dolomite and calcite forming beneath the sab-
khas of the United Arab Emirates have an
equilibrium fractionation factor (A8"®Ogg)cal) Of
3.29%, VPDB at ca 35°C (McKenzie, 1981).
Vasconcelos ef al. (2005) proposed a slightly
lower A8'®0go1.cai value of 2.6%, for dolomite
and calcite that formed from isotopically simi-
lar fluids at similar temperatures. Thus, a
small positive shift in oxygen-isotope values
between dolomite and limestone suggests that
the dolomites picked up lighter signature due
to burial at great depth (3 to 4 km). The effects
of late burial diagenetic alteration are also
suggested by significantly lower values than
Ordovician oxygen-isotope values based on
valid marine proxies (translucent fibrous
calcite, marine equant calcite and bladed cal-
cite) which range between —5.8%, VPDB and
—2.5%, VPDB (Tobin & Walker, 1997). Conse-
quently, the oxygen-isotope values are not
used and discussed in the present paper to
facilitate correlation between the studied wells,
or to evaluate the Late Ordovician sea water
values.
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INTERPRETATION AND DISCUSSION

The potential effect of local environmental
changes on stable carbon-isotope values

Carbon-isotope values of shallow-marine carbo-
nate sediments are influenced by a number of
effects, including taxonomic variation, diagene-
sis, carbonate mineralogy, as well as taphonomic
processes, and thus should be used cautiously
and in combination with additional sedimento-
logical and palaeontological data for strati-
graphic interpretations (Gischler et al., 2009;
Oehlert et al., 2012). Use of the 8'3C record for
correlation purposes presumes that these values
retain the original sea water §'°C value recorded
from an isotopically homogenous portion of the
ocean that is consistent between basins (e.g.
Panchuk et al., 2005, 2006; Swart & Kennedy,
2012). Due to rapid mixing of carbon within the
atmosphere and the ocean surface layer, and
due to exchange between these two carbon reser-
voirs, a change in carbon cycle affects the §'°C
composition of dissolved inorganic carbon (DIC)
in the pelagic surface ocean, which is in turn
reflected in §'°C values of pelagic carbonates
precipitated from the sea water (Panchuk et al.,
2005). An increase in §'°C typically results from
an increased production and/or burial of organic
matter, while a decrease reflects increased oxi-
dation of organic matter and less organic carbon
burial (e.g. Veizer & Hoefs, 1976; Schidlowski,
1979; Shackleton & Pisias, 1985; Oehlert et al.,

from Tobin & Walker (1997).

2012). The Ordovician marine 8'C record can
be obtained from the bulk carbonate matrix, cal-
cite cement or larger skeletal organisms (for
example, brachiopods). However, the studies of
modern shallow-marine carbonates have shown
that their 5'°C signature can be very different
from, and show no relation with, the variations
in the 8'3C values of the DIC in the oceans; the
platform §'°C record may be either drastically
depleted (for example, Florida Bay: Loyd, 1964;
Patterson & Walter, 1994) or enriched (for exam-
ple, the Bahamas: Swart & Eberli, 2005; Swart
et al., 2009) with respect to their pelagic equiva-
lents. The variations in §'°C profiles have also
been described for Ordovician epeiric sea car-
bonates from different locations (e.g. Ludvigson
et al., 1996, 2004; Patzkowsky et al., 1997; Pan-
chuk et al., 2005, 2006; Immenhauser et al.,
2008; Ainsaar et al., 2010). These geographical
variations in the §"°C geochemical signature of
epeiric carbonates often reflect restricted sea
water circulation in combination with local
environmental influences (e.g. Panchuk et al,
2005, 2006; Oechlert et al., 2012). Similar to
lacustrine carbonates, the negative values of
3"°C of epeiric sea carbonates may result from
water inflow containing dissolved CO, from
older rocks, or from respiration processes or
hydrosphere to atmosphere CO, exchange;
enrichment in §'°C may indicate photosynthesis
during increased basin closure and long water
residence time (Sarg et al., 2013). Given that the
Williston Basin was periodically isolated from
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the open ocean, it is possible that the carbonates
that precipitated from such a large body of
restricted water mass have unique, inherently
different isotopic composition from that of the
open ocean (Swart & Eberli, 2005).

