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Abstract

The Archean Wyoming Craton is flanked on the south and east by belts of Paleoproterozoic supracrustal successions

whose correlation is complicated by lack of geochronologic constraints and continuous outcrop. However, carbonate

units in these successions may be correlated by integrating carbon isotope stratigraphy with lithostratigraphy. The

�/10 km thick Paleoproterozoic Snowy Pass Supergroup in the Medicine Bow Mountains was deposited on the

present-day southern flank of the Wyoming Craton; it contains three discrete levels of glacial diamictite correlative with

those in the Huronian Supergroup, on the southern margin of the Superior Craton. The Nash Fork Formation of the

upper Snowy Pass Supergroup is significantly younger than the uppermost diamictite and was deposited after the end of

the Paleoproterozoic glacial epoch. Carbonates at the base of the Nash Fork Formation record remarkable 13C-

enrichment, up to �/28� (V-PDB), whereas those from overlying members of the lower Nash Fork Formation have

d13C values between �/6 and �/8�. Carbonates from the upper Nash Fork Formation above the carbonaceous shale

have carbon isotope values ranging between 0 and �/2.5�. The transition from high carbon isotope values to those

near 0� in the Nash Fork Formation is similar to that at the end of the ca. 2.2�/2.1 Ga carbon isotope excursion in

Fennoscandia. This chemostratigraphic trend and deposition of BIFs, Mn-rich lithologies, carbonaceous shales and

phosphorites at the end of the global ca. 2.2�/2.1 Ga carbon isotope excursion are likely related to ocean overturn

associated with the final breakup of the Kenorland supercontinent. Correlative carbonates from the Slaughterhouse

Formation in the Sierra Madre, WY, and from the Whalen Group in the Rawhide Creek area in the Hartville Uplift,

WY, have highly positive carbon isotope values. In contrast, carbonates from other exposures of the Whalen Group in

the Hartville Uplift and all carbonate units in the Black Hills, SD, have carbon isotope values close to 0�. Combined

with existing geochronologic and stratigraphic constraints, these data suggest that the Slaughterhouse Formation and

the succession exposed in the Rawhide Creek area of the Hartville Uplift are correlative with the lower and middle Nash

Fork Formation and were deposited during the ca. 2.2�/2.1 Ga carbon isotope excursion. The Estes and Roberts Draw

formations in the Black Hills and carbonates from other exposures in the Hartville Uplift postdate the ca. 2.2�/2.1 Ga
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positive carbon isotope excursion and are most likely correlative with the upper Nash Fork Formation. The passive

margin, on which the carbonates with highly positive carbon isotope values were deposited, extended around the

southern flank of the Wyoming Craton through the Sierra Madre, Medicine Bow Mountains and Hartville Uplift. The

presence of carbonates with carbon isotope values close to 0� in the upper Nash Fork Formation and the Whalen

Group indicates that the passive margin persisted on the southern flank of the Wyoming Craton after the carbon

isotope excursion. Rifting in the Black Hills, likely related to the final breakup of the Kenorland, succeeded the carbon

isotope excursion, since the Estes and Roberts Draw formations, deposited during rifting and ocean opening on the

eastern flank of the Wyoming Craton, postdate the carbon isotope excursion.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Correlation of Precambrian sedimentary succes-

sions lacking biostratigraphic control is greatly

hindered by the general absence of radiometric age

constraints, as well as metamorphic and diagenetic

overprinting. It may be possible to overcome these

limitations by a focus on event stratigraphy, based

on the study of well-preserved marker beds that

represent stratigraphic expressions of global

events. This approach may be particularly useful

for Paleoproterozoic sedimentary successions in-

sofar as the 2.5�/2.0 Ga exosphere was affected by

a number of distinct tectonic, climatic, and bio-

geochemical perturbations. These events include:

1) A 2.48�/2.45 Ga superplume event expressed

in the rock record by large igneous provinces

with mafic volcanic and plutonic rocks, initia-

tion of rifting, and worldwide deposition of

banded iron formations (Amelin et al., 1995;
Heaman, 1997; Barley et al., 1997; Kump et

al., 2000);

2) An extended glacial epoch (ca. 2.45�/2.3 Ga;

Young, 1991) accompanied by carbon isotope

excursions (Bekker et al., 1999, 2001a);

3) A period of enhanced weathering after the end

of the Paleoproterozoic glacial epoch (Young,

1973; Marmo, 1992);
4) A second superplume event around 2.25 Ga

that formed extensive plateau basalts and

dikes, and led to the second stage of rifting

and the breakup along some rift systems

(Cadman et al., 1993; Lanyon et al., 1993;

Cornell et al., 1996; Buchan et al., 1998;

Davis, 1997; Martin et al., 1998);

5) A major carbon isotope excursion between ca.

2.2�/2.1 Ga not associated with a known

glaciation (Karhu and Holland, 1996);

6) A great oxidation event (Karhu and Holland,
1996), and

7) Final breakup of the Kenorland superconti-

nent at 2.1�/2.0 Ga (Aspler and Chiarenzelli,

1998).

Sedimentary rift successions associated with the

initial breakup of the Kenorland supercontinent

contain detrital uraninite and pyrite (Kirkham and

Roscoe, 1993). Atmospheric pO2 may have chan-

ged episodically during the glacial epoch in

response to fluctuations in the exogenic carbon

cycle (Bekker et al., 2001a). Worldwide, the end of

the Paleoproterozoic glacial epoch was followed

by deposition of mature, Al-rich quartzites sug-

gesting a climate change to greenhouse conditions

favoring chemical weathering (Young, 1973; Karl-

strom et al., 1983; Marmo, 1992; Schreiber and

Eriksson, 1992; Gutzmer and Beukes, 1996; Oja-

kangas, 1997). The ca. 2.2�/2.1 Ga carbon isotope

excursion (Karhu and Holland, 1996) also suc-

ceeded the glacial epoch but the temporal and

stratigraphic relationship between the beginning of

the carbon isotope excursion and deposition of

mature quartzites is poorly constrained. The

carbon isotope excursion is thought to have lasted

more than 100 million years and was likely

accompanied by an increase in atmospheric oxy-

gen (Karhu and Holland, 1996). Carbonate suc-

cessions deposited during this interval contain

pseudomorphs of anhydrite and gypsum (Akhme-

dov, 1990; Bekker, 1998; El Tabakh et al., 1999;

Bekker and Eriksson, in press) suggesting warm
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and arid climates. The end of the carbon isotope
excursion on the Fennoscandian Shield (between

20629/2 and 21139/4 Ma) was accompanied by

voluminous mafic volcanism, which has been

related to supercontinent breakup (Karhu, 1993).

Deposition of BIFs, phosphorites, Mn-rich sedi-

ments, and organic-rich shales with high organic

carbon contents (and d13C as low as �/40 to �/

45�) coincides with the end of the carbon isotope
excursion on the Fennoscandian Shield (Karhu,

1993; Melezhik et al., 1999b). Melezhik et al.

(1997a) also noticed a temporal relationship be-

tween the end of biogeochemical event and the

decline in stromatolite abundance and diversity on

the Fennoscandian Shield. The Fennoscandian

chemostratigraphic record for the end of the

carbon isotope excursion, however, lacks high
resolution due to discontinuous outcrops and a

prominent unconformity (Melezhik et al., 1999b).

Thus a detailed record from a different, but

broadly coeval basin, of carbon isotope variations

and accompanying lithological and geochemical

changes at the end of the biogeochemical anomaly

would help to constrain whether these events were

local or global, and further understand their
causes.

This paper presents new chemostratigraphic

data for the Nash Fork Formation of the Snowy

Pass Supergroup, WY, which was deposited after

the end of the Paleoproterozoic glacial epoch, and

broadly equivalent Paleoproterozoic supracrustal

successions of the Sierra Madre and Hartville

Uplift, WY, and Black Hills, SD (Fig. 1). The
paper has four objectives: (1) to provide a high-

resolution record of temporal d13C and lithological

changes at the end of the ca. 2.2�/2.1 Ga carbon

isotope excursion; (2) to test earlier proposed

lithostratigraphic correlations and to constrain

the age of the studied units based on chemostrati-

graphic data; (3) to incorporate these new age

constraints and correlations into our understand-
ing of the tectonic history of the Wyoming Craton;

and (4) to compile evidence that secular carbon

isotope changes at the end of the ca. 2.2�/2.1 Ga

carbon isotope excursion were accompanied by a

number of perturbations in ocean composition,

and that these are, most likely, related to global

tectonics.

2. Regional geology and stratigraphy

The Wyoming Craton is a triangular block of

Archean crust surrounded by isolated Paleopro-

terozoic mobile belts. Paleoproterozoic sedimen-

tary and subordinate volcanic rocks are well

exposed on the southeastern margin of the Wyom-

ing Craton in the Sierra Madre and Medicine Bow

Mountains, WY, as well as in the Black Hills, SD
(Fig. 1). These rocks were deformed during the

1.78�/1.74 Ga Medicine Bow Orogeny when the

southern passive margin of the Wyoming Craton

collided along the Cheyenne Belt Suture with

island arcs approaching from the south (Karl-

strom and Houston, 1984; Chamberlain, 1998;

Dahl and Frei, 1998). The Cheyenne Belt is well

exposed in the Sierra Madre and Medicine Bow
Mountains and is traceable to the east through the

Laramie Mountains and Richeau Hills; further to

the east it disappears under Phanerozoic cover

where it can only be inferred from geophysical

data (Sims, 1995). The projection of the Cheyenne

Belt and, therefore, the Proterozoic passive margin

passes south of the Hartville Uplift (Fig. 1). The

eastern margin of the Wyoming Craton is bounded
by the Black Hills collisional orogen (Redden et

al., 1990; Sims, 1995; Dahl and Frei, 1998).

Volcano-sedimentary rocks in the Medicine

Bow Mountains are grouped into the Snowy

Pass Supergroup that unconformably overlies or

is in fault contact with the Late Archean basement.

The Snowy Pass Supergroup in the Medicine Bow

Mountains is the thickest and the most extensive
Paleoproterozoic succession of the Wyoming Cra-

ton (Fig. 1). Deposition of the supergroup on the

southern flank of the Wyoming Craton followed

the initial rifting of the Kenorland supercontinent

at ca. 2.45 Ga. The supergroup contains a basal

siliciclastic rift succession with detrital uraninite

and pyrite deposited in a fluvial setting, followed

by three stratigraphically discrete diamictite hor-
izons and passive margin sediments (Fig. 2;

Houston et al., 1992). A transition from rift to

open marine conditions occurred at the level of the

Vagner Formation before the end of the glacial

epoch (Karlstrom et al., 1983). The youngest

glacial horizon is overlain by thick, mature, Al-

rich and hematite-bearing quartzites (Medicine
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Peak Quartzite). The upper Libby Creek Group

includes a thick carbonate succession (Nash Fork

Formation), subaqueous mafic volcanic unit

(Towner Greenstone) and, at the top, metapelites

of the French Slate.

The Snowy Pass Supergroup forms broad open

folds; the degree of metamorphism is greenschist

facies, biotite grade (Houston et al., 1981). The age

of the succession is constrained by U�/Pb ages of

detrital zircons from the base of the succession

(Magnolia Formation) in the Sierra Madre Range

and the age of the arc-continent collision in the

Cheyenne Belt to between 24519/9 Ma and 1.78�/

1.74 Ga (Karlstrom and Houston, 1984; Premo

and Van Schmus, 1989; Chamberlain, 1998). The

supergroup is subdivided by structural contacts

(rotated thrust faults) into the Deep Lake Group

and the lower and upper Libby Creek Group

(Houston et al., 1992; see Fig. 2). Based on the

presence of glaciogenic sediments in both the Deep

Lake Group and the lower Libby Creek Group,

Houston et al. (1992) assumed that only a small

portion of the succession and a minor amount of

time is missing along the Reservoir Lake fault;

however, the Lewis Lake fault that separates the

lower and upper Libby Creek Group might

represent a major hiatus (Fig. 2).

The Deep Lake Group and the lower Libby

Creek Group record rift and passive margin

settings, whereas the upper Libby Creek Group

reflects either a transition from a passive margin to

a foredeep (Karlstrom et al., 1983), or a reactiva-

Fig. 1. Location of Paleoproterozoic sedimentary successions on the southeastern margin of the Wyoming Craton.
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tion of the mature passive margin (Bekker and

Eriksson, in press). Mafic sills and dikes that range

in composition from tholeiitic to calc-alkaline

intrude the whole succession. Tholeiitic gabbros

that intrude pre-folded Deep Lake Group and are

likely related to rifting (Karlstrom et al., 1981)

Fig. 2. Idealized stratigraphic column showing correlation between the Snowy Pass Supergroup, Medicine Bow Mountains, WY, and

the Snowy Pass Group, Sierra Madre (after Houston et al., 1992). Detrital zircon age is after Premo and Van Schmus (1989).
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were dated in the Sierra Madre and Laramie

Mountains at 2.09�/2.01 Ga (U�/Pb zircon and

baddeleyite; Premo and Van Schmus, 1989; Snyder

et al., 1995; Cox et al., 2000). Evolution in dike

and sill composition to calc-alkaline magmatism

was related to a progressive change in the tectonic

environment from rift to passive margin and to

foredeep (Karlstrom et al., 1983). Pegmatitic

metagabbro intruding the Cascade Quartzite of

the Snowy Pass Group in the Sierra Madre was

dated at 20929/9 Ma (U�/Pb zircon; Premo and

Van Schmus, 1989). The latter provides a mini-

mum age for the Deep Lake Group in the

Medicine Bow Mountains.

Correlation with other poorly exposed Paleo-

proterozoic supracrustal successions preserved

along the flanks of the Wyoming Craton is

tenuous, with the exception of the Snowy Pass

Group in the Sierra Madre (Houston et al., 1992).

