Downloaded from gsabulletin.gsapubs.org on March 26, 2012

Geological Society of America Bulletin

Integrated chemostratigraphy and biostratigraphy of the Windermere Supergroup,
northwestern Canada: Implications for Neoproterozoic correlations and the early
evolution of animals

GUY M. NARBONNE, ALAN J. KAUFMAN and ANDREW H. KNOLL

Geological Society of America Bulletin 1994;106, no. 10;1281-1292
doi: 10.1130/0016-7606(1994)106<1281:ICABOT>2.3.CO;2

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new articles
cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geological Society of
America Bulletin

Permission request click http://www.geosociety.org/pubs/copyrt.ntm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of their
employment. Individual scientists are hereby granted permission, without fees or further requests to GSA, to
use a single figure, a single table, and/or a brief paragraph of text in subsequent works and to make
unlimited copies of items in GSA's journals for noncommercial use in classrooms to further education and
science. This file may not be posted to any Web site, but authors may post the abstracts only of their articles
on their own or their organization's Web site providing the posting includes a reference to the article's full
citation. GSA provides this and other forums for the presentation of diverse opinions and positions by
scientists worldwide, regardless of their race, citizenship, gender, religion, or political viewpoint. Opinions
presented in this publication do not reflect official positions of the Society.

Notes

Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA



Downloaded from gsabulletin.gsapubs.org on March 26, 2012

Integrated chemostratigraphy and biostratigraphy of the
Windermere Supergroup, northwestern Canada: Implications for
Neoproterozoic correlations and the early evolution of animals

GUY M. NARBONNE Department of Geological Sciences, Queen’s University, Kingston, Ontario, Canada K7L IN6

ALAN J. KAUFMAN
ANDREW H. KNOLL

ABSTRACT

The thick, richly fossiliferous succession of
the upper Windermere Supergroup, Macken-
zie Mountains, northwestern Canada, pro-
vides a test of integrated biostratigraphic and
chemostratigraphic frameworks in terminal
Proterozoic correlation. The C- and Sr-isotop-
ic abundances of lower Keele Formation car-
bonates approximate those for other pre-
Varanger samples, confirming that the simple
disc-like fossils of the underlying Twitya For-
mation predate all known diverse Ediacaran
faunas. “Tepee” and Sheepbed carbonates
record strong post-glacial isotopic excursions;
in contrast, 8'*C values for Gametrail
through Risky carbonates vary only within the
narrow range of about +1%c to +2%eo. A sec-
ond negative excursion occurs in Ingta For-
mation carbonates that immediately underlie
the paleontologically determined Precam-
brian-Cambrian boundary. The upper Win-
dermere profile as a whole compares closely
with curves determined for other terminal
Proterozoic successions, The lowermost di-
verse Ediacaran assemblages in the Sheepbed
Formation correlate chemostratigraphically
with the oldest fauna in Namibia, but the two
assemblages differ in taxonomic composition.
Bluefiower assemblages correlate both chemo-
stratigraphically and taxonomically with
faunas from Australia, China, Siberia, and
elsewhere. Increasing data support the hy-
pothesis that paleontological and geochemi-
cal data together provide a reliable means of
correlating terminal Proterozoic sedimentary
rocks throughout the world.

INTRODUCTION

In studies of Phanerozoic rocks, bio-
stratigraphy is the cornerstone of correla-

tion. Nonbiological correlation techniques
such as magnetostratigraphy and chemo-
stratigraphy play important roles, but both
provide oscillating rather than vectorial sig-
nals, making them difficult to interpret in the
absence of biostratigraphic constraints.
Events are commonly discussed in terms of
absolute time, although few sedimentary
successions have been dated directly. Esti-
mates of absolute age are possible because
the chronostratigraphic scale can be cali-
brated radiometrically in a few key sections.

Asimilar approachis possible for Neoprot-
erozoic (1000-345 Ma) stratigraphy, al-
though the limited distribution and diversity
of fossils requires a more integrative ap-
proach, with greater reliance on nonbiologi-
cal techniques. Chemostratigraphy, particu-
larly variations in the C- and Sr-isotopic
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nificant stratigraphic information (for exam-
ple, Knoll and others, 1986; Kaufman and
others, 1991; Kirschvink and others, 1991).
The C isotopes show particular promise for
the correlation of terminal Proterozoic (ca.
610-545 Ma) strata. The global composite
curve illustrated in Figure 1, slightly modi-
fied from Knoll and Walter (1992), shows
strong negative and positive excursions fol-
lowing the Varanger ice age and near the
Proterozoic-Cambrian  boundary, with
smaller variation in the connecting interval.
This suggests that C isotopes can be useful
in subdividing and correlating terminal Prot-
erozoic successions. However, because the
curve is not monotonic, these data must be
supplemented by Sr-isotopic data (which
vary only within narrow limits during most
of the post-Varanger Proterozoic; Kaufman

compositions of carbonates, can provide sig- and others, 1993) and biostratigraphy.
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Figure 1. Global composite of Neoproterozoic-subtrilobite Cambrian stratigraphy (after

Knoll and Walter, 1992, Fig. 3).
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Figure 2. Location of sections studied.