It is generally accepted that photosynthetic
processes increase the 5'°C value of skeletal car-
bonate precipitated by different organisms (e.g.
Cummings & McCarthy, 1982; Swart, 1983;
McConnaughey, 1989; Swart ef al.,, 2009). In
Williston Basin, the highest §'°C values charac-
terize tidal-flat dololaminites (C and B laminated
members below regional anhydrites; Figs 4 to 6).
These laminites formed during the late sea-level
highstand, when aggradation along the basin
margins resulted in basin restriction, long water
residence time and subsequent progradation of
tidal flats across the basin. Efficient photosyn-
thetic activity by flourishing cyanobacteria could
have enriched surface water with respect to 13¢,
which then was incorporated in the inorganic
carbonate (cf. Sarg et al., 2013), and resulted in
positive excursions in §'°C values recorded in
top C and B laminite members.

The §'°C values of marine algal carbonate
reflect phylogenetic and ontogenetic changes in
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photosynthesis that are reflected in the §'°C
value of the calcifying fluid due to modification
of the photosynthesis/respiration ratio (Lee &
Carpenter, 2001). The calcareous green algae are
abundant within the C and B burrowed mem-
bers of the Red River Formation, the latter with
Codiacean Dimorphosiphon being the major car-
bonate sediment producer (Rendall & Husinec,
2012). The §'C values from the three studied
sections vary between —0.3%, and +1.19%, for the
C burrowed member and between —0.8%, and
+1.29%, for the B burrowed member (Figs 4 to 6),
and are overall heavier than the mostly negative
values recorded from the coeval successions of
the Cincinnati region, USA (Fig. 9). This
suggests that the significant carbonate produc-
tion by Codiaceans could have affected the 5'°C
values of the Williston Basin, and resulted in
isotopically slightly enriched DIC compared
with the coeval bryomol-dominated, temperate-
water carbonate intervals from the mid-conti-
nent, the latter are also affected by an enhanced
influx of dissolved organic carbon with low 3'°C
values from rivers and coastal wetlands along
the Transcontinental Arch (Panchuk et al.,
20086).

Cincinnati region, composite section
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Fig. 9. Correlation of carbon-isotope curves of studied Red River cores and proposed correlation with Cincinnati
region. Roman letters indicate carbon-isotope stages identified in this study. Cincinnati positive §'*C excursions
(Bergstrom et al., 2007, 2010d) are on the right side of figure.
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Diagenetic overprints

Petrographic evidence from the sampled lami-
nated and burrowed Red River members, includ-
ing fine crystal size and lack of zoning, suggests
an early, replacive origin for the bulk of the
dolomite. Medium-grained dolomites that are
associated mostly with stylolites, voids and
micro-fractures are late diagenetic and formed
after burial at medium depths, probably between
500 m and 1500 m (cf. Machel, 1999; Mountjoy
et al., 1999). The dolomitization is thorough in
the laminated members and decreases down-
wards in the burrowed members, away from the
anhydrite members. This suggests that a reflux
of dense hypersaline brines associated with
evaporative drawdown lead to a penecontempo-
raneous replacement of mud in tidal flats and
porous burrows of the underlying burrowed
limestone by finely crystalline dolomite. The
early, replacive dolomitization of the tidal flat
facies resulted in abundant intercrystalline
porosity of the Red River laminated members.
This initial porosity and permeability have been
well-preserved and suggest that the tidal flat
facies has not been extensively modified by bur-
ial dolomitizing fluids that would have trans-
formed porous and permeable early diagenetic
dolomites into non-porous dolomite mosaics of
tightly interlocking crystals (cf. Montanez,
1997). Porous intervals are isolated stratigraphi-
cally from one another by impermeable anhy-
drite beds that also acted as permeability
barriers to dolomitization. Anhydrite laths and
needles also occur in the underlying porous sed-
iments. In the samples studied, there is no evi-
dence of dolomite replacing these minerals,
which further suggests that the system must
have been effectively sealed by the evaporites
that prevented the excessive fluid flow needed
for extensive burial dolomitization (cf. Melim &
Scholle, 2002). Thus, the vertical stacking of the
Red River units produced a stratified three-
dimensional network with three major aquitards
(anhydrite members) bracketing fluid flow con-
duits (burrowed and laminated members).
Cathodoluminescence evidence suggests a
similar dolomitization history for both sampled
burrowed and laminated dolomite. The dark
orange to red luminescence colour of these dol-
omites under the operating conditions suggests
the presence of Mn®' and Fe®' in the burial
fluids, although many other elements can also
potentially serve as activators and quenchers of
CL in carbonates (e.g. Machel & Burton, 1991).