The Paleoproterozoic succession in the Sierra

Madre (Fig. 1) is strongly deformed and dismem-

bered by a late cataclastic event (Houston, 1993)

but, based primarily on lithostratigraphic simila-

rities, it is considered to be correlative with the

Snowy Pass Supergroup in the Medicine Bow

Mountains (Houston et al., 1992; Fig. 2). Corre-

lative horizons in these successions include a lower

siliciclastic rift sequence with basal conglomerates

containing detrital uraninite and pyrite, glacial

diamictites, Al-rich mature quartzites, and thick

carbonate units. The ca. 2.45 Ga age for the

initiation of the Paleoproterozoic deposition on

the southern flank of the Wyoming Craton is

inferred from: (1) the minimum age of detrital

zircon grains in the Magnolia Formation of the

Sierra Madre (24519/9 Ma; Premo and Van

Schmus, 1989); (2) the correlation with the Hur-

onian Supergroup (Houston et al., 1992) for which

the rifting age is well established at ca. 2.45 Ga

(Krogh et al., 1984, 1996; Smith and Heaman,

1999), and (3) the age of the Baggot Rocks Granite

in the Medicine Bow Mountains (24299/4 Ma;

Premo and Van Schmus, 1989), which includes

mafic dikes of the same age. Houston et al. (1992)

proposed that carbonate rocks and carbonaceous

phyllites of the Slaughterhouse Formation in the

Sierra Madre are deep-water time-equivalents of

the Nash Fork Formation in the Snowy Pass
Supergroup (Fig. 2).

Paleoproterozoic rocks exposed in the Black

Hills, South Dakota (Fig. 1) were deposited on the

eastern flank of the Wyoming Craton and contain

two rift successions overlain by passive-margin,

back-arc, and foredeep deposits (Redden et al.,

1990; Sims, 1995; note that Redden, pers. comm.,

2002, interprets the Paleoproterozoic succession in
the Black Hills as an intracratonic basin fill).

Paleoproterozoic glaciogenic diamictites are lack-

ing in the Black Hills possibly due to non-

deposition or removal along the unconformity

separating the two rift successions. Both rift

successions are younger than the Archean Little

Elk Granite that has a U�/Pb zircon age of 25599/

3 Ma (McCombs et al., 2001; Redden et al., 1990).
The older rift succession was intruded by the Blue

Draw Metagabbro (21709/120 Ma U�/Pb zircon;

Redden et al., 1990) and was then folded as well as

eroded prior to deposition of the younger rift

succession. The younger rift contains an older

sequence dated at 1974.49/8 Ma (Ellison Forma-

tion; Redden et al., 1990), which is separated by an

unconformity/disconformity from the younger se-
quence dated at 18849/29 Ma (Montana Mine

Formation; Redden et al., 1990). The only carbo-

nates older than the younger sequence are present

within the siliciclastic deposits in the Nemo area in

the northeastern part of the Black Hills (Fig. 3).

Zircon overgrowths in Archean rocks have a

highly discordant upper intercept Pb�/Pb age of

20259/50 Ma likely related to thermal flux during
the later rifting event (McCombs et al., 2001).

A volcano-sedimentary supracrustal succession

named the Whalen Group outcrops in the Hart-

ville Uplift (Fig. 1). The Whalen Group includes a

thick carbonate succession and Lake Superior-

type BIFs. The age of the Whalen Group is

uncertain. Sims (1995) suggested a Paleoprotero-

zoic age for the Whalen Group based on rarity of
Archean platformal carbonates and Lake Super-

ior-type BIFs on the Northern Hemisphere con-

tinents. Hofmann and Snyder (1985) described

four types of stromatolites from the Whalen

Group, two of which (Hadrophycus and Gruneria )

are only known from Paleoproterozoic succes-

sions. Notably, the genus Hadrophycus was ori-

A. Bekker et al. / Precambrian Research 120 (2003) 279�/325284



Fig. 3. Geological map of the Nemo area, Black Hills, South Dakota showing sampled localities (modified from DeWitt et al., 1986,

1989). Inset (modified from Redden et al., 1990; Dahl et al., 1999) shows metamorphic grades in the Black Hills and Harney Peak

Granite. Sampled localities: Boxelder Formation: 1*/Benchmark location; 2*/locality near Nemo cemetery; 3*/unnamed locality �/

0.9 mile northwest from the Steamboat Rock; Estes Formation: 4*/Estes Creek; Roberts Draw Formation: 5*/Forest Service Rd.

201; 6*/South Boxelder Creek. Carbonates from roof pendants in the Harney Peak Granite were sampled at Location 7 (shown in

inset).
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ginally defined from stromatolites of the Nash
Fork Formation, Snowy Pass Supergroup, WY

(Fenton and Fenton, 1939). On the other hand,

Sims and Day (1999) proposed an Archean age for

the Whalen Group based on intrusive contacts

with the 2.65 Ga old Flattop Butte Granite.

However, these intrusive contacts were only ob-

served to the east from the Hartville Fault, a major

N�/S striking structural boundary in the Hartville
uplift, whereas the thicker carbonate intervals are

confined to the lower metamorphic grade western

domain.

3. Analytical methods

Whole rock (marked by asterisk in Table 1) as

well as microdrilled powders from the least altered
portions in polished thick sections were prepared

from collected samples. High metamorphic grade

obliterated primary microtextures. Consequently,

it was impossible to recognize and separate

cements, micrites, or grains in most studied

samples. Petrographic analysis reveals a lack of

shear, foliation, or fracture zones. Rather, the

carbonates consist of a mosaics of dolomicrospar
with abundant sparry dolomite that formed during

burial recrystallization. Major and trace element

concentrations on whole rock samples were deter-

mined by dissolution of �/10 mg of carbonate

powder in 5 ml of 0.5 M acetic acid and

subsequent analysis by ICP�/AES at the Geologi-

cal Survey of Finland. Microdrilled powders of �/

20�/40 mg were dissolved in 5 ml of 2% nitric acid,
and Mn and Sr contents were measured on a Buck

Scientific 200-A AAS at Virginia Tech. Uncertain-

ties based on the measurement of multiple stan-

dard materials by both methods were better than

5% for Sr and 10% for Mn. Samples with

carbonate contents below 50% were not analyzed

for major and trace elements.

Carbon dioxide was extracted at the Geological
Survey of Finland from whole rock powders by

closed tube reaction with anhydrous phosphoric

acid (r�/1.89 g/cm3; 16�/ hours) at a temperature

of 25 8C for limestone and 100 8C for dolomite,

and isolated by cryogenic distillation for mass

spectrometric analysis on a Finnigan MAT 251.

The fractionation factors used for mineral correc-
tion of oxygen isotopes in calcite prepared at

25 8C and dolomite at 100 8C were 1.01025 and

1.00913, respectively. The external precision based

on multiple standard measurements of NBS-19

was better than 0.1� vs. PDB for carbon and

oxygen. A second generation of carbonate samples

was microdrilled and the powders reacted with

anhydrous phosphoric acid at 90 8C in a Micro-
mass MultiFlow head space analyzer at the Uni-

versity of Maryland. The resulting carbon dioxide

was delivered to a Micromass IsoPrime mass

spectrometer in a stream of high-purity He. The

reproducibility of carbon isotope compositions of

standard materials by this technique were better

than 0.1�; however, the system was not optimized

for oxygen isotope analyses, and the uncertainty
on these measurements are considerably larger (ca.

1.3�; n�/65). The fractionation factors used for

mineral correction of oxygen isotopes in calcite

and dolomite prepared at 90 8C were 1.00798 and

1.00895, respectively.

Total organic carbon (TOC) was isolated from

carbonate samples by repeated acidification and

centrifugation with concentrated HCl followed by
washing until the sample reached neutral pH

(Kaufman and Knoll, 1995). Dried samples in

Vycor tubes were then mixed with CuO, evacu-

ated, sealed, and combusted at 850 8C for 12 h.

The volume of CO2 quantified during cryogenic

distillation was used to calculate organic carbon

concentrations. Carbon isotope abundance in

extracted and purified CO2 was measured with a
VG PRISM mass spectrometer at Mountain Mass

Spectrometry. To test for the uncertainty of

abundance and isotopic composition measure-

ments on TOC, replicate (n�/4) analyses of

organic-rich and organic-poor powders were run

in the previous study (Bekker et al., 2001a). For

analyses of the organic-rich sample, uncertainties

were 9/0.26 mg C/g for abundance (5.57 mg C/g
average) and 9/0.03� for carbon isotopic compo-

sition (�/34.47� average); for the organic-poor

sample, uncertainties were 9/0.06 mg C/g (0.18 mg

C/g average) and 9/1.3� (�/24.1� average) for

abundances and carbon isotopic compositions,

respectively. Two blanks analyzed in this study

contained 0.74 and 1.02 mmoles of CO2 and had
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Table 1

Carbon, oxygen, and strontium isotope values and trace and major element concentrations of studied carbonates

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

Nash Fork Formation

Lower part

Massive dolomite*/stromatolite (L1) member

97-78-5 Dolomite 26.6 �/7.9 1916 6 306.3

97-78-1 Dolomite 13.7 �/9.9 1561 Tr. �/

2000-4 Dolomite 13.3 �/11.5 1227 58 21.2

2000-4/1 Dolomite 13.2 �/10.0 1349 30 44.6

2000-4/2 Dolomite 24.0 �/8.4 2157 92 23.4

2000-4/3 Dolomite 25.7 �/9.1 1369 57 24.0

2000-4/4 Dolomite 26.5 �/10.4 1314 43 30.6

2000-4/5 Dolomite 26.0 �/10.5 1816 54 33.9

2000-4/6 Dolomite 26.7 �/10.1 1245 64 19.6

2000-4/7 Dolomite 28.2 �/9.3 1036 52 20

2000-4/8 Dolomite 26.0 �/10.8 1276 72 17.7

2000-4/9 Dolomite 26.4 �/9.9 1438 36 40.0

Heterolithic siliciclastics*/carbonate (L2) member

97-3-1 Dolomite 6.1 �/16.5 3040 190 16.0

97-3-2 Dolomite 9.0 �/15.5 0.1 3921 96 40.7

97-3-3 Shale 0.2

97-3-4 Dolomite 7.3 �/6.8 1715 65 26.3

97-3-5 Shale 0.22 �/15.7

97-3-6 Dolomite 5.1 �/11.8 2279 7 316.7

97-13-1 Dolomite 8.5 �/12.7 2665 138 19.3

97-13-2 Dolomite 8.6 �/13.4 3384 178 19.0

97-13-3 Dolomite 8.5 �/14.0 1927 158 12.2

97-13-4 Dolomite 9.0 �/13.0 2511 110 22.9

97-13-5 Dolomite 9.9 �/14.4 937 Tr. �/

97-13-6 Dolomite 8.2 �/15.2 0.1 �/20.6 28.4 1334 Tr. �/

97-13-7 Dolomite 8.6 �/13.7 928 Tr. �/

118-1 Dolomite 4.8 �/10.8 5059 110 46.0

97-78-2 Dolomite 8.8 �/13.1 1908 224 8.5

97-78-3 Dolomite 6.1 �/14.8 563 Tr. �/

97-78-4 Dolomite 8.9 �/13.7 2320 236 9.8

BE-C-95-17* Dolomite 4.8 �/17.2 23.13 12.56 18867 4252 206 20.7

BE-C-95-18* Dolomite 6.8 �/15.9 21.94 12.69 3284 1122 140 8.0

WY-96-35* Dolomite 7.0 �/14.3 23.09 11.88 36883 2848 265 10.8

WY-96-36 Dolomite 7.7 �/11.4 704 107 6.6

WY-96-37 Dolomite 7.1 �/11.0 1249 77 16.1

WY-96-24 Dolomite 7.2 �/12.7 959 112 8.6
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

WY-96-25* Dolomite 7.4 �/12.8 23.05 12.46 22942 2371 196 12.1

97-116A Dolomite 7.0 �/8.2 322 15 20.8

97-9-1 Dolomite 8.0 �/10.6 1188 64 18.4

97-9-2 Dolomite 7.1 �/9.6 849 5 161.9

2000-20 Dolomite 8.6 �/15.7 1769 194 9.1

Silicified dolomite with large domal digitate stromatolites (L3) member

97-20-1 Dolomite 6.6 �/9.3 958 20 46.9

2000-18 Dolomite 7.3 �/9.5 449 135 3.3

Nodular dolomite (L4) member

97-56-2 Dolomite 7.0 �/9.8 367 140 2.6

WY-96-23* Dolomite 6.9 �/11.1 22.72 13.21 7197 1074 104 10.4

WY-96-26 Dolomite 8.3 �/8.8 167 121 1.4

WY-96-27* Dolomite 8.2 �/8.8 22.82 13.59 4541 623 249 2.5 0.704947

2000-16 Dolomite 5.3 �/10.0 1327 51 26.1

2000-17 Dolomite 7.1 �/10.7 872 113 7.7

97-56-1 Argillite 0.1

2000-19 Dolomite 8.0 �/10.9 107 190 0.6

Silicified dolomite with large domal digitate stromatolites (L5) member

WY-96-33* Dolomite 6.4 �/10.6 22.63 12.97 9005 1173 95 12.4

Nodular dolomite (L6) member

WY-96-22 Dolomite 7.5 �/9.7 240 97 2.5

WY-96-38 Dolomite 7.5 �/9.6 330 20 16.8

WY-96-39 Dolomite 7.5 �/8.6 582 192 3.0

97-65-1 Dolomite 6.3 �/8.5 438 54 8.1

2000-10/1 Dolomite 7.3 �/8.7 440 190 2.3

2000-11/1 Dolomite 8.2 �/7.1 185 148 1.3

2000-12/1 Dolomite 7.2 �/8.7 456 32 14.2

2000-13/1 Dolomite 6.3 �/9.5 1345 77 17.4

2000-14 Dolomite 6.6 �/8.8 750 134 5.6

2000-15 Dolomite 7.1 �/8.7 434 156 2.8

Heterolithic siliciclastics*/carbonate (L7) member

WY-96-20* Dolomite 8.1 �/8.6 23.19 13.85 1884 382 72 5.3

WY-96-32* Dolomite 6.4 �/11.9 22.95 13.75 5876 826 112 7.4

BE-C-95-19* Dolomite 8.2 �/10.1 21.81 12.66 3389 391 234 1.7

WY-96-21 Dolomite 7.5 �/11.4 520 131 4.0

97-66-1 Dolomite 6.2 �/12.1 416 114 3.6

97-66-2 Dolomite 6.9 �/10.6 952 186 5.1

Stromatolitic dolomite (L8) member
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