Given the increasing resolution of strati-
graphic ranges for terminal Proterozoic ac-
ritarchs (for example, Knoll, 1992b), trace
fossils (Crimes, 1987; Narbonne and Myrow,
1988) and, to a lesser extent, metazoans
(Sokolov and Fedonkin, 1984), an inte-
grated bio- and chemostratigraphic frame-
work offers the most promise for accurate
correlation of both terminal Proterozoic
(Knoll and Walter, 1992) and basal Cam-
brian (Kirschvink and others, 1991; Brasier
and others, 1990) strata.

Thick, lithostratigraphically well-de-
scribed sections containing both fossils and
carbonates offer critical tests of proposed
chronostratigraphic relationships  (Knoll
and Walter, 1992). The Mackenzie Moun-
tains of northwestern Canada (Fig. 2) con-
tain a thick succession of Neoproterozoic to
Lower Cambrian strata that includes silici-
clastic rocks with abundant Ediacara-type
fossils and trace fossils (Hofmann and oth-
ers, 1990; Narbonne and Aitken, 1990; Mac-
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Naughton and Narbonne, 1992) interbed-
ded with carbonate strata suitable for
isotopic analysis. In this paper, we present
new data on the C isotopic composition of
upper Windermere Supergroup carbonates
from the Mackenzie Mountains and evalu-
ate these in light of fossil distributions in the
same succession and chronostratigraphic
data from other terminal Proterozoic
sections.

GEOLOGICAL SETTING

The Neoproterozoic-Cambrian succes-
sion of the Mackenzie Mountains (Fig. 3) is
thick and only moderately deformed. Acri-
tarchs are dark, but with excellent preserva-
tion of spiny processes (Baudet and others,
1989), implying relatively minor metamor-
phism. Although the strata are predomi-
nantly siliciclastic, carbonates occur com-
monly as discrete formations and as
interbeds within siliciclastic units. Most of

the carbonates aré deep-water slope lime-
stones that show no field or petrographic
evidence of meteoric diagenesis. The Mac-
kenzie Mountains exhibit an exceptionally
complete record of early metazoan evolu-
tion, and the presence of diverse fossil
assemblages—including Ediacaran mega-
fossils, ichnofossils, and small shelly fos-
sils—facilitates biostratigraphic correlation.
These factors make the Mackenzie Moun-
tains perhaps the best locality in North
America for a chemostratigraphic study of
the terminal Neoproterozoic.

Lithostratigraphy

Strata considered in this study consist of
the upper part of the Neoproterozoic Win-
dermere Supergroup and overlying Lower
Cambrian deposits (Fig. 3). Placement of
the lower and upper boundaries of the Win-
dermere in northwestern Canada has varied
somewhat with new stratigraphic and pale-
ontologic discoveries; in this paper, the term
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Figure 3. Neoproterozoic-Lower Cambrian
stratigraphy in the Mackenzie Mountains.
Brackets mark the three “grand cycles” (GC)
described in the text. MMSG = Mackenzie
Mountains Supergroup. The trilobite symbol
denotes the presence of Lower Cambrian tri-
lobites in the Sekwi Formation.
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“Windermere” will be used to encompass all
strata from the base of the Coates Lake
Group to the top of the Risky Formation
(Narbonne and Aitken, in press). A maxi-
mum age is provided by dikes, sills, and
plugs dated at 778 -780 Ma (U-Pb on zircons
and baddeleyite) that cut the unconform-
ably underlying Mackenzie Mountains Su-
pergroup (Jefferson and Parrish, 1989; Hea-
man and others, 1992); the top of the
Windermere is traditionally placed at the
base of the lowermost formation containing
Cambrian fossils (Eisbacher, 1981).

In the western part of the Mackenzie
Mountains, the Windermere Supergroup is
~5-6 km thick (Fig. 3). It can be divided
into two distinct successions (Ross, 1991;
Aitken, 1991b). The lower succession, not
sampled in this study, consists of nonmarine
to shallow marine siliciclastics, carbonates,
and evaporites of the Coates Lake Group
(Jefferson and Ruelle, 1986; Jefferson and
Parrish, 1989) overlain by the glaciogenic de-
posits of the Rapitan Group (Eisbacher,
1978; Yeo, 1981). These deposits accumu-
lated in rift basins that may reflect the initial
stage of plate separation along the western
margin of Laurentia (Ross, 1991).

The upper succession of the Win-
dermere Supergroup oversteps the gra-
bens filled by the lower succession, and
presumably represents post-rift regional
subsidence on a passive margin (Ross,
1991). The upper succession consists of
three, kilometer-scale, siliciclastic to car-
bonate “grand cycles” composed of, in as-
cending order, the Twitya-Keele, Sheep-
bed-Gametrail, and  Blueflower-Risky
Formations (Aitken, 1989, 1991b).