The Mn** and Fe®' can substitute Ca*" in the
carbonate lattice, but are mobile only under
reducing conditions (Garrels & Christ, 1965).
Thus, they are suggestive of diagenetic stabiliza-
tion within a burial diagenetic environment, or
reducing conditions associated with bacterial
sulphate reduction in microbial mats (cf. Banner
et al., 1988; Moore et al., 1988); the latter is sug-
gested by the local presence of disseminated
pyrite in tidal flat facies (cf. Montanez & Read,
1992). The uniform, non-patchy luminescence of
both laminated and burrow-fill dolomite might
also suggest their early diagenetic origin (cf. To-
bin & Walker, 1997).

Carbon-isotope values from valid Ordovician
marine proxies appear to range between 0%,
VPDB to 3%, VPDB (Tobin & Walker, 1997). The
range in the §"°C composition of the Red River
limestone and dolomite is slightly greater
(—3.0%, VPDB to 2.1%, VPDB) which could
reflect diagenetic alteration (e.g. Allan & Mat-
thews, 1977; Lohmann, 1988; Immenhauser
et al., 2003; Swart & Eberli, 2005). It is impor-
tant to stress that both dolomite and limestone
from the study area have similar §'°C values
(Fig. 8), suggesting that carbon was rock buf-
fered, and thus apparently could represent the
original marine §'°C record. In addition, the
range of the Red River §'°C values is within the
59, range of modern pore water variation (Pat-
terson & Walter, 1994), and thus requires no
input of external sources of carbon (cf. Melim &
Scholle, 2002). The values extending into the
lower left quadrant (Fig. 8) probably have been
reset either by early diagenetic bacterially medi-
ated sulphate reduction (cf. Sass et al., 1991;
Chafetz et al., 1999), or by late burial fluids,
including input of depleted carbon from hydro-
carbons (Anderson & Arthur, 1983). There are
several shifts to low §'°C values that exceed
2.0%, VPDB between vertically adjacent samples
(Figs 4 to 6). Such shifts to negative values are
common both in ancient limestone and dolomite
(e.g. Curtis et al., 1972; Kaufman et al., 1993;
Vahrenkamp & Swart, 1994; Chafetz et al., 1999;
Railsback et al., 2003), where they presumably
occur due to either diagenesis associated with
descent of meteoric water beneath a soil horizon
and subsequent interaction with the host
carbonate strata, or diagenesis associated with
bacterially mediated sulphate reduction of
extensive microbial mats in sabkha-type dolo-
mites (Chafetz et al., 1999). However, typical
negative shifts in modern carbonates associated
with subaerial exposure are much greater (6 to
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8%, VPDB; Allan & Matthews, 1977, 1982) than
those from the studied succession. Similar to
the Triassic Latemar platform in the Dolomites
(Christ et al., 2012), it is very likely that mete-
oric diagenesis is not responsible for negative
shifts in 8'°C values of the Red River Formation,
as neither evidence for the existence of soils nor
evidence to associated negative 8'°C shifts to
subaerial exposure has been recognized in the
studied cores. The abundant evaporites also
imply an arid and warm climate not supportive
of vegetation cover that could have supplied
depleted carbon isotopes from soil to the under-
lying carbonates. Furthermore, the overall §'°C
values for laminated dolomite are higher than
those from the overlying anhydrites (from which
thin dolomitic interbeds were sampled) (Figs 4
to 6), suggesting that following dolomitization,
the tidal-flat laminite probably was not sub-
jected to extensive diagenesis in contact with
meteoric waters.

Some of the pronounced (>2%, VPDB) negative
excursions occur near hardgrounds or pyritic
crusts, and could be related to bacterial sulphate
reduction either within benthic euxinic waters
or in shallow-marine phreatic pore fluids at the
sediment—water interface (Swart & Melim, 2000;
Ludvigson et al., 2004; Dickson et al., 2008;
McLaughlin et al.,, 2011). The negative excur-
sions occur at the boundaries between §'°C seg-
ments VI to VII and VII to VIII in well #9800
(Fig. 4), and at the base of the A interval (within
C-segment V) in well #8010 (Fig. 6). These
excursions suggest that some of the negative
spikes could be related to (or possibly accentu-
ated by) local flooding events accompanied by
euxinic waters, and thus do not reflect the con-
temporaneous oceanic carbon-isotope signal (cf.
Ludvigson et al., 2004). However, both hard-
grounds and pyritic crusts are relatively abun-
dant within the studied succession, and most of
them do not show significant negative excur-
sions on the §"°C curve. This may also be a rem-
nant of a relatively spaced sampling interval
(3ft or ca 90 cm); much denser sampling
around these intervals would yield a more
detailed 5'°C signal and probably more clues to
their driving mechanism.