97-23-1 Dolomite 6.7 �/8.0 643 20 32.9

97-23-2 Dolomite 5.5 �/6.6 1391 63 22.2

97-41-1 Dolomite 5.9 �/7.6 712 38 19.0

WY-96-13* Dolomite 5.6 �/12.2 21.77 12.46 19988 1566 161 9.7

WY-96-14 Dolomite 6.5 �/11.5 251 159 1.6

WY-96-15* Dolomite 6.0 �/11.1 22.38 12.88 10890 710 172 4.1

WY-96-16 Dolomite 4.7 �/11.0 382 98 3.9

WY-96-17 Dolomite 4.5 �/9.5 384 176 2.2

WY-96-19 Dolomite 5.4 �/10.8 885 88 10.0

WY-96-31 Dolomite 6.2 �/10.7 583 161 3.6

97-5-1 Dolomite 6.2 �/8.2 407 101 4.0

97-7-1 Dolomite 6.1 �/8.4 678 153 4.4

97-7-2 Dolomite 5.6 �/7.7 512 100 5.1

97-7-3 Dolomite 5.6 �/6.8 726 63 11.5

97-7-4 Shale 1.3 �/16.2

97-8-1 Dolomite 6.1 �/6.7 281 239 1.2

97-8-2str Dolomite 5.7 �/8.9 155 107 1.5

97-8-2l Dolomite 7.0 �/5.6 151 80 1.9

97-8-2d Dolomite 6.4 �/7.5 545 117 4.6

Lower part, undivided

WY-96-1* Dolomite 7.1 �/10.3 22.72 13.19 8686 1610 121 13.3

WY-96-1a Dolomite 3.9 �/12.3 338 133 2.5

WY-96-2/1* Dolomite 5.2 �/14.1 21.70 12.54 9378 2110 177 11.9

WY-96-2/2* Dolomite 5.0 �/14.4 22.39 12.38 10000 2223 185 12

97-11-1 Dolomite 8.1 �/6.4 204 Tr. �/

97-12-1 Dolomite 7.2 �/5.8 610 Tr. �/

Lower carbonaceous shale (M1) member

97-6-1 Shale 6.2 �/17.4

97-39-1 Shale 26.8 �/21.9

97-40-1 Shale 27.3 �/30.8

97-42-1 Shale 98.3 �/23.0

97-43-2 Dolomite 5.5 �/8.8 758 Tr. �/

97-64-1 Shale 4.3 �/6.9

97-67-1 Shale 3.0 �/9.8

Heterolithic siliciclastics-nodular dolomite (M2) member

97-74-1 Dolomite 7.6 �/6.1 650 206 3.1

97-37-1 Dolomite 7.7 �/9.1 298 165 1.8

97-46-2 Dolomite 6.3 �/11.7 2180 145 15.0

WY-96-40* Dolomite 7.9 �/9.8 23.1 13.56 3727 358 234 1.5
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

WY-96-43 Dolomite 7.0 �/7.8 1106 60 18.4

WY-96-8 Dolomite 6.6 �/8.1 82 221 0.4

97-63-1 Dolomite 5.8 �/10.1 1013 70 14.5

2000-8 Dolomite 6.2 �/11.3 518 162 3.2

2000-9/1 Dolomite 7.4 �/9.6 84 16 5.2

2000-9/2 Dolomite 7.6 �/8.7 158 130 1.2

2000-10 Dolomite 7.0 �/13.9 393 150 2.6

2000-11 Dolomite 7.2 �/7.9 429 172 2.5

2000-12 Dolomite 7.1 �/9.1 240 135 1.8

2000-13 Dolomite 5.5 �/11.2 1159 145 8.0

WY-96-10* Dolomite 3.1 �/14.5 22.42 13.14 11159 590 293 2 0.714247

Upper carbonaceous shale (M3) member

WY-96-9 Shale 4.6

97-73-1 Shale 3.5 �/15.8

97-15-1 Shale 9.4 �/19.2

97-46-1 Shale 4.1 �/15.7

97-46-3 Shale 12.0 �/22.2

97-51-1 Schist 0.01 �/16.5

97-54-1 Shale 121.8 �/17.7

97-54-2 Dolomite 2.0 �/6.8 396 51 7.8

97-54-3a Dolomite 2.4 �/6.8 79 tr. �/

97-54-3b Dolomite 2.4 �/6.6 235 1 308

97-60-1 Shale 5.9 �/28.2

97-63a-1 Shale 203.6 �/22.3

97-105-1 Shale 2.4 �/21.9

Massive dolomite (U1) member

Lower part

WY-96-11* Dolomite 2.5 �/8.9 22.91 13.69 1167 192 54 3.6

WY-96-28* Dolomite 2.2 �/9.0 23.14 13.89 1445 230 54 4.3

WY-96-45 Dolomite 2.4 �/7.2 78 15 5.2

97-29-1 Dolomite 2.5 �/6.0 168 10 16.6

97-29-2 Dolomite 2.5 �/6.2 68 Tr. �/

97-52-1 Dolomite 2.4 �/3.5 342 Tr. �/

97-45-1 Dolomite 1.9 �/7.9 496 29 17.1

97-45-2 Dolomite 2.4 �/6.6 105 1 143.8

97-120-1 Dolomite 1.9 �/9.3 403 7 54.4

WY-96-29* Dolomite 0.7 �/13.1 22.6 13.39 7514 695 132 5.3

WY-96-41* Dolomite 2.4 �/9.2 23.09 13.76 2711 552 42 13.2

97-30-1 Dolomite 2.5 �/7.6 402 Tr. �/

WY-96-44* Dolomite 1.5 �/7.9 23.17 13.05 2495 199 55 3.6
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

97-34-1 Dolomite 1.1 �/17.4 364 3 121.7

2000-1A Dolomite 0.1 �/9.3 321 72 4.5

2000-1B Dolomite �/0.2 �/10.8

Upper part

WY-96-12-1 Dolomite 2.5 �/8.6 389 17 22.3

WY-96-12-2 Dolomite 1.0 �/4.8 376 17 21.6

97-31-1 Dolomite 1.1 �/5.3 514 13 40.0

2000-3 Dolomite 1.5 �/4.8 84 47 1.8

WY-96-3* Dolomite 1.3 �/9.0 22.33 13.34 3277 425 32 13.4

WY-96-4 Dolomite 1.6 �/5.6 116 35 3.3

97-2-1 Dolomite 0.2 �/10.7 373 159 2.4

97-2-2 Dolomite 0.8 �/8.8 364 30 12.3

97-2-3 Dolomite 0.6 �/5.4 172 21 8.2

97-2-4 Dolomite 0.6 �/6.6 268 73 3.7

97-14-1 Dolomite 0.3 �/5.0 392 17 22.8

97-14-2 Dolomite 1.1 �/4.5 256 45 5.7

BE-C-95-5* Dolomite 0.2 �/7.4 0.1 �/19.6 19.8 22.87 13.36 1564 253 83 3.1

97-32-1 Dolomite 0.5 �/7.2 1773 1 2317

97-33-4 Dolomite 0.1 �/9.1 613 12 49.8

2000-6 Dolomite 1.2 �/8.2 207 46 4.5

WY-96-5* Dolomite 1.9 �/8.7 22.69 13.58 2454 159 34 4.7

WY-96-6* Dolomite 1.4 �/7.4 23.06 13.39 7811 404 69 5.9

2000.2.2 Argillite 0.1

Slaughterhouse Formation, Sierra Madre

97-SL-1* Dolomite 8.0 �/10.4 228 32 7.1

97-SL-1/2* Dolomite 6.6 �/11.6 280 33 8.5

97-SL-3* Dolomite 5.9 �/14.6 780 77 10.2

97-SL-4* Dolomite 7.8 �/12.7 1101 65 17.0

97-SL-5 Phyllite 19.3 �/22.6

97-SL-6* Dolomite 8.7 �/10.8 430 43 9.9

97-SL-7* Dolomite 7.3 �/11.1 324 39 8.3

97-SL-8* Dolomite 16.6 �/10.3 1469 153 9.6

97-SL-9* Dolomite 15.2 �/4.2 1842 15 119.9

Whalen Group, Hartville Uplift

Locality 1

2HV-26 Dolomite 1.0 -7.4 46 17 2.7

2HV-27 Dolomite 0.9 �/8.9 55 21 2.6

2HV-28 Dolomite 0.9 �/9.0 51 17 3.0
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

Locality 2

HV-2-1* Dolomite 1.1 �/6.5 21.38 13.02 988 62 50 1.2

HV-2-4* Dolomite 1.4 �/7.3 22.39 13.31 6381 462 32 14.3

Locality 3

HV-96-1 Dolomite 0.8 �/5.2 98 Tr. �/

HV-96-2 Dolomite �/0.3 �/4.2 97 25 3.8

HV-96-3 Dolomite 1.0 �/5.2 84 9 9.6

Locality 4

2HV-29 Dolomite 0.9 �/4.9 35 56 0.6

Locality 5

HV-4-2* Dolomite 1.1 �/8.4 22.06 12.96 1201 70 38 1.9

Locality 6

HV-5-1 Dolomite 0.7 �/6.3 499 35 14.4

Locality 7

HV-9-1* Mixture 1.3 �/9.0 26.61 11.04 2138 234 38 6.1

HV-9-1* Dolomite 2.1 �/7.0

2HV-24 Dolomite 1.2 �/5.8 59 53 1.1

2HV-25 Dolomite 3.2 �/5.6 169 53 3.2

Locality 8

HV-13-1 Dolomite 6.3 �/5.9 955 21 46.0

2HV-14 Dolomite 2.8 �/15.0 2755 83 33.0

2HV16 Dolomite 7.3 �/13.2 1762 95 18.6

2HV-17 Dolomite 5.9 �/12.0 961 41 23.3

2HV-18 Dolomite 5.6 �/9.5 602 57 10.6

2HV-19 Dolomite 8.2 �/8.0 125 125 1.0

2HV21 Dolomite 4.5 �/13.7 730 78 9.4

2HV-22 Dolomite 5.4 �/8.8 612 68 9.1

2HV-23 Dolomite 8.0 �/8.2 374 122 3.1

2HV-24-1 Dolomite 4.8 �/9.6 1478 51 29.2

Locality 9

2HV-1 Dolomite 0.1 �/11.1 1068 71 15.1

2HV-2 Dolomite 5.2 �/13.0 956 87 11.0

2HV-3 Dolomite 6.9 �/11.6 481 89 5.4

2HV-4 Dolomite 5.6 �/11.4 734 72 10.3

2HV-5 Dolomite 6.2 �/9.5 386 108 3.6

Locality 10

2HV-6 Dolomite 2.0 �/12.6 2301 36 64.1

2HV-8 Dolomite 3.7 �/13.7 3286 118 27.8
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

Locality 11

2HV-9 Dolomite 0.5 �/7.7 330 31 10.7

2HV-9-1 Dolomite 0.3 �/6.7 363 47 7.8

2HV-10 Dolomite �/0.3 �/7.9 38 115 0.3

2HV-11 Dolomite 0.4 �/10.0 84 48 1.8

2HV-12 Dolomite 0.5 �/6.5 216 60 3.6

Locality 12

2HV-20 Dolomite 7.9 �/9.8 311 136 2.3

Black Hills, SD

Boxelder Formation

B99.1 Dolomite 1.0 �/10.7 3236 Tr. �/

B99.2 Dolomite 0.7 �/9.6 2866 Tr. �/

B99.3 Dolomite 0.7 �/20.8 3863 Tr. �/

B99.3 Dolomite 0.8 �/10.8

B99.4 Dolomite 1.0 �/11.1 4698 Tr. �/

B99.5 Dolomite 0.5 �/12.1 3391 Tr. �/

B99.6 Dolomite 1.1 �/11.8 3368 Tr. �/

B99.7l Dolomite �/0.7 �/18.8 5040 Tr. �/

B99.7d Dolomite �/1.4 �/12.0 5961 Tr. �/

B99.8 Dolomite �/0.1 �/13.4 9401 Tr. �/

SD-96-6* Dolomite �/1.1 �/17.6

SD-96-6* Mixture �/1.3 �/17.7 27.4 8.7 27430 10919 214 50.9

SD-96-6* Calcite �/1.8 �/17.1

SD-96-9* Dolomite �/0.7 �/16.3 23.0 12.8 10297 7121 45 157

SD-96-13 Dolomite �/0.8 �/13.2 6939 29 235.7

Estes Creek Formation

SD99.2.1 Dolomite 1.3 �/14.0 6776 5 1339

SD99.2.1 Dolomite 1.4 �/13.5

SD99.2.2 Dolomite 2.2 �/16.8 537 Tr. �/

SD99.2.2 Dolomite 2.3 �/13.9

SD99.2.3 Dolomite 2.1 �/12.7 1382 17 82.1

SD99.2.4 Dolomite 2.1 �/14.3 909 7 125.4

SD99.2.5 Dolomite 2.0 �/13.2 1891 Tr. �/

SD99.2.6 Dolomite 2.3 �/14.2 1009 Tr. �/

SD99.2.7 Dolomite 2.4 �/11.7 729 6 127.2

SD99.2.8 Dolomite 2.2 �/14.7 12118 Tr. �/

SD99.2.9 Dolomite 2.5 �/14.4 515 Tr. �/

SD99.2.10 Dolomite 2.4 �/6.2 638 Tr. �/
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Table 1 (Continued )

Sample No. Mineral/

lithology

d13C, PDB d18O, PDB TOC (mg C/g sample) d13CTOC, PDB oTOC Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mn/Sr 87Sr/86Sr

Roberts Draw Formation

B99.10 Dolomite �/0.4 �/13.6 597 25 24.4

B99.11d Dolomite 1.3 �/9.7 394 Tr. �/

B99.11l Dolomite 1.6 �/8.1 444 2 201.3

B99.12 Dolomite 1.2 �/10.7 814 Tr. �/

B99.13 Dolomite 1.9 �/7.3 828 Tr. �/

B99.14 Calcite �/0.2 �/9.8 694 Tr. �/

B99.14 Calcite �/0.2 �/9.0

B99.15 Calcite �/1.1 �/10.1 2720 Tr. �/

B99.16 Calcite 0.0 �/11.0 871 Tr. �/

SD-96-4* Dolomite �/3.5 �/15.6 22.87 12.8 13083 1075 106 10.1

SD-96-1* Dolomite 1.1 �/17.3 21.8 12.4 8961 2626 149 17.6

Marble from roof complex (country rock), Harney Peak Granite area, Black Hills, SD

HP-1 Dolomite 2.1 �/8.1 282 45 6.3

HP-2 Dolomite 2.2 �/6.0 103 57 1.8

HP-3 Dolomite 2.3 �/5.4 161 28 5.8

A
.