The lowermost “grand cycle” (GC1 on
Fig. 3) is composed of intermediate- to
deep-water siliciclastic rocks of the Twitya
Formation that pass upward into carbonates
of the Keele Formation (Aitken, 1991b).
The Twitya Formation consists predomi-
nantly of siliciclastic mudstone with lesser
amounts of turbiditic sandstone and chan-
nel-fills of granule conglomerate. In plat-
form areas, the Keele Formation consists
entirely of shallow-water limestone and do-
lostone interbedded with fine siliciclastic
rocks on a meter to decameter scale. Near
the shelf edge, these deposits are overlain by
a lowstand deposit that consists predomi-
nantly of fluvial and shallow marine sand-
stone with thin packets of shallow marine
carbonate.

The Ice Brook Formation (Aitken,
1991b) is composed of diamictites that
were mainly deposited seaward of the
Keele shelf edge. The Stelfox Member of
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the Ice Brook Formation contains striated
clasts, dropstones, till pellets, and other
features typical of glaciomarine deposi-
tion; these represent deposits of a second
Neoproterozoic glaciation in northwest-
ern Canada (Aitken, 1991a, 1991b). Dia-
mictites locally onlap platform carbonates
of the Keele, but the temporal relation-
ship between the Keele lowstand wedge
and the Ice Brook diamictite remains
uncertain.

The Keele and Ice Brook Formations are
overlain by a thin but widespread unit in-
formally known as the “Tepee dolostone”
(Eisbacher, 1981; Aitken, 1991b), which is
strikingly similar to the “cap dolomites” re-
ported from Marinoan glacial deposits in
West Africa (Deynoux and Trompette,
1976), South Australia (Williams, 1979;
Lemon and Gostin, 1990), and East Green-
land and Spitsbergen (Fairchild and Ham-
brey, 1984). The “Tepee dolostone” is pre-
dominantly a very finely crystalline buff
dolostone, but at several localities preserves
original limestone, including neomorphosed
aragonite fans and rosettes.

f‘?hc middle “grand cycle” (GC2) is en-
tirely of deep-slope origin, and it consists of
siliciclastic mudstone, turbiditic sandstone,
and minor carbonate of the Sheepbed For-
mation that pass upward into ribbon-bedded
dolostone of the Gametrail Formation (Ait-
ken, 1989; Narbonne and Aitken, 1990).
Carbonates in the Sheepbed Formation are
almost entirely limestone and are composed
of beds of ribbon-bedded lime mudstone,
boulders and slide blocks of slope and shelf-
edge limestone, and beds of resedimented
ooids. Sheepbed carbonates show little evi-
dence of alteration during burial diagenesis,
but thé Gametrail Formation has been com-
pletely dolomitized and contains gash-fills of
saddle dolomite suggestive of hydrothermal
activity (compare with Radke and Mathis,
1980).

The uppermost “grand cycle” (GC3) con-
sists of the upper-slope Blueflower Forma-
tion and the overlying shallow-shelf Risky
Formation (Aitken, 1989; Narbonne and Ait-
ken, 1990). The Blueflower Formation is
composed mainly of siliciclastic mudstone
and turbiditic sandstone. Thick units of rib-
bon-bedded lime mudstone are common in
the lower half of the formation; carbonates
are rare in the upper half of the formation
and are restricted to boulders and slide
blocks of shelf-edge limestone. The Risky
Formation is predominantly finely to medi-
um-crystalline dolostone with a few patches
of relict limestone. The top of the Risky For-
mation is a karstic disconformity that marks

the top of the Windermere Supergroup
(Narbonne and Aitken, in press).

The overlying Ingta Formation consists
predominantly of fine siliciclastic rocks of
shallow-shelf origin (Aitken, 1989). Thin
beds of lime mudstone, commonly intraclas-
tic, occur sporadically near the base of the
formation. The uppermost unit of the for-
mation is a 25-m-thick complex of stromat-
olitic and oolitic limestones that have been
variably dolomitized along strike. The top of
the Ingta Formation is locally cut by small
channels.

Overlying the Ingta Formation is the
Backbone Ranges Formation, which con-
sists of nonmarine and shallow marine
quartz sandstone and siltstone (Fritz and
others, 1983; Aitken, 1989). A single meter-
thick bed of marine dolostone (locally lime-
stone) occurs low in the formation. The
Backbone Ranges Formation and the over-
lying Vampire Formation are ~1 km thick
and pass gradationally upward into the tri-
lobite-bearing carbonates of the Sekwi For-
mation (Fig. 3).

Lithostratigraphic and Sequence
Correlation

Eisbacher (1985) and Young (1992) cor-
related the Rapitan glacial deposits of the
Mackenzie Mountains with the Sturtian gla-
ciation of Australia, based largely on gen-
eral lithologic and stratigraphic similarity
and the presence of thick, Fe-formation de-
posits in both regions. Both authors also
suggested that the level of the Ice Brook
diamictite is equivalent to the Marinoan gla-
cial deposits in Australia. These correlations
are supported by the biostratigraphic and
chemostratigraphic evidence presented be-
low; however, correlation of glacial levels is
only useful in the lower part of the Win-
dermere Supergroup, and attempted inter-
continental lithologic and