To summarize, petrographic and cathodolu-
minescence evidence, coupled with a stable iso-
tope record, suggests an early diagenetic origin
of the sampled dolomite, with diagenetic stabi-
lization under non-oxidizing conditions and the
presence of isotopically more negative burial
fluids, probably prior to burial at medium

Carbon-isotope record of an epicratonic basin 331

depths. The lack of major burial overprint and
porosity-occluding overdolomitization (Morrow,
1982; Lucia & Major, 1994) could have been
caused by the presence of thick anhydrites that
acted as permeability barriers to vertical flow of
burial fluids. This flow may also have been
impeded by abundant bedding-parallel stylolites
and dissolution seams, similar to the major
Lower Cretaceous reservoirs of the United Arab
Emirates where the lower porosity and perme-
ability values are found associated with the
well-developed stylolites (Alsharhan & Sadd,
2000).

Intrabasinal correlation

The three middle to upper Richmondian sec-
tions from North Dakota exhibit several similari-
ties in the stratigraphic position and magnitude
of 3'°C stages (Fig. 9). All of these sections show
the highest §'°C values in C and B laminated
members, and two of the three studied sections
exhibit minimum values in the A interval (the A
interval from section #9103 has not been cored).
Relative uniformity or a gentle decrease in stable
carbon-isotope values characterizes §'°C stage I
that corresponds to the upper C burrowed and
the lower C laminated members. Three minor
positive §'°C excursions can be identified, from
oldest to youngest: (i) §"°C stage II is registered
in all three cores within the upper C laminated
member; (ii) §'°C stage IV is also registered in
all three cores. Its stratigraphic span varies
slightly (upper B burrowed to B laminated in
#9800, B burrowed to B laminated in #8010,
incomplete record for #9103), but the peak is
within the B laminated member; and (iii) 8'*C
stage VI is registered within the lower part of
the A interval in cores #9800 and #8010; no core
was available from well #9103. These positive
excursions could be related to local oceano-
graphic conditions within the Williston Basin
epeiric sea, presumably reflecting one or more
processes, including increased organic produc-
tivity, increased organic carbon sequestration,
changes in relative abundance of different com-
ponents in organic matter, or enhanced preser-
vation of organic carbon caused by marine
anoxia (e.g. Weissert, 1989; Derry et al., 1992;
Brasier et al., 1994; Calvert et al., 1996; Glumac
& Walker, 1998; Jenkyns et al., 2002); they also
may represent regional events across the Late
Ordovician western passive continental margin
of North America, and are potentially useful for
correlation.
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Extrabasinal correlation

The Late Ordovician is characterized by two
major shifts to positive §'°C values; the early
Katian Guttenberg and the Hirnantian excur-
sions. In North America, the Guttenberg excur-
sion ranges from the uppermost Phragmodus
undatus Midcontinent Conodont Zone to near
the top of the Plectodina tenuis Midcontinent
Conodont Zone. Its cause of formation is still
enigmatic (Bergstrom et al., 2010c, 2014). The
Hirnantian excursion begins in the topmost
Paraorthograptus pacificus graptolite Zone (top
of Amorphognathus ordovicicus Conodont Zone)
and ends in the lower Normalograptus persculp-
tus Graptolite Zone (Bergstrom et al., 2010c, and
references therein). The Hirnantian positive shift
most probably reflects an enhanced ocean circu-
lation that increased productivity and sequestra-
tion of organic carbon (Brenchley et al., 1994),
or increased weathering of carbonates during
eustatically driven sea-level fall (Kump et al.,
1999). Besides the Guttenberg and the Hirnan-
tian, five positive 3'°C excursions have been
identified in the Upper Ordovician between the
Guttenberg and the Hirnantian excursions (Ain-
saar et al., 2004, 2010; Kaljo et al., 2004; Berg-
strom et al., 2007, 2010a).

In North America, Bergstrom et al. (2007,
2010d) recognized the following positive §'°C
excursions, from oldest to youngest: Kope
(upper Diplocanthograptus spiniferus to Genicu-
lograptus pygmaeus Graptolite Zones; substan-
tial part of Belodina confluens Conodont Zone),
Fairview (poorly controlled by graptolites,
excursion near the base of Amplexograptus
manitolinensis Graptolite Zone; mostly within
upper part of Oulodus velicuspis Conodont
Zone); Waynesville (upper part of Amplexograp-
tus manitolinensis Graptolite Zone; lower part of
Amorphognathus ordovicicus Conodont Zone),
Whitewater (within Dicellograptus complanatus
Graptolite Zone; upper, but not uppermost, part
of Amorphognathus ordovicicus Conodont Zone)
and Elkhorn (upper Amorphognathus ordovici-
cus Conodont Zone).