B
ek

k
er

et
a

l.
/

P
reca

m
b

ria
n

R
esea

rch
1

2
0

(
2

0
0

3
)

2
7

9
�

/3
2

5
2

9
4



carbon isotope values �/20.28 and �/20.27%,
respectively.

Samples chosen for Sr isotopic analysis were

treated repeatedly with 0.4 M ammonium acetate

(three times; pH 8.2) prior to dissolution with 0.5

M acetic acid in order to remove diagenetic

components (Gorokhov et al., 1995; Montañez et

al., 1996). Strontium was eluted from solution by

ion exchange chromatography using ElChrom Sr
spec resin and weak 0.05 M nitric acid and

measured on a VG Sector 54 multicollector

thermal ionization mass spectrometer at the Uni-

versity of Maryland. Repeated analysis of NBS-

987 over a period of 3 months gave a value of

0.7102489/0.000005.

4. Nash Fork Formation

4.1. Description

The Nash Fork Formation is the lowermost unit

in the upper Libby Creek Group and has a

thickness of �/1.7 km. It is exposed in the core

of a steeply, south-dipping homocline in the

central part of the Medicine Bow Mountains
(Karlstrom and Houston, 1984). The lower con-

tact is structural along the Lewis Lake Fault and

the upper contact is not exposed but is considered

to be comformable with the Towner Greenstone

(Fig. 2). The results of detailed sedimentological

studies of the Nash Fork Formation are presented

in Bekker and Eriksson (in press) and only a short

summary will be given here. The Nash Fork
Formation is separated by two carbonaceous

shales, interpreted as drowning events into lower,

middle, and upper units. The formation is further

subdivided into 12 distinct members based on

detailed mapping in an area between the Small

Telephone Lake and Prospector Lake, about 2.2

km along strike (Fig. 4).

The lower Nash Fork Formation consists of
interlayered massive and stromatolitic dolomite

facies associations, heterolithic siliciclastics�/car-

bonate facies associations, silicified domal digitate

stromatolite, and nodular dolomite facies associa-

tions (Fig. 5). The L1 member consists of massive

and stromatolitic dolomite facies association with

tufa structures and small domal stromatolites with

radial structures (Fig. 6) suggesting deposition in

an upper intertidal to supratidal setting. Hetero-

lithic siliciclastics�/carbonate facies associations

(the L2, L7, and lower L8 members; Fig. 5)

represent peritidal deposition. This facies associa-

tion contains upward-shallowing parasequences of

gray or brown dolomite, dolosiltite, and argillite

occasionally capped by sandstone. Ubiquitous

sulfate molds in argillites and dolomites suggest

an arid depositional environment. Nodular dolo-

mite facies associations (the L4 and L6 members;

Fig. 5) consist of parasequences containing from

the base to the top of gray dolomite, dolomite with

silicified nodules, brown dolomite, and argillite;

these are interpreted as inner shelf to supratidal

deposits. Domal digitate stromatolite facies asso-

ciations (the L3, L5, and upper L8 members; Fig.

5) consist predominantly of silicified domal digi-

tate stromatolites with thin parted and ribbon

dolomite facies at the base and gray dolomite at

the top. This facies association likely developed

during flooding of the carbonate platform.

The middle Nash Fork Formation consists of

three members and includes carbonaceous shales

and heterolithic siliciclastics�/nodular dolomite

facies associations. Carbonaceous shale facies

associations (M1 and M3 members) consist of

upward-coarsening parasequences of black or-

ganic-rich shale with pyrite, siltstone, and sand-

stone with thin beds of brown dolomite and black

shale, and likely developed in response to platform

drowning. Heterolithic siliciclastics�/nodular dolo-

mite facies associations of the M2 member consist

of upward-shallowing parasequences of gray do-

lomite, dolomite with silicified nodules, brown

dolomite and siltstone with sulfate molds that

record inner shelf to supratidal depositional con-

ditions.

The upper Nash Fork Formation above the

upper carbonaceous shale (M3 member) consists

of a massive dolomite facies association (U1

member) and contains a prominent karstic surface

overlain by fluvial quartzite dividing the member

into two parts (Fig. 5). This facies association

consists of upward-shallowing parasequences of

organic-rich dolomite, gray dolomite, dolosiltite,
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Fig. 4. Detailed map of the Nash Fork Formation in the area between the Small Telephone Lake and Libby Creek in the Medicine Bow Peak Quadrangle.
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and brown dolomite that reflects deposition in

outer shelf to subaerial environments.

There is no evidence for a restricted depositional

environment in any of the 12 members of the Nash

Fork Formation in the form of such features as

bedded evaporites. Rather, the presence of facies

indicative of tidal flat, lagoonal, inner and outer

shelf, and drowned platform environments and the

Fig. 5. Stratigraphic column, inferred cycles and variations of d13Ccarb values in the Nash Fork Formation.
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Fig. 6. Stratigraphic column and variations of d13C values in the basal dolomite member (L1) in the North Fork of the Little Laramie

River.
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sequence architecture (Bekker and Eriksson, in
press) suggest that the Nash Fork Formation

developed entirely in open-marine settings on a

mature passive margin along the southern edge of

the Wyoming Craton. Facies associations in the

lower Nash Fork Formation are most compatible

with a low-energy, low-gradient protected plat-

form. Two drowning events in the middle part of

the Nash Fork modified the depositional profile of
the platform. Drowning caused a shutdown of

carbonate production and changed the deposi-

tional profile from the low-energy, low-gradient

protected platform to an unprotected shelf with a

higher gradient for the middle and upper Nash

Fork Formation.

Samples for this study were collected in the area

mapped in detail (Fig. 4). Wherever possible,
detailed sections of members were measured and

samples were collected within this framework.

However, for some members, poor outcrop did

not permit section measuring and collected sam-

ples were tied to a generalized stratigraphic section

(Fig. 5) by their position with respect to the top or

the bottom of these members. In addition, samples

were collected in several places within the mapped
area to test variability within members. In sum, all

samples are confidently assigned to members.

4.2. Geochemical data and diagenesis

Results of geochemical analyses of closely

spaced Nash Fork Formation samples are pro-

vided in Table 1. All samples are dolomite, but

they have highly variable Mn (68�/5,059 ppm), Fe
(1167�/36,883 ppm) and Sr (tr.�/293 ppm) con-

tents. Oxygen isotope values also vary widely,

ranging between �/17.4 and �/3.5� (V-PDB), but

most samples have d18O values above �/14�. The

most enriched 18O values are consistent with those

found in well-preserved Paleoproterozoic and

Mesoproterozoic carbonate successions (Burdett

et al., 1990; Veizer et al., 1992a,b; Buick et al.,
1995; Melezhik et al., 1997b; Kah, 2000; Frank

and Lyons, 2000; Lindsay and Brasier, 2000, 2002;

Bekker et al., 2001a). Notably, the d18O composi-

tion of samples from the upper Nash Fork

Formation dolomites are higher than those for

the lower part of the formation, which has more

diverse lithologies and was likely stronger affected
by postdepositional changes. The overall low d18O

values of these samples are consistent with the

general high grade of metamorphism these rocks

experienced during recrystallization, although

some samples appear to have been little altered.

The low TOC contents (ca. 0.1 mg C/g sample)

and highly variable fractionation between organic

and carbonate carbon (19.8�/28.6�) in these
dolomites are also consistent with the meta-

morphic grade. As expected, shales have generally

higher organic carbon contents, up to 203.6 mg C/

g sample (most samples contained more than 3 mg

C/g sample), but equally variable carbon isotope

compositions (Table 1). All these indicators sug-

gest that caution should be taken when interpret-

ing temporal variations in the carbon isotopic
composition of carbonate, although the low degree

of variability of d13C within discrete members

suggests that secondary insults had little effect in

this rock-dominated system.

Based on carbonate analyses, strong temporal

trends in d13C are noted in the Nash Fork

Formation. Most notably, the lower 20 m of the

L1 member (Fig. 6) have the highest carbon
isotope values (between �/24 and �/28.2�) ever

reported from marine carbonates. These are fol-

lowed upsection by a rapid decrease to �/13�
near the top of the member. For the remainder of

the lower and middle Nash Fork Formation (L2 to

M2 members), carbon isotope values remain in �/6

to �/8� range (Fig. 5). Oxygen isotopes in the

same suite of samples hover around �/10�,
suggesting neither excessive alteration nor primary

evaporitic conditions, although manganese con-

centrations are unusually high in the lower two

members of the formation. Carbonate samples

from overlying heterolithic members have gener-

ally lighter and more variable d18O compositions

than massive dolomites. This trend changes in the

M3 member and overlying carbonates of the U1
member, which have d13C values between 0 and �/

2.5�. If this trend is primary, the Nash Fork

Formation preserves a remarkable shift in carbon

isotope values of over 25�.

Two samples with low Mn/Sr values were

analyzed for Sr isotope ratios. Sample WY-96-27

from the lower Nash Fork Formation has a
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87Sr/86Sr isotope ratio of 0.704947 that is compar-

able although slightly higher than the lowest Sr

isotope values (�/0.7035) measured from likely
correlative successions in Fennoscandia and Zim-

babwe (Master et al., 1990; Gorokhov et al., 1998).

Sample WY-96-10 from the middle part of the

Nash Fork Formation has a very high 87Sr/86Sr

isotope ratio (0.714247) and that value is not

considered to be primary. High Fe content and

low oxygen and carbon isotope values of this

sample support significant alteration.

4.3. Speculations on the origin of extraordinary
13C-enrichment

The highly enriched carbon isotope values in the

L1 member of the Nash Fork Formation have no

match in Earth history, although d13C values

above �/10� and as high as �/18� are common

in Paleoproterozoic (Table 2) and Neoproterozoic

(up to �/12�; cf. Kaufman and Knoll, 1995)

carbonate successions worldwide. These extreme

values might be produced locally by high degrees

of seawater evaporation (Stiller et al., 1985; see for

contrary view, Lazar and Erez, 1990) or methano-

genesis (Reitsema, 1980; Talbot and Kelts, 1986),

but are hard to reconcile with open marine

conditions. Melezhik et al. (1999a) attributed

values as high as �/18� in Paleoproterozoic

dolomite succession from Karelia, Russia, to

high stromatolite productivity.

We relate the extreme 13C-enrichment in the L1

member to basinwide and, likely, global rather

than local processes for the following reasons: (1) a

Table 2

Paleoproterozoic succession containing carbonates with d13Ccarb values �/�/8�

Name of unit Location Age

constraints

d13Cmax

values (�)

Reference

Dunphy, Uvé and Alder

Fms.

Labrador Trough, Canada 2169�/2142 Ma 15.4 Melezhik et al., 1997a

Juderina Fm. Nabberu Province,

Australia

ca. 2173 Ma 9.4 El Tabakh et al., 1999; Lindsay

and Brasier, 2002; our unpubl.

data

Aravalli Supergroup India 1900�/2200 Ma 11.1 Sreenivas et al., 2001; our unpubl.

data

Unnamed marble unit Lofoten-Vesterålen,

Norway

Early PR1 12.1 Baker and Fallick, 1989a

Loch Maree Gr. Scotland Early PR1 12.9 Baker and Fallick, 1989b

Nash Fork Fm. Wyoming, USA Early PR1 28.2 This paper

Slaughterhouse Fm. Wyoming, USA Early PR1 16.6 This paper

Lomagundi and Deweras

Grs.

Zimbabwe Early PR1

(�/2.0 Ga)

16.3 Bekker et al., 2001b

Mako Supergroup Eastern Senegal ca. 2.15 Ga �/10 Master et al., unpubl.

Silverton and Lucknow

Fms.