If variations in stable carbon-isotope profiles
from the Williston Basin reflect variations in the
original marine §'°C values, then they should be
correlatable with previously published §'°C pro-
files from coeval strata of Midcontinent USA
(Bergstrom et al., 2007, 2010d) that were shown
to co-vary with coeval §'°C profiles from the East
Baltic region (Ainsaar et al., 2004, 2010; Kaljo
et al., 2004). Based on the §'°C analysis coupled

with the available biostratigraphic data, a Willis-
ton Basin to Midcontinent Cincinnati Region
correlation is presented in Fig. 9. Besides
method-inherent caveats, for example, different
sampling densities or different trends in thick-
nesses, the correlation may be further impeded
by the fact that the Cincinnatian Series curve
represents a composite curve (Bergstrom et al.,
2010a).

The oldest three positive §'°C excursions from
the Cincinnati Region (Kope, Fairview and
Waynesville) are not recorded within the upper
Red River Formation. This is in agreement with
the conodont and brachiopod evidence, and fur-
ther suggests that the upper Red River Forma-
tion is stratigraphically younger than the upper
part of Amplexograptus manitolinensis Grapto-
lite Zone (lower part of Amorphognathus ordo-
vicicus Conodont Zone); i.e. it is late Katian in
age. The upper part of the Cincinnati §'°C curve
shows an overall gradual positive trend (-2 to
+2%, VPDB) with two major excursions to posi-
tive values (Whitewater and Elkhorn), which is
different from an overall gradually negative
trend (ca +1%, to ca —2%, VPDB) in the Willis-
ton Basin. The positive §'°C shift within the
upper C laminated member of the Red River For-
mation (5'°C stage II) is interpreted to corre-
spond to a minor shift to positive values (ca
0.5%, VPDB) within the Whitewater §"°C excur-
sion from the Cincinnati Region, but the abso-
lute 5'°C values from the Williston Basin are ca
1.59%, higher, and are more similar to those from
coeval Moe excursion in Estonia (Ainsaar et al.,
2004, 2010; Kaljo et al., 2004, 2008). The curve
segment in the Red River B interval (§'°C stage
IV), with most values between 0%, and ca 1%,
and the heaviest §"°C value of ca +2%, VPDB
(well #9800), shows no corresponding excursion
in the Cincinnati region, and can only be bio-
stratigraphically correlated with a minor wiggle
in the curve segment of the upper Whitewater
Formation between the Whitewater and Elkhorn
excursions in the Cincinnati curve (Fig. 9). The
youngest Ordovician excursion in the Cincinnati
Region (Elkhorn excursion, sensu Bergstrom
et al., 2010d) shows a significant ca 39, shift to
positive values in that area. Excluding the core
#9103, the 3*°C excursion in the A interval (8'3C
stage VI), which starts a little above the base of
sequence RR3 in the Williston Basin cores
#9800 and #8010, shows a pronounced excur-
sion to negative values below its base (§'°C stage
V) which is not present in the Cincinnati curve.
The §'°C stage VI appears to correspond to the
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overall positive trend of the Cincinnati §'°C
curve (Elkhorn excursion), but the former is
much more complex and contains a major excur-
sion to negative values (core #9800) that is not
present in the Cincinnati curve. The remainder
of the Williston Basin §'°C curve covers a strati-
graphic interval that is not preserved in the Cin-
cinnati Region and represents the first published
8'3C values from the Stony Mountain Formation.
No isotope data are yet known from higher parts
of the Stony Mountain Formation, but Demski
et al. (2011) recognized the Hirnantian excur-
sion in the Stonewall Formation of Manitoba,
indicating the presence of Hirnantian strata in
the margin of the Williston Basin. Finally, given
the different overall trend and absolute §'°C
values between the Williston Basin and the Cin-
cinnati Region, it seems likely that correlation
based on §'°C records would not have been pos-
sible without a solid middle—upper Richmondian
biostratigraphic foundation. The differences in
the 5'°C overall trend and absolute values may
be suggestive of a lack of exchange between
waters of the Williston Basin and the Midconti-
nent (Rendall & Husinec, 2012, and references
therein), as well as the influence of different
regional environmental processes or diagenetic
histories discussed in the preceding sections.