South Africa Early PR1

(�/2061 Ma)

11.3 Master et al., 1993; Buick et al.,

1998; Swart, 1999; Bekker et al.,

2001a

Peribonca Fm. Otish Basin, Que.,

Canada

Early PR1 10.3 Our unpubl. data

Kona Dolomite MI, USA Early PR1 9.5 Our unpubl. data

Carbonate unit from the

Hurwitz Group

Quartzite Lake, Nunavut,

Canada

Early PR1

(�/2.11 Ga)

9.1 Hofmann and Davidson, 1998;

our unpubl. data

Paso Severino Fm. San Jose Belt, Uruguay 2145�/2074 Ma 11.6 Our unpubl. data

Jatulian carbonates Finland; Karelia and Kola

Peninsula, Russia

2.2�/2.1 Ga 18.0 Yudovich et al., 1990; Karhu,

1993; Melezhik and Fallick, 1996;

Melezhik et al., 1999a

Yakovlevskaya Suite Voronezh Massif, Russia Early PR1 11.7 Akhmedov et al., 1996
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lack of evidence for evaporites and accompanying
18O enrichment; (2) stromatolites are less common

in this member than in other members; (3) a

stratigraphically consistent trend of d13C values,

lack of variation in d13C values on a sample scale,

shallow-water environment of deposition, and lack

of associated organic-rich lithologies argues

against local methanogenesis as a sole source of

this signal.
The fraction of carbon buried as organic matter

(forg) can be calculated based on the rearranged

carbon isotope mass balance equation (cf. Hayes

et al., 1999): forg�/(dcarb�/di)/oTOC, where dcarb

and di are the isotopic compositions of carbonates

and total carbon input to the surface environment,

respectively (di is �/5 to �/7� at present), and

oTOC is carbon isotope discrimination between
carbonate and organic matter (long-term average

is roughly 30�). Carbon isotope values as high as

�/28�, if representing the ocean composition,

cannot be produced by high rates of organic

matter burial alone since this would require the

fraction of carbon buried as organic matter to be

above 1. Shields et al. (2002) suggested that the

following basinwide to global processes could have
enhanced 13C-enrichment beyond the effect of high

rates of organic matter burial in Neoproterozoic

carbonates deposited between the Sturtian and

Marinoan glacial events: (a) an increase in di due

to the exposure and weathering of carbonate

platforms during sealevel falls; (b) an increase in

oTOC due to microbial reworking of primary

organic matter (Hayes et al., 1999); (c) a 13C-
enrichment on the scale of a restricted basin; and

(d) a steep depth gradient in d13C due to the redox

stratification on the scale of the ocean or basin.

We find no association between sealevel fall and

carbon isotope excursions in the Paleoproterozoic.

In fact, most Paleoproterozoic 13C-enriched car-

bonates are in transgressive sequences. Basin

configuration during the deposition of the L1
member is somewhat uncertain due to the small

areal extent and poor outcrop of this member, but

it belongs to the same basin as all other members

for which we infer an open-marine setting. Little is

known about the redox stratification or d13C

gradient in the Paleoproterozoic oceans. However,

it is most unlikely to be on the scale of 13C-

enrichment in the L1 member. On the other hand,
microbial mineralization of primary organic mat-

ter and reincorporation of this 13C-depleted car-

bon by methanotrophs and sulfide oxidizing

bacteria would increase the oTOC (Hayes et al.,

1999). This process is likely to be enhanced in an

ocean with high burial rates of organic matter.

Some 13C-enriched carbonates reveal oTOC values

as high as 37� (Karhu, 1993; Swart, 1999; Bekker
et al., 2001a; Sreenivas et al., 2001). Even more
13C-depleted organic matter could have been

deposited in deeper water settings.

5. Slaughterhouse Formation, Sierra Madre

5.1. Description

The Slaugherhouse Formation is the uppermost

unit of the Snowy Pass Group in the Sierra Madre

and is in structural contact with underlying units

in the type area north of the Rambler Guard

station (Fig. 7). This group experienced amphibo-

lite facies metamorphism (Divis, 1976), and the

Slaughterhouse Formation is dismembered by
thrusts and a complete section is not preserved.

The lower part of the formation in the type section

consists of yellow, red, buff, blue, and green

massive dolomites that contain layers of quartzite

and dark-green phyllite (Houston et al., 1992).

Stromatolites are not present, and dolomites are

fine-grained and massive with rare cross-bedding.

Dolomites are overlain by black graphitic phyllites
and the upper part of the section consists of fine-

grained, chloritic calc-schist (Houston et al., 1992).

The dolomitic member is about 400 m thick in the

type section and the overlying phyllite and schist

are about 100 m thick (Houston et al., 1992).

Samples were collected from several outcrops in

the type area (sec. 26, T. 14N, R. 86W; Fig. 7): 97-

SL-1 to 5 at Location 2, 97-SL-6 and 7 at Location
3 and 97-SL-8 and 9 at Location 4.

5.2. Geochemical data and diagenesis

Eight dolomite samples and one organic-rich

phyllite were analyzed in this survey (Table 1). The

dolomites have highly variable Mn (228�/1,842
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ppm) and low Sr contents (15�/153 ppm). Oxygen

isotope values display a narrow range between �/

10.3 and �/14.6� (V-PDB) except for sample 97-

SL-9 with a value of �/4.2�. Carbon isotope

values range between �/5.9 and �/16.6�. Two

samples of cross-bedded pink/red dolomite from

the lower part of the formation near to a fault

contact (97-SL-8 and 9) have extreme carbon

isotope compositions (�/16.6 and �/15.2�, re-

spectively) and the highest Mn contents and

oxygen isotope values. An organic-rich phyllite

(SL-97-5) collected above the dolomite member

has high TOC content (19.3 mg C/g sample) and

d13Corg value �/22.6�.

Given the higher metamorphic grade of the

Slaughterhouse Formation samples, more negative

d18O values are expected for the Slaughterhouse

Formation samples, but they are very similar to

those from the less metamorphosed Nash Fork

Formation. This observation suggests that thick,

and impermeable pure carbonates can, and in

some cases, resist the oxygen isotope effects of

regional metamorphism (cf. Valley and O’Neil,

1984; Bol et al., 1995). It is even more likely that

there is good preservation of carbon isotope

values. This observation suggests that dolomites

may preserve a primary carbon isotope signal even

at high metamorphic grade if dolomitization

occurred early and carbonates were pure in

composition. Carbon and oxygen isotope values

of the Slaughterhouse dolomites are similar to

those found in the L1 to M2 members of the Nash

Fig. 7. Map of the type area of the Slaughterhouse Formation, Sierra Madre, showing sampled localities (map modified from Houston

and Graff, 1995).

A. Bekker et al. / Precambrian Research 120 (2003) 279�/325302



Fork Formation. Two dolomite samples from the
lower part of the Slaughterhouse Formation (97-

SL-8 and 9) are comparable in carbon isotope

values to those from the L1 member of the Nash

Fork Formation. If the correlation of the Slaugh-

terhouse Formation with the Nash Fork Forma-

tion is correct, it is likely that the recorded carbon

isotope values reflect oceanic rather than local

compositions.

6. Black Hills, South Dakota

6.1. Description

All Black Hills units experienced biotite grade

metamorphism with the exception of carbonates
from the Harney Peak Granite area which experi-

enced sillimanite grade of metamorphism (inset in

Fig. 3; Redden et al., 1990). The oldest unit of the

Paleoproterozoic succession in the Black Hills*/

the Boxelder Creek Formation*/outcrops near

Nemo (Fig. 3) and belongs to the older rift

sequence. Its contact with the underlying Nemo

Iron Formation is not exposed, but is inferred to
be unconformable based on the presence of BIF

clasts in conglomerates of the Boxelder Creek

Formation (Redden, 1980), whereas the contact

with the overlying Benchmark Iron Formation is

conformable. The lower part of the Boxelder

Creek Formation consists largely of paraconglo-

merate, conglomerate, impure quartzite, shale, and

minor dolomite. Overlying quartzites are up to 3.3
km thick and, locally, contain lenses of pyriferous,

uraniferous conglomerates (Redden et al., 1990).

Two �/30 m thick siliceous dolomite intervals in

the lower part of the quartzite succession are

separated by thin blue�/gray phyllite (Redden,

1981). Samples from dolomite lenses and layers

(SD-series) were collected at the Benchmark loca-

tion (Location 1 in Fig. 3) and near the Nemo
cemetery (Location 2 in Fig. 3). In addition, the

lower and upper carbonate intervals were sampled

further southeast along strike (B99-series; Loca-

tion 3 in Fig. 3). B99 series samples were collected

in stratigraphic order through the lower dolomite

interval with a sampling interval of several meters.

A younger rift succession (Estes Formation)
unconformably overlies the Benchmark Iron For-

mation and Boxelder Formation and consists of

conglomerate overlain by quartzite (Redden,

1981). Siliceous fine- to medium-grained dolomite

and phyllite occur in the middle part of the

formation. Carbonate samples were collected at

the intersection of Estes Creek Road and Estes

Creek (SD-series; Location 4 in Fig. 3). Herring-
bone calcite structures (cf. Sumner and Grotzin-

ger, 1996) were observed in one sample.

The Roberts Draw Formation, conformably

overlying the Estes Formation, is 20�/100 m thick

and consists of dolomite gradationally overlain by

limestone with interbedded dolomite and capped

by graphitic, gray phyllite (Redden, 1981). Small

(�/5 cm height) domal stromatolites were rarely
observed. Samples were collected on Forest Ser-

vice Road 201 (SD-96-4; Location 5 in Fig. 3) and

along the South Boxelder Creek (B99-series;

Location 6 in Fig. 3). B99 samples were collected

in stratigraphic order from the exposed lower part

with a sampling interval of several meters. Rocks

considered correlative with the Roberts Draw

Formation outcrop near Bear Mountain in the
Medicine Mountain area, and in large roof pen-

dants of the Harney Peak Granite south of the

Harney Peak (DeWitt et al., 1986, p. 13). Pure

carbonates (HP-series; Location 7 in Fig. 3) were

sampled from roof pendants of the Harney Peak

Granite.

6.2. Geochemical data and diagenesis

Most studied samples are dolomites with the

exception of several calcite samples from the

Roberts Draw Formation. The degree of altera-

tion as well as the geochemical signatures varies

between units and the following descriptions are

given separately for each.

Dolomites of the Boxelder Formation have high

Mn contents (2,866�/10,919 ppm) and variable but
generally very low Sr contents (tr.�/214 ppm). Fe

content is high in two samples analyzed (10,297

and 27,430 ppm). d18O values range between �/9.6

and �/20.8�; most samples are significantly

depleted in 18O suggesting significant exchange

with hot metamorphic fluids. d13C values range
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narrowly, however, between �/1.8 and �/1.1�.

Samples B99.1-6 collected from the lower dolomite

interval have consistent d13C values between +0.5

and +1.1�, whereas samples collected from the

upper dolomite interval (B99.7 and 8) have

negative d13C values between �/1.4 and �/0.1�.

The SD-series samples were likely stronger af-

fected by metamorphism since their oxygen iso-

tope values are significantly depleted relative to

the B99 series samples. The consistency of the

carbon isotope values in the high-resolution strati-

graphic sampling suggests that primary d13C

compositions have been retained, but with such

degree of d18O depletion, caution should be taken

in further interpretation of these values.
Dolomites of the Estes Formation have high Mn

contents (515�/12,118 ppm) and low Sr contents

(tr.�/149 ppm). One analyzed sample has a high Fe

content (8,961 ppm). Oxygen isotope values are

generally very low, as in the Boxelder Formation

samples, with the exception of a single sample

(Table 1). Carbon isotope values in the Estes

Formation are enriched in 13C relative to the

underlying Boxelder Formation, by 1�/2�.

Calcites and dolomites of the Roberts Draw

Formation have variable but generally intermedi-

ate Mn contents (394�/2,720 ppm) and low Sr

contents (tr.�/106 ppm). One sample analyzed has

a Fe content as high as 13,083 ppm. Oxygen

isotope values range between �/15.6 and �/7.3�,

and are generally higher than those for carbonates

of the Boxelder and Estes formations, suggesting

lower degrees of metamorphism, and perhaps

better preservation of d13C values. Except for

one sample, carbon isotope values range between

�/0.4 and +1.9�. Sample SD-96-4 has very low

carbon and oxygen isotope values and high Fe and

Mn content suggesting a higher degree of altera-

tion than for other samples of the Roberts Draw

Formation (Table 1).

Three dolomite samples from the roof complex

of the Harney Peak Granite have relatively low

Mn (103�/282 ppm) and Sr (28�/57 ppm) contents.

Oxygen isotope values remarkably range between

�/5.4 and �/8.1�, and are higher than those in

carbonates of the correlative Roberts Draw For-

mation. d13C values are between +2.1 and +2.3�

and are also slightly higher than the highest d13C
value (+1.9�) in the Roberts Draw Formation.

The general depletion of 18O in Black Hills

carbonates is likely related to their impure com-

position, small thickness, and their position within

thick siliciclastic successions, since the supracrustal

sequence in the Nemo area experienced only

biotite grade metamorphism (Redden et al.,

1990). In contrast, higher oxygen isotope values
in carbonates of the Roberts Draw Formation are

likely related to the greater thickness and relatively

pure composition of carbonates in this unit.

Carbon isotope values of carbonates from the

Black Hills area are on average close to 0�, and

broadly resemble values in carbonates from the

upper Nash Fork Formation.

7. Whalen Group, Hartville Uplift

7.1. Description

The Whalen Group is formally subdivided into

four formations in ascending order: (1) Mother

Featherlegs Metabasalt; (2) Silver Springs Forma-
tion (subgraywacke and ferruginous, graphitic and

pyritic schist containing layers and lenses of Lake

Superior type BIF), (3) Wildcat Hills Formation

(dolomite), and (4) Muskrat Canyon Metabasalt

(Sims et al., 1997; Sims and Day, 1999). This

stratigraphy was constructed on the basis of

lithological correlation between the eastern and

western domains of different metamorphic grade,
structural complexity and, likely, depositional

histories, resulting in one stratigraphic scheme

for the two juxtaposed domains (Fig. 8). Our

study suggests that carbonates from the Hartville

Uplift do not belong to a single stratigraphic unit

since they differ in their depositional environment,

degree of metamorphism, and isotopic signatures

(see Section 7.2). Structural complications and
limited outcrop did not allow for the stratigraphic

relationships between these distinctive carbonate

units to be established in the field. The following

discussion is focussed on three measured sections

from the western domain augmented by observa-

tions in both domains.
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Several sections (Locations 8, 9 and 11 in Fig. 9)

were measured and sampled in the western domain

near the Rawhide Creek mouth where the Whalen

Group is in structural contact with the Archean

Rawhide granite. The most complete section in

this area (Location 8 in Fig. 9) is cut by a fault

with unknown, but likely minor, displacement.