One of the thickest and most studied upper
Katian and Hirnantian successions in North
America, with detailed §'°C chemostratigraphy,
is that on Anticosti Island in Québec. Here, ca
360 m of the more than 1 km thick Upper Ordovi-
cian succession of dominantly richly fossiliferous
carbonate rocks is exposed well in numerous sec-
tions (e.g. Twenhofel, 1929; Lespérance, 1982;
Copper, 2001). The topmost 60 to 70 m of this
remarkable sequence is classified as the Ellis Bay
Formation and the underlying, ca 950 m thick,
mostly unexposed, succession is referred to as
the Vauréal Formation (Fig. 10), the basal part of
which contains graptolites of the Pleurograptus
linearis and Dicellograptus complanatus zones
(Riva, 1969). This indicates that most of the
Vauréal Formation, as well as most of the Ellis
Bay Formation, belongs to Stage Slice Ka4 of
Bergstrom et al. (2009). The most detailed bio-
stratigraphy of this succession is based on chitin-
ozoans (e.g. Achab, 1977; Achab et al., 2011) and
conodonts (e.g. McCracken & Barnes, 1981; Now-
lan & Barnes, 1981).

A summary of regional correlations of the
Williston Basin, Anticosti Island and Latvian
successions based on biostratigraphy and
carbon-isotope chemostratigraphy is presented
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in Fig. 11. The §'®C chemostratigraphy of the
Katian succession on Anticosti Island has been
investigated by several authors (e.g. Underwood
et al., 1997; Young et al., 2010; Jones et al.,
2011). For a comparison with the Williston
Basin succession, the present study uses the
5'°C values published by Young et al. (2010)
because they cover the entire exposed part of
the Vauréal Formation as well as the whole Ellis
Bay Formation (Figs 10 and 11).

As shown in Fig. 10, the 313C values from the
exposed Vauréal succession vary between —0.7%,
and near +19%,. Beginning in the middle part of
the Homard Member, there is a notable increase
in 8'°C values from baseline values between
-19, and 0%, to values ca +0.5%,. With minor
variation, values of this magnitude persist to the
upper Joseph Point Member-lower Mill Bay
Member, where there is a decline that culminates
in values as low as ca +0.59%,. This curve segment
with elevated values, which covers a ca 120 m
thick succession, has the biostratigraphic posi-
tion of the Elkhorn excursion in the Cincinnati
region, where it is located between the Hirnan-
tian and the Whitewater excursion (Bergstrom
et al., 2009). Compared with the excursion in the
Red River Formation identified as the Elkhorn
excursion, the excursion in the Vauréal Forma-
tion has more uniform 8*2C values, and does not
show a negative spike recorded in core #9800
from the Williston Basin. The Anticosti Island
values vary between 0%, and ca +1%,, whereas
those in the Red River Formation range from ca
-39, to +19%,. The lowermost 50 m of the Vauréal
curve shows slightly elevated §'°C values, but
further studies are needed to clarify whether this
curve segment corresponds to the end of the
Whitewater excursion identified in the Red River
Formation, as suggested by its stratigraphic posi-
tion in Fig. 10. The present authors expect that a
complete representation of the Whitewater
excursion is present in the subsurface portion of
the Vauréal Formation, the isotope chemostratig-
raphy of which remains unstudied.

In a regional review, Bergstrom et al. (2010d)
showed that the carbon-isotope excursions
recognized in the Cincinnati region could be
correlated with excursions occupying the same,
or very similar, stratigraphic intervals in Balto-
scandia. For instance, the Whitewater excursion,
which occupies an interval around the Dicello-
graptus complanatus Zone in the Cincinnati
region (cf. Goldman & Bergstrom, 1997), corre-
sponds to the Baltoscandic Moe excursion,
which is located in the lower Jonstorp Forma-
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#9800, Williams County Western Anticosti Island Jurmala R-1 Drillcore
North Dakota, USA Québec, Canada Latvia
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Fig. 10. Comparison of the §'°C chemostratigraphy in the Simpson #1 (#9800) well, Williams County, Williston
Basin, that of the composite succession of the Vauréal and Ellis Bay formations on western Anticosti Island (after
Young et al., 2010), and that of the succession in the Jurmala R-1 well in Latvia (after Ainsaar et al., 2010). Note

the correlation of the Elkhorn and Paroveja excursions

with that in the upper Red River Formation of the Simpson

#1 well. The reference level for the alignment of the successions is the base of the Hirnantian excursion. No iso-
tope data are yet available from most of the Stony Mountain and Stonewall formations, although the Hirnantian
excursion has recently been recorded from the middle part of the Stonewall Formation. This correlation among
the three successions is in good agreement with the biostratigraphy based on conodonts and shelly fossils.

tion in an interval that in Sweden has yielded
graptolites of the same graptolite zone (Skog-
lund, 1963). In some East Baltic successions,
there is an excursion between the Hirnantian
and the Moe excursions that recently was
renamed the Parojeva excursion (Ainsaar et al.,
2010). One of the most representative succes-
sions showing this excursion is the Jurmala R-1
drillcore from Latvia (Ainsaar ef al.,, 2010),

which is illustrated in Fig. 10, where it is com-
pared with the Elkhorn excursion in the Anti-
costi Island and the Williston Basin successions.
As shown by the different thickness figures, the
Latvian succession is much thinner than the two
others, and hence this excursion occupies a
much more limited interval than on Anticosti
Island and in the Williston Basin. It should also
be noted that the Latvian 8"3C curve lacks the
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Fig. 11. Summary diagram showing the proposed correlation between the study successions based on biostratigra-
phy and §"°C chemostratigraphy. Vertical ruling indicates stratigraphic gaps. The North American upper Katian
Conodont Zone succession is still unsettled, in that the Williston Basin Aphelognathus divaricatus and A. shat-
zeri zones and the Anticosti Island Gamachignathus ensifer Zone appear to cover a broadly similar stratigraphic
interval. Note that based on its stratigraphic position in Ohio-Indiana, the Waynesville §"*C excursion is likely to
be present in the lower Red River Formation as well as in the subsurface part of the Vauréal Formation. Abbrevia-
tions: Aph., Aphelognathus; Gamachign., Gamachignathus; Oz., Ozarkodina; N.Am., North America; Atl., Atlan-
tic; A. superbus, Amorphognathus superbus; D. compl., Dicellograptus complanatus; D. ornatus. Dicellograptus
ornatus; P. pacificus, Paraorthograptus pacificus; N. extra., Normalograptus extraordinarius; N. persc., Normalo-
graptus persculptus; N. ascensus, Normalograptus ascensus.

characteristic noisy segment present in the
uppermost Katian in the Anticosti Island curve.
It is well-known that there is a more or less
prominent stratigraphic gap in many Baltoscan-
dian successions below the base of the
Hirnantian (e.g. Lashkov & Paskevicius, 1989;
Ainsaar et al., 2010) and the appearance of the
Jurmala R-1 isotope curve suggests the presence
of a stratigraphic gap in that position, even if
the succession in this drillcore is more complete
than in many other drillcores from the East
Baltic region.

Stable carbon-isotope trends versus sequence
stratigraphy

In order to test whether the stable carbon-isotope
curve can be used as a proxy for relative sea-level,
the relation between the two is discussed below
using the correlation between §'°C trends as pro-
posed by Follmi et al. (1994) and Vahrenkamp
(1996). These authors suggested that distinct 5'°C
trends can be translated to corresponding sea-
level trends and stacking patterns in the follow-
ing way: (i) a positive §'°C trend correlates with
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rising sea-level (TST with backstepping and con-
densed sections downdip); (ii) a constant §'°C
trend correlates with slack sea-level (HST with
high carbonate production and aggradation and
progradation); and (iii) a negative §'°C trend
correlates with falling sea-level (forced regression
or LST, may be absent updip due to erosion).
Because the core #9103 (Fig. 5) does not cover the
upper part of the study succession, only the cores
#9800 (Fig. 4) and #8010 (Fig. 6) are used to test
the relation between the isotope trends and
systems tracts within the sequences.

Overall, the gross facies stacking patterns and
carbon-isotope trends within the upper Red River
Formation do not show a clear covariance sugges-
tive of a relation between the §'°C trends and the
relative sea-level changes. The major differences
include the following: (i) the onset of drowning
correlates fairly well with the positive §'°C excur-
sion at the base of RR1 in well #8010, but pre-
dates it in well #9800; (ii) the negative 5'°C trend
of the LST part of RR2 is marked by deposition of
anhydrite and dololaminite (well #8010) but, in
well #9800, the negative trend continues through
the subtidal TST of sequence RR2; (iii) the subse-
quent positive §'°C trend (§"°C-derived TST) is
not recorded at the same intervals in the two
studied wells; (iv) the late TST and entire HST of
the sequence RR2 in core #8010 are represented
by an overall constant §'°C value, while in core
#9800, the HST contains a major positive fol-
lowed by a negative excursion; and (v) the §'°C
trends from both cores differ in the sequence
SM1, which prevents a breakdown of the SM1 on
3'3C-derived systems tracts.