The lower part of this section extending up to the

fault consists of an upward-deepening cycle of red

ferruginous quartzites, argillites with thin layers of

brown dolomite, and brown dolomite. Across the

fault, gray massive dolomite with chert beds

underlies an upward-shallowing cycle that includes

from the base to the top: ribbon dolomite, pink�/

gray dolomite with silicified domal digitate stro-

matolites (forming a reef up to 30 m thick), pink

dolomite, and dark calc-schist. The section im-

mediately to the south of the Rawhide Creek

mouth (Location 9 in Fig. 9) contains two levels

with silicified domal digitate stromatolites making

up smaller stromatolite reefs than in the first

section. Hofmann and Snyder (1985) described

Hadrophycus sp. stromatolites from these reefs. A

third section, further south of the Rawhide Creek

Fig. 8. Map of the Hartville Uplift, WY (modified from Sims and Day, 1999).
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mouth in a separate thrust sheet, consists of gray

massive dolomite with three levels of large domal

stromatolites without digitate structures (Location

11 in Fig. 9). Domal stromatolites have diameters

up to 10 m and are only partially silicified.
Gray and pink massive dolomites were sampled

on the northern limb of the Graves Ranch anti-

cline and on its southern limb in the Sparks

Canyon (Locations 2 and 3 in Fig. 8). Hofmann

and Snyder (1985) observed stratiform and small-

scale columnar stratiform stromatolites in this

area. In addition, dolomites were sampled at

several other locations in the western domain,

including the Guernsey Quarry (Location 1 in Fig.

8) where they experienced higher metamorphic

grade and contain tremolite ‘turkey tail’ structures

Fig. 9. Detailed map of the Rawhide Creek area, Hartville Uplift (from Sims and Day, 1999; Day et al., 1999), and measured sections

and d13C values at localities 8 and 9.
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Table 3

Correlation between studied Paleoproterozoic successions, Huronian and Marquette Range supergroups (after Houston et al., 1992 with additional chemostratigraphic

constraints from this study)

Event stratigraphy Huronian

Supergroup,

Ont., Canada

Marquette Range

Supergroup, MI

Snowy Pass Supergroup,

WY

Snowy Pass Group,

Sierra Madre, WY

Nemo Succession,

Black Hills, SD

Whalen Group,

Hartville Uplift

Fine-grained siliciclastic units French Slate Gingrass Draw Slate

and Buck Mountain

Quartzite

Mafic volcanism with ages

�/2.0�/1.95 Ga

Towner Greenstone Unnamed mafic

volcanic unit

Muskrat Canyon

Metabasalt

Carbonates with d13C values

close to 0�
Upper part of the Nash

Fork Formation

Estes and Roberts

Draw formations

Wildcat Hills

Formation

Black organic-rich shales with

BIFs

M1 and M3 members of

the Nash Fork Formation

Upper part of the

Slaughterhouse

Formation

Silver Springs

Formation

Carbonates with d13C values

between �/6 and �/10�
Lower part of the Nash

Fork Formation except the

L1 member

Slaughterhouse

Formation except the

lower part

Carbonates in the

Rawhide Creek

area

Carbonates with d13C values

above �/10�
L1 member of the Nash

Fork Formation

Lower part of the

Slaughterhouse

Formation

Carbonates with d13C values

between �/4 and �/8�
Gordon Lake

Formation

Mature Al-rich hematite-bear-

ing quartzites and carbonates

with d13C values B/�/4�

Lorrain

Formation

Randville

Dolomite

Sturgeon Quart-

zite

Medicine Peak Quartzite Copperton

Formation

Third glacial horizon Gowganda

Formation

Fern Creek

Formation

Headquarters Formation Bottle Creek

Formation

Second glacial horizon overlain

by carbonate unit

Espanola

Formation

Vagner Formation Bottle Creek

Formation

Second glacial horizon Bruce

Formation

Vagner Formation Bottle Creek

Formation

First glacial horizon Ramsay Lake

Formation

Campbell Lake Formation Singer Peak

Formation

Pyrite and uraninite-rich

mature quartzites

Matinenda

Formation

Lindsey Quartzite and

Magnolia Formation

Magnolia Formation Boxelder Formation
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and chert layers and nodules, but lack stromato-
lites. The base of the carbonate succession in this

area overlies amphibolite. In the eastern domain,

recrystallized dolomites were sampled in the Cop-

perbelt-Omaha mine area (Location 7 in Fig. 8).

Poorly preserved stratiform stromatolites up to 1

m in size rarely occur in this area.

7.2. Geochemical data and diagenesis

All analyzed samples are dolomites (Table 1)

with low Sr contents (tr.�/136 ppm) and highly

variable Mn contents (35�/3,286 ppm). Fe contents

measured in four samples are also high (988�/6,381

ppm). Oxygen isotope values range between �/4.2

and �/15.0�, and show, on average, greater 18O
enrichment than dolomites of the Nash Fork

Formation. Carbon isotope values of carbonates

are bimodal. Carbonates from the Rawhide Creek

area show 13C-enrichment up to �/8.2� whereas

carbonates from all other localities have d13C
values between �/0.3 and �/3.2�. Notably, the

d13C compositions of Hartville samples are nega-

tively correlated with their d18O compositions,

opposite to the expected diagenetic trend. Samples

with the lowest oxygen isotope values are also

most enriched in manganese. The levels of 13C-

enrichment and 18O-depletion in carbonates of the

Rawhide Creek area are similar to those in the
lower Nash Fork Formation, and we interpret

these units as broadly time equivalent.

8. Implications for global correlation

The Deep Lake and lower Libby Creek groups
are considered correlative with the Huronian

Supergroup in Ontario, Canada, based on the

presence in both successions of (1) ca. 2.48�/2.45

Ga old conglomerates with detrital pyrite and

Fig. 10. Schematic representation of Paleoproterozoic secular carbon isotope variations after Karhu and Holland (1996) with

additional information from Bekker et al. (2001a) shown by dashed line. Black triangles and question marks between them represent

three Paleoproterozoic glacial events in North America and their age uncertainties. Studied units are arranged along the horizontal axis

according to their geochronologic, lithostratigraphic, and chemostratigraphic age constraints (see text for discussion).
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uraninite followed by three glacial horizons; (2) a
carbonate unit above the middle of three diamic-

tites, and (3) thick, mature, Al-rich hematite-

bearing quartzites above the uppermost glacial

horizon (Houston et al., 1992; Roscoe and Card,

1993; Table 3).

Correlation between the upper Libby Creek

Group in the Medicine Bow Mountains and other

Paleoproterozoic sedimentary successions is more
ambiguous. Based on the chemostratigraphic data

presented above and available event stratigraphy,

we speculate, with caution, correlations with other

successions worldwide. To do so, however, re-

quires knowledge of Paleoproterozoic trends in

carbon isotope variations, which are currently in a

state of flux given a proliferation of chemostrati-

graphic and geochronologic studies. Karhu and
Holland (1996) recognized that post-glacial carbo-

nates with ages between 2.2 and 2.1 Ga have

carbon isotope values as high as �/10�. These

authors compiled a curve of secular carbon isotope

variations with a single long-lasting peak between

2.2 and 2.1 Ga. This view was modified with the

recent discovery of marine carbonates with carbon

isotope values up to �/10.4� in the upper part of
the Duitschland Formation, sandwiched between

two Paleoproterozoic glacial diamictites in South

Africa (Buick et al., 1998; Bekker et al., 2001a).

The Duitschland peak although found to date in

only one basin, likely represents a global event

(Bekker et al., 2001a). Carbon isotope values as

high as �/3.5� have been recognized in truncated

carbonates beneath the basal Duitschland Forma-
tion diamictite (Tongwane Formation; Bekker et

al., 2001a), but similar or greater 13C-enrichments

have not yet been found in any pre-glacial strata

worldwide. A two-peak curve of secular carbon

isotope variations with one long-lasting peak

between 2.2 and 2.1 Ga and another possible

peak of undetermined duration during the Paleo-

proterozoic glacial epoch (Fig. 10) was modified
by Melezhik et al. (1999a) who presented a curve

with three to four peaks based on data from South

African successions (Buick et al., 1998) and the

Pechenga Basin, Kola Peninsula, Russia. As dis-

cussed by Bekker et al. (2001a), the South African

data contain evidence for only two carbon isotope

excursions based on revised stratigraphic and age

constraints. Melezhik et al. (1999a) placed the
Kolasjoki Sedimentary Formation of the Pechenga

Basin in the midst of the 2.2�/2.1 Ga extended

event (Karhu and Holland, 1996). This formation

contains carbonates with d13C values ranging

between �/7.8 and �/2.0� (Melezhik and Fallick,

1996), but has very poor age constraints (21149/52

Ma Rb/Sr whole rock age on the overlying mafic

volcanics; Balashov, 1996). We believe that this
unit cannot be used as evidence for more than one

excursion during the 2.2�/2.1 Ga event, and was

more likely deposited in the aftermath of this

excursion based on lithologic (Mn-rich carbonates

and phosphorites) and chemostratigraphic consid-

erations. The tentative correlations presented here

are based on the two-peak curve, but we recognize

that further study might modify this evolving
trend.

The Nash Fork Formation is younger than the

Paleoproterozoic glacial epoch and the succeeding

climatic amelioration indicated by the presence of

thick, mature, Al-rich quartzites. The extreme

d13C values at the base of this unit (L1 member)

likely correspond to highly 13C-enriched carbo-

nates in Karelia, Russia (up to �/18�; Melezhik et
al., 1999a) and in other Paleoproterozoic carbon-

ate successions worldwide (Table 2). These car-

bonate successions have poor age constraints with

the exception of the Seward and Pistolet sub-

groups of the Kaniapiskau Supergroup, New

Quebec Orogen, which are well constrained be-

tween 21699/2 and 2142�4/�2 Ma (Rohon et al.,

1993; Melezhik et al., 1997b). Carbonate units
with carbon isotope values of the same magnitude

as those found in the L2 through M2 members of

the Nash Fork Formation (between �/6 and �/

8�) also occur in Fennoscandia where they are

better constrained in age to ca. 2.2�/2.1 Ga

(Karhu, 1993). Globally, Paleoproterozoic carbon-

ate units correlative with the Nash Fork Forma-

tion based on similar carbon isotope systematics
are also known, as discussed above from South

Africa (Master et al., 1993; Buick et al., 1998;

Swart, 1999; Bekker et al., 2001a) as well as Gabon

(Gauthier-Lafaye and Weber, 1989), Zimbabwe

(Bekker et al., 2001b), Australia (Lindsay and

Brasier, 2002), India (Sreenivas et al., 2001), Scot-

land (Baker and Fallick, 1989a), Brazil (Sial et al.,
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2000), Russia (Akhmedov et al., 1996), and North
America (Melezhik et al., 1997a; Bekker, 1998;

Hofmann and Davidson, 1998).

The change in carbon isotope values at the level

of the M3 member from high values to those near

0� was accompanied by deposition of black

organic-rich shale (upper carbonaceous shale

member with TOC content up to 203.6 mg C/g

sample). Similar changes in carbon isotope values
of carbonates accompanied by deposition of black

organic-rich shales are described in Fennoscandia

(Karhu, 1993; Melezhik et al., 1999b), Gabon

(Francevillian Series; Weber et al., 1983; Gau-

thier-Lafaye and Weber, 1989), and Quebec

(Lower Albanel Formation; Mirota and Veizer,

1994; Bekker et al., 1997). The end of the carbon

isotope excursion in Fennoscandia is constrained
between 20629/2 and 21139/4 Ma (Karhu, 1993).

Age constraints for the Francevillian Series, Ga-

bon (Bros et al., 1992), agree with the Fennoscan-

dian age constraints for the end of the

biogeochemical anomaly. In addition, the end of

the carbon isotope excursion in the upper part of

the Pretoria Group, South Africa, preceded intru-

sion of the Bushveld complex and the associated
Rooiberg Felsites dated at 20619/2 Ma (Walraven,

1997; Bekker et al., 2001a). A minimum age for the

Nash Fork Formation is constrained by the

younger mafic volcanism that has been dated

elsewhere on the Wyoming Craton to approxi-

mately 2.0�/1.97 Ga (Redden et al., 1990; Cox et

al., 2000). Combined, these age constraints suggest

that the Nash Fork Formation was deposited
between ca. 2.2 and 1.97 Ga.

Based on lithostratigraphic considerations,

Houston et al. (1992) suggested that the Nash

Fork Formation in the Medicine Bow Mountains

and the Slaughterhouse Formation in the Sierra

Madre are correlative. Chemostratigraphic data

presented above support the equivalence of the

Slaughterhouse Formation and the lower Nash
Fork Formation since both units contain carbo-

nates with high d13C values, including values

above �/10� (Table 3). However, a limited

number of samples and poor outcrop of the

Slaughterhouse Formation precludes speculation

that time equivalents of the upper Nash Fork

Formation are absent in the Sierra Madre.