It should be noted that, when viewed in a global
perspective, the relations between changes in
sea-level and 5'°C trends (e.g. Follmi et al., 1994;
Jenkyns, 1996; Vahrenkamp, 1996; Colombié
et al., 2011) are more complex than may appear
locally. As shown by several authors (e.g. Berg-
strom et al., 2010c), the prominent Guttenberg
excursion occurs in some areas (for example, Ken-
tucky, Oklahoma) in highstand deposits, whereas
in other regions (for example, south-eastern Nor-
way and Estonia), it is present in lowstand units.
The even more conspicuous Hirnantian isotope
excursion, the largest positive excursion in the
entire Ordovician, occurs within a well-known
eustatic lowstand, which is recognized globally
and interpreted to be caused by major glaciations
in Gondwana. In the Cincinnati region, the top
portion of the Elkhorn Formation with the begin-
ning of the Elkhorn excursion clearly represents a
regressive event that is followed by a very long

period of non-marine conditions. In the same
region, as well as in Illinois, the Whitewater
excursion is associated with a regressive event
(cf. Goldman & Bergstrom, 1997). Hence, as
shown by these and other examples, a clear rela-
tion between sea-level highstands and positive
8"°C excursions is not clear, and other factors,
including regional environmental effects, coupled
with diagenesis, are likely to be more important
than vertical changes of the surface of the sea.

CONCLUSIONS

The upper Katian Red River Formation is an
overall shallowing (and ‘brining’) upward super-
sequence reaching a thickness of more than
210 m in the epicratonic Williston Basin depo-
centre in North Dakota. The supersequence is
composed of at least three long-term (third-
order) depositional sequences that formed east
of the very broad and shallow, tropical, arid car-
bonate shelf that developed east of the western
passive margin of North America. The ca 87 m
thick investigated interval in the upper part of
the Red River Formation in North Dakota pro-
vides one of the most complete upper Katian
(post-Waynesville excursion and pre-Hirnatian
excursion) 8'°C records available in North Ame-
rica. The results of the present study may be
summarized as follows:

1 3"°C values of shallow-marine Red River car-
bonates vary from —3%, to +1.79, in limestone
and from —0.79, to +29%, in dolomite; such simi-
lar values suggest that carbon was rock buffered
and could be representing the original marine
8'°C record.

2 Fine crystal size, lack of zoning and non-
obliterated porosity in the dolomites sampled
for stable isotopes, coupled with their intimate
association with the overlying evaporites, sug-
gest a hypersaline-brine, early replacive origin
for the bulk of the dolomite. Dark orange to red
luminescence of both laminated and burrowed
dolomites suggests their similar dolomitization
history and diagenetic stabilization under reduc-
ing conditions.

3 The §"°C trend of the study interval from the
upper Red River Formation to the lowermost part
of the Stony Mountain Formation can be subdi-
vided into eight stages, with the Red River Forma-
tion being characterized by three major
excursions to positive §'°C values that can be cor-
related across the Williston Basin. The first excur-
sion (stage II) with an amplitude of up to +29%,
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occurs in the C laminated member. The second
excursion (stage IV) reaches an amplitude of +29,
within the B burrowed member. Both excursions
occur within the upper Katian Aphelognathus
divergens Conodont Zone. The third excursion
(stage VI) with an amplitude of +2%, to +4%,
occurs in the middle part of the A interval, above
the A anhydrite or A laminite member.

4 With the help of conodont biostratigraphy,
the Williston Basin §'°C profiles can be corre-
lated with the 8'°C profile reported from the
Cincinnati region (Midcontinent, USA), coeval
intervals in the Vauréal Formation on Anticosti
Island (Québec) and in the Pirgu Stage of the
East Baltic region. The chemostratigraphic corre-
lation suggests that the upper Red River Forma-
tion is biostratigraphically above the upper part
of Amplexograptus manitolinensis Graptolite
Zone (lower part of Amorphognathus ordovici-
cus Conodont Zone); i.e. it is Late Katian in age.
This is consistent with biostratigraphic evidence
from shelly fossils and conodonts.

5 The different overall trend and absolute §"°C
values between the Williston Basin and the Cin-
cinnati Region suggest a lack of exchange
between waters of the Williston Basin and the
Midcontinent and, consequently, the influence
of different regional environmental processes
characteristic of a large, periodically isolated
Williston Basin, coupled with different diage-
netic histories.

6 No clear relation can be established between
the carbon-isotope trends and the relative sea-
level changes based on gross facies stacking pat-
terns, which suggests that the magnitude of 5'°C
values was mainly controlled by factors other
than water depth.
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