Houston et al. (1992) also correlated the Nash
Fork Formation with the Gordon Lake and Bar

River formations of the Huronian Supergroup and

the Randville Dolomite of the Marquette Range

Supergroup, Michigan. This correlation is not

supported by chemostratigraphic data since the

change in carbon isotope trend in the middle Nash

Fork Formation suggests that its deposition

straddled the end of the ca. �/2.2�/2.1 carbon
isotope excursion whereas the Huronian Super-

group is intruded by the 2219.49/3.5 Ma old

Nippissing sills (U�/Pb zircon; Corfu and An-

drews, 1986) and both formations were likely

deposited at the beginning of the extreme carbon

isotope anomaly. Correlation with the Randville

Dolomite, Marquette Range Supergroup is also

unlikely because the Randville Dolomite is con-
sidered correlative with the Gordon Lake Forma-

tion of the Huronian Supergroup, ON, based on

its conformable stratigraphic position above the

glacial diamictite and mature quartzite unit

(Young, 1983).

The Boxelder Formation and Benchmark Iron

Formation were likely deposited before the glacial

epoch but after the initial rifting of Kenorland at
ca. 2.48�/2.45 Ga, based on their unconformable

position above Archean rocks, the presence of

uranium- and pyrite-rich conglomerates in the

Boxelder Formation, and a major unconformity

above the Benchmark Iron Formation, and a lack

of evidence for glacial influence on sedimentation.

Carbonates of the Boxelder Formation and BIFs

of the Benchmark Iron Formation are unique to
the Wyoming Craton since North American Pa-

leoproterozoic successions with similar age do not

contain these lithologies. Lithostratigraphic and

chemostratigraphic data as well as age constraints

suggest correlation between the Estes and Roberts

Draw formations in the Black Hills, SD, and the

upper Nash Fork Formation (Table 3). Both

successions are overlain by mafic volcanic rocks,
slates, and quartzites. The Ellison Formation in

the Lead area that is considered correlative with

the Buck Mountain Formation and Gingrass

Draw Slate of the Nemo area (DeWitt et al.,

1986) contains at the base felsic metatuff dated at

19749/8 Ma (U�/Pb zircon; Redden et al., 1990).

In addition, carbonates in the Roberts Draw,
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Estes, and upper Nash Fork formations have d13C
values between 0 and �/3� (Table 1). However,

the possibility that the Roberts Draw and Estes

formations are younger than the Nash Fork

Formation cannot be dismissed. Carbonates of

the Whalen Group in the Rawhide Creek area are

likely correlative with the lower Nash Fork For-

mation based on similar chemostratigraphic char-

acteristics (d13C values up to �/8�) as well as
similar stromatolite morphologies. Carbon isotope

values up to �/8� are unknown from well-dated

Archean carbonates but typical for Paleoproter-

ozoic carbonates with an age between 2.22 and 2.1

Ga (Karhu and Holland, 1996). Other lithologies

of the Whalen Group including carbonates with

d13C values close to 0�, mafic volcanic rocks and

ferruginous slates might be correlative with carbo-
nates of the upper Nash Fork Formation, Towner

Greenstone, and French Slate, respectively. How-

ever, the possibility that some parts of the Whalen

Group may be Archean in age cannot be excluded

based on available data. Higher metamorphic

grade supracrustal rocks in the eastern domain

intruded by the Archean Flattop Butte Granite,

supracrustal enclaves in the Archean Rawhide
Butte Granite, and the higher metamorphic grade

succession near Guernsey (Location 1 in Fig. 8)

could well be Archean in age.

9. Tectonic implications

This study has three implications for under-

standing the Paleoproterozoic tectonic history of
the Wyoming Craton: (1) the Paleoproterozoic

passive margin on the southern flank of the

Wyoming Craton extended from the Sierra Madre

through the Medicine Bow Mountains to the

Hartville Uplift; (2) rifting and breakup on the

eastern flank of the Wyoming Craton and opening

of the Manikewan ocean (sensu Stauffer, 1984)

coincided with or closely followed the end of the
Paleoproterozoic carbon isotope excursion be-

tween 2.11 and 2.06 Ga; (3) rifting and breakup

on the eastern flank of the Wyoming Craton

dissected and reactivated the mature passive

margin on the southern flank of the Wyoming

Craton.

Karlstrom et al. (1983) suggested that the upper
Libby Creek Group in the Medicine Bow Moun-

tains was deposited in a foreland basin based on

upward-deepening trend and mafic volcanism

(Towner Greenstone) at the top of the succession.

This interpretation was not confirmed by recent

Sm�/Nd and REE provenance studies that have

shown an Archean source for the upper Libby

Creek Group, and no evidence for proximity to the
Paleoproterozoic volcanic arc (Ball and Farmer,

1991; Crichton and Condie, 1993). This study

constrains the age of the Nash Fork Formation

between 2.2 and 1.97 Ga. Consequently, the upper

Libby Creek Group is significantly older than the

1.74�/1.78 Ga volcanic arc (Chamberlain, 1998)

that collided with the southern flank of the

Wyoming Craton and was likely deposited on a
passive margin. Lithostratigraphic and chemostra-

tigraphic data suggest correlation between passive

margin carbonate deposits of the Sierra Madre,

Medicine Bow Mountains, and Hartville Uplift.

Two carbonaceous shale members in the middle

part of the Nash Fork Formation represent

drowning events associated with the reactivation

of the old, mature passive margin on the southern
flank of the Wyoming Craton by rifting and

breakup along the eastern flank of the Wyoming

Craton (Bekker and Eriksson, in press).

The age of rifting and breakup on the eastern

flank of the Wyoming Craton is poorly con-

strained. Mafic intrusives and their felsic differ-

entiates on the southern flank of the Wyoming

Craton likely related to this event are between 2.0
and 2.1 Ga in age (Premo and Van Schmus, 1989;

Cox et al., 2000). The only exposed area on the

eastern flank of the Wyoming Craton is in the

Black Hills, SD. Initiation of the younger rift basin

there was likely related to the 2.1�/2.0 Ga rifting

and final breakup of the Kenorland superconti-

nent (Aspler and Chiarenzelli, 1998). The younger

rift succession unconformably overlies the older
rift succession intruded by and infolded with the

21709/120 Ma old Blue Draw Metagabbro (U�/Pb

zircon; Redden et al., 1990). Recognizable 20259/

50 Ma old overgrowths on Archean zircons were

likely formed in response to younger rifting event

(U�/Pb zircon; McCombs et al., 2001). The base of

the younger rift succession (Estes Formation) is
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Table 4

Environmental indicators within Paleoproterozoic successions with ca. 2.1 Ga ages based on geochronologic and chemostratigraphic constraints

Name of the succession

and location

BIF Mn-rich lithologies Organic-rich

shales

Most depleted

d13Corg values

Phosphorites Mafic volcanics Reference to age

and d13Ccarb values

�/�/4�

Nash Fork Formation,

WY, USA

Thin discontinu-

ous BIF (Bekker

and Eriksson, in

press)

Black organic-

rich shales (Bek-

ker and Eriksson,

in press)

Overlain by

Towner Green-

stone

This study

Lower Albanel Forma-

tion, Mistassini Basin,

Quebec, Canada

Mirota and Vei-

zer (1994)

�/39.0�
(Bekker et al.,

unpubl.)

Mirota and Veizer

(1994), and Bekker

et al., unpubl.

Ludikovian Group,

Fennoscandian Shield

Laajoki and

Saikkonen

(1977), Paakola

(1971)

Paakola (1971), Go-

lubev et al. (1984)

Shungites (Kar-

hu, 1993; Melez-

hik et al., 1999b)

�/44.4�
(Karhu, 1993;

Melezhik et

al., 1999b)

Äikäs (1980), Gehör

(1994), Bekasova and

Dudkin (1982), Golu-

bev et al. (1984), Me-

lezhik and Predovsky

(1982)

Karhu (1993),

Melezhik et al.

(1999b), Hanski

et al. (2001)

Karhu (1993), Me-

lezhik and Fallick

(1996)

Hapschan Group,

Anabar Shield, Russia

Rhodonite and spes-

sartine (Ponomaren-

ko, 1973)

Ponomarenko

(1973)

Apatite (Ponomaren-

ko, 1973)

Ponomarenko

(1973), Rozen et

al. (1990)

Rozen et al. (1990,

1994)

Fyedorov Suite, Aldan

Supergroup, Aldan

Shield, Russia

Salop (1982),

Pavlov et al.

(1987)

Mn-rich silicates

(Kulish, 1970)

Kulish (1970) Apatite (Salop, 1982;

Guliy, 1995a Guliy,

1995b)

Rundqvist and

Mitrofanov

(1993)

Sidorenko and

Borshchevsky

(1977); Guliy

(1995a,b)

Slyudyanka crystalline

complex, Eastern Si-

beria, Russia

Rhodonite, bustamite

and spessartine (Re-

znitsky et al., 1976;

Koneva et al., 1998)

Yudin and Ar-

senev (1970)

Apatite (Yudin and

Arsenev, 1970)

Yudin and Ar-

senev (1970),

Kotov et al.

(2000)

Borshchevsky et al.

(1982), Reznitsky et

al. (1998), Kotov et

al. (2000)

Upper Yakovlevskaya

and Timskaya suites,

Oskolskaya Series (�/

Vorontzovskaya Ser-

ies), KMA, Russia

Hematite- and

martite-rich slates

(Nikitina and

Shchipanskiy,

1987)

Mn-rich sulfides in

carbonates and slates

(Lazur et al., 1981)

Sozinov and Ka-

zantsev (1978),

Zhmur and Ste-

panova (1987)

�/44.2� (So-

zinov et al.,

1988; Lobzo-

va and Esi-

kov, 1981)

Phosphatic slates and

quartzites (Sozinov

and Kazantsev, 1978;

Nikitina and Shchi-

panskiy, 1987)

Sozinov and Ka-

zantsev (1978)

Schipansky and

Bogdanova (1996),

Akhmedov et al.

(1996)

Temryukskaya Suite,

Central Periazov Series,

Central Periazov Syn-

cline, Ukraine

Boiko et al.

(1989)

Rhodonite (Kanygin

et al., 1969; Krav-

chenko, 1993)

Kanygin et al.

(1969), Boiko et

al. (1989)

�/35.3� (Si-

dorenko et al.,

1972)

Apatite (Kanygin et

al., 1969)

Boiko et al. (1989),

Zagnitko and Lu-

govaya (1985,

1989), Schipansky

and Bogdanova

(1996)
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Table 4 (Continued )

Name of the succession

and location

BIF Mn-rich lithologies Organic-rich

shales

Most depleted

d13Corg values

Phosphorites Mafic volcanics Reference to age

and d13Ccarb values

�/�/4�

Gdantzevskaya Suite,

Krivorozhskaya Series,

Krivoy Rog, Ukraine

Boiko et al.

(1989)

Prilutzky et al.

(1992)

�/36.3�
(Yatsenko et

al., 1986)

Boiko et al. (1989),

Zagnitko and Lu-

govaya (1985), Pri-

lutzky et al. (1992)

Hoshchevat-Zavalsk

Suite, Bugskaya Series,

Ukraine

Boiko et al.

(1989)

Rhodochrosite

(Shnyukov and Or-

lovsky, 1980; Varent-

sov and Rakhmanov,

1980; Kulish et al.,

1988)

Zagnitko and

Lugovaya (1986),

Boiko et al.

(1989)

�/35.8�
(Zagnitko and

Lugovaya,

1986)

Apatite (Zagnitko and

Lugovaya, 1989)

Boiko et al.

(1989), Zagnitko

and Lugovaya

(1985)

Boiko et al. (1989),

Zagnitko and Lu-

govaya (1985, 1989)

Boiko et al.

(1989), Zagnitko

and Lugovaya

(1985, 1989)

Rodionovskaya Suite,

Ingulo-Inguletzkaya

Series, Ukraine

Kulish et al. (1988) Graphitic schists

(Boiko et al.,

1989)

Apatite in quartzites

(Yur’ev, 1968)

Overlies mafic

volcanics (Kulish

et al., 1988)

Zagnitko and Lu-

govaya (1985,

1989), Boiko et al.

(1989)

Francevillian Series,

Gabon

Leclerc and We-

ber (1980)

Rhodochrosite (Le-

clerc and Weber,

1980; Hein et al.,

1989; Hein and Bol-

ton, 1993)

Gauthier-Lafaye

and Weber (1989)

�/46.2� (We-

ber et al.,

1983)

High phosphate con-

tent of iron formation

(Leclerc and Weber,

1980)

Weber (1972) Gauthier-Lafaye

and Weber (1989),

Bros et al. (1992)

Birimian Supergroup,

West Africa (Nsuta,

Ghana; Tambao, Bir-

kina Faso; Mokta and

Ziemougoula, Côte

d’Ivoire)

Rhodochrosite (Dzig-

bodi-Adjimah and

Sogbor, 1993; Weber,

1997; Mücke et al.,

1999)

Mücke et al.

(1999)

Mücke et al.

(1999)

Master et al. (1993),

Davis et al. (1994),

Hirdes and Davis

(1998)

Lukoshi Complex,

Zaire

Mn-rich carbonates

(Doyen, 1973, 1974)

Doyen (1973,

1974)

Doyen (1973,

1974)

André (1993), Fey-

besse et al. (1998)

Upper Lomagundi/Pir-

iwiri Group, Zimbabwe

Oxide- and sili-

cate-facies iron

formations (Mas-

ter, 1991)

Mn-oxides (Master,

1991)

Black graphitic

slates (Master,

1991)

Phosphate-bearing

shale (Master, 1991)

Overlain by an-

desitic volcanics

(Master, 1991)

Schidlowski et al.

(1976), Master

(1991), Schidlowski

and Todt (1998),

Bekker et al.

(2001b)
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older than a metagabbro sill dated at 19749/8 Ma
(U�/Pb zircon; Redden et al., 1990), which intrudes

the overlying Roberts Draw Formation. Carbo-

nates from the middle part of the Estes Formation

have d13C values similar to those in the upper

Nash Fork Formation suggesting that rifting on

the eastern flank of the Wyoming Craton occurred

either very late during the carbon isotope excur-

sion or shortly thereafter.

10. Implications for the end of the carbon isotope

excursion

This study supports earlier suggestions based on

Fennoscandian data that the end of the carbon

isotope excursion closely accompanied breakup of

the Kenorland supercontinent at ca. 2.1 Ga
(Karhu, 1993). Also, in common with the Fennos-

candian record (Karhu, 1993; Melezhik et al.,

1999b), deposition of organic-rich shales and

thin, discontinuous BIF in the M3 member of

the Nash Fork Formation straddled the end of the

biogeochemical event. On a global scale, succes-

sions straddling the end of the d13C positive

anomaly contain organic-rich shales, BIFs, Mn-
rich lithologies, and phosphorites (Table 4). d13C

values of organic carbon in the Francevillian and

Fennoscandian carbonaceous shales deposited

after the end of the carbon isotope excursion

show a consistent decrease upsection to about �/

45� (Weber et al., 1983; Karhu, 1993; Melezhik et

al., 1999b). The end of the carbon isotope excur-

sion was also accompanied by voluminous mafic
volcanism (Table 4). Melezhik et al. (1997a)

argued for a decline in stromatolite abundance

and diversity on the Fennoscandian Shield at the

same time and a similar decline was inferred from

Indian and Chinese data (Semikhatov and Raa-

ben, 1994). A short-term decline in stromatolite

abundance after the carbon isotope excursion was

also observed in the U1 member of the Nash Fork
Formation (Bekker and Eriksson, in press) and in

the Lower Albanel Formation, Quebec, Canada.

Although the significance of this change in stro-

matolite abundance and diversity is disputable (see

Semikhatov and Raaben, 1996; Semikhatov et al.,

1999; Awramik and Sprinkle, 1999), conditions forT
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stromatolite growth after the carbon isotope
excursion were clearly unfavorable on several

continents for at least a short period of time.

The presence of these lithologies and paleoen-

vironmental indicators in a consistent stratigraphic

position with respect to the biogeochemical anom-

aly in several successions worldwide argues for a

major oceanographic reorganization. Mn-rich

lithologies, phosphorites, and BIFs common in
late Neoproterozoic to early Cambrian successions

have been attributed to the ocean overturn either

at the end of glaciations (Kaufman et al., 1991;

Klein and Beukes, 1993; Bühn and Stanistreet,

1997) or at the Precambrian/Cambrian boundary

following the supercontinent breakup (Donnelly et

al., 1990; Cook, 1992; Hein et al., 1999). Ocean

overturns invigorated circulation in the otherwise
anoxic Neoproterozoic ocean in which burial rates

of organic carbon were high as inferred from

highly positive carbon isotope values in carbonates

(Knoll et al., 1986; Kaufman and Knoll, 1995;

Hoffman et al., 1998). Controls on ocean anoxia

remain conjectural. On the one hand, high hydro-

thermal and volcanic inputs of reduced elements to

seawater (as recorded in mantle-dominated
87Sr/86Sr values in seawater proxies; cf. Asmerom

et al., 1991) and the atmosphere would scrub out

photosynthetically produced oxygen, but the bal-

ance of these two fluxes is unconstrained. Alter-

natively, Knoll et al. (1996) argue that widespread

anoxia in the ocean may also be caused by a

decrease in the rate of ocean circulation as a result

of the low latitude position of landmasses coupled
with a greenhouse climate.

Highly positive carbon isotope values (Tables 3

and 4; Karhu and Holland, 1996) in ca. 2.2�/2.1

Ga open marine carbonates suggest high relative

burial rates of organic matter in ocean sediments,

which was likely aided by deep water anoxia and

the development of extensive continental margins

following rifting (cf. Des Marais, 1994; Hoffman
et al., 1998). The lower carbonaceous shale mem-

ber of the Nash Fork Formation (M1) sandwiched

within the 13C-enriched carbonates provides the

first direct evidence that deposition of shallow

water, 13C-enriched carbonates was accompanied

by high burial rates of organic carbon in deeper

waters. Deposition of phosphorites, Mn-rich

lithologies, and BIFs at the end of the carbon
isotope excursion suggests limited mixing between

the deep and shallow parts of the ocean during the

Paleoproterozoic carbon isotope excursion (cf.

Klein and Beukes, 1993). Whereas Mn and Fe

were supplied to the deep ocean through hydro-

thermal activity at MORs, phosphorus was likely

released from organic matter and ferric oxyhydr-

oxides in anoxic settings (Van Cappellen and
Ingall, 1994; Ingall and Jahnke, 1994). BIFs

deposited at the end of the ca. 2.2�/2.1 Ga carbon

isotope excursion are thin, lean, and incomparable

in size to those preserved in older (ca. 2.45 Ga old)

or younger (1.9�/1.8 Ga old) successions (Isley,

1995; Simonson and Hassler, 1996; Isley and

Abbott, 1999; Table 4). This observation implies

that Fe flux into the deep ocean exceeded the H2S
content in the ocean during the carbon isotope

excursion (Canfield, 1998), which might be related

to either low sulfate content in the ocean (Canfield

and Raiswell, 1999) or low rates of sulfate delivery

to the deep ocean due to sluggish circulation. In

contrast to BIFs, manganese deposits postdating

the carbon isotope excursion are large. A likely

explanation is that the iron content was controlled
by sulfate reduction and subsequent precipitation

of pyrite in the deep ocean, thereby separating Fe

and Mn in seawater. Sulfate reduction also led to

high deep ocean carbonate-alkalinity enriched in
12C (Canfield and Raiswell, 1991; Knoll et al.,

1996; Grotzinger and Knoll, 1995).

The temporal relationship between the end of

the carbon isotope excursion and Kenorland
breakup suggests that ocean circulation was in-

vigorated by changes in land distribution related

to opening of new seaways and continent move-

ment to high latitudes. Driven by this factor, deep

ocean waters charged with carbonate alkalinity

and nutrients (P, Fe, and Mn) may have en-

croached onto shelves. Mixing with deep ocean

waters enriched in 12C shifted the carbon isotope
composition of shallow waters to near 0� as

shown by carbonates from the upper Nash Fork

Formation (Fig. 5). Carbon isotope values as low

as �/20� in carbonates associated with organic-

rich shales straddling the end of the carbon isotope

excursion on the Fennoscandian Shield and Vor-

onezh Massif, Russia, are likely related in part to
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diagenetic and metamorphic processes (Zhmur

and Stepanova, 1987; Sozinov et al., 1988; Yudo-

vich et al., 1990; Karhu, 1993; Melezhik et al.,

1999b), but might also record upwelling of deep

waters highly depleted in 13C. A high nutrient flux

to shallow waters likely enhanced productivity

locally. This increase in productivity might explain

the apparent stromatolite decline since abundant

planktonic forms in shallow waters would decrease

water transparency confining stromatolites to very

shallow areas within basins (cf. Hallock and

Schlager, 1986). The chemostratigraphic record

of the upper Nash Fork Formation suggests that

the carbon isotope composition of the ocean was

relatively stable near 0� after the end of the

carbon isotope excursion despite ocean overturn

and the effects of localized areas with high

productivity. Iron and manganese were deposited

as oxides and carbonates once they entered

oxygenated and alkaline shallow waters (Hein et

al., 1989; Yeh et al., 1995a,b; Hein and Bolton,

1993).

The upward trend towards more negative car-

bon isotope values in organic carbon from carbo-

naceous shales overlying 13C-rich carbonates in the

Francevillian and Fennoscandian basins (Weber et

al., 1983; Karhu, 1993; Melezhik et al., 1999b)

could be explained by release of methane clath-

rates during the ocean overturn (cf. Dickens et al.,

1997; Dickens, 2001; Kennedy et al., 2001). How-

ever, this trend persists over large thicknesses (�/

800 m in Karelia, Russia; Melezhik et al., 1999b)

and it seems unlikely that release of methane

clathrates or its effect on the ocean composition

would persist over the time of deposition of such

thick stratigraphic intervals. An increase in bio-

genic methane production and recycling during

early diagenesis in settings with high organic

productivity and low sulfate content is another

possible explanation for this trend (Hayes, 1983,

1994). Low S/C ratios in organic-rich shales in

several Fennoscandian basins (Karhu, 1993; Me-

lezhik et al., 1999b) might be related to low sulfate

content in the ocean and in shallow-water envir-

onment after mixing with deep waters that had low

sulfate content and were charged with reduced

compounds.

Contrary to the view that supercontinent
breakup might results in enhanced organic carbon

burial through the formation of extensive shallow

marine shelf areas (Des Marais, 1994; Hoffman et

al., 1998), the opposite appears true for the end of

the ca. 2.2�/2.1 Ga carbon isotope excursion,

insofar as the breakup of Kenorland followed

the biogeochemical event. Similarly, the Paleopro-

terozoic record does not support arguments that
high rates of organic matter burial due to high

productivity and nutrient flux into semi-restricted

basins led to either a local or global carbon isotope

excursions (Melezhik et al., 1999a). Contrary to

the proposed cause and effect relationship in the

Neoproterozoic (Kaufman et al., 1997; Hoffman

et al., 1998) and early Paleoproterozoic (Bekker et

al., 2001a), the ca. 2.2�/2.1 Ga positive carbon
isotope excursion did not lead to known glacia-

tion. Lastly, the biogeochemical events recorded in

the Nash Fork Formation and its equivalents in

Wyoming and around the world do not coincide

with mantle plume activity, which occurs later

(Puchtel et al., 1998; Hanski et al., 2001).

Event stratigraphy coupled with charted

changes in the isotopic composition of the world
ocean provides critical constraints on changing

environments throughout Earth history. Results of

these studies reaffirm our view that global tectonic

processes ultimately drove the climatic and ocea-

nographic changes, which led to the deposition of

important mineral reserves.

11. Conclusions

1) The Nash Fork Formation was deposited

after the Paleoproterozoic glacial epoch. Car-

bonates from the base of the Nash Fork

Formation have remarkably high d13C values

up to �/28� whereas carbonates in the lower

and middle parts have d13C values ranging

between �/6 and �/8�. Carbonates in the
upper Nash Fork Formation above the car-

bonaceous shale have d13C values ranging

between 0 and �/2.5�. This change in carbon

isotope trend is similar to that observed in

Fennoscandia where it is constrained between

2.11 and 2.06 Ga and is also marked by

A. Bekker et al. / Precambrian Research 120 (2003) 279�/325316



organic-rich shales (Karhu, 1993). Based on
the similar chemo- and lithostratigraphy of

these successions, age constraints from Fen-

noscandia for the end of the carbon isotope

excursion can be inferred for the depositional

age of the Nash Fork Formation. These new

age constraints conflict with the earlier pro-

posed lithostratigraphic correlation of this

unit with the Gordon Lake Formation, Hur-
onian Supergroup, ON, and Randville Dolo-

mite, Marquette Range Supergroup, MI

(Houston et al., 1992). These age constraints

also imply that the Upper Libby Creek Group

including the Nash Fork Formation was

deposited on a passive margin rather than in

a foreland basin as was inferred earlier (Karl-

strom et al., 1983) since it is significantly older
than 1.78�/1.74 Ga old volcanic arc that over-

rode the southern flank of the Wyoming

Craton.

2) Sedimentary successions deposited at the end

of the ca. 2.2�/2.1 Ga carbon isotope excursion

contain BIFs, Mn-rich lithologies, organic-

rich shales with very low d13Corg values,

phosphorites, and voluminous mafic volca-
nics. The stratified anoxic ocean that existed

during the ca. 2.2�/2.1 Ga carbon isotope

excursion was overturned as new seaways

opened and/or atmospheric and ocean tem-

peratures rose as a result of voluminous

volcanism during the Kenorland breakup.

Deep waters enriched in P, Mn, Fe, and

carbonate alkalinity with 13C-depleted carbon
isotope values were delivered to the shallow

parts of the ocean and mixed with oxygenated

waters. Mixing of deep and shallow waters led

to precipitation of Fe and Mn oxides and

phosphorites at the chemocline. High nutrient

flux stimulated productivity led to high rates

of organic carbon burial in localized areas.

3) Carbonates of the Slaughterhouse Formation,
Sierra Madre, and the Whalen Group exposed

in the Rawhide Creek area, Hartville Uplift,

have highly positive d13C values, were depos-

ited during the ca. 2.2�/2.1 Ga carbon isotope

excursion and correlate with the lower and

middle Nash Fork Formation in the Medicine

Bow Mountains. The areal extent of the

carbonate passive margin platform that ex-
tended along the southern flank of the Wyom-

ing Craton supports an open-marine

depositional setting for these carbonates and

thus a global rather than local signature for

their highly positive carbon isotope systema-

tics.

4) Carbonates of the Whalen Group from other

localities in the Hartville Uplift and the Estes
and Roberts Draw formations in the Black

Hills have carbon isotope values close to 0�,

correlate with the upper Nash Fork Forma-

tion and postdate the ca. 2.2�/2.1 Ga carbon

isotope excursion.

5) Correlation between the Estes Formation, a

rift succession on the eastern flank of the

Wyoming Craton, and the upper Nash Fork
Formation, deposited on the mature passive

margin along the southern flank of the

Wyoming Craton suggests that the two

drowning events on the Nash Fork platform

might be related to reactivation in response to

this rifting event. The ocean opening on the

eastern flank of the Wyoming Craton that is

related to the final breakup of the Kenorland
supercontinent occurred after the ca. 2.2�/2.1

Ga positive carbon isotope excursion. Since

the change in the carbon isotope trend strad-

dles the second drowning event in the Nash

Fork Formation, a temporal relationship ex-

ists between the final breakup of the Kenor-

land, relative sealevel rise, and the end of the

carbon isotope excursion. A similar relation-
ship has been recognized in Fennoscandia.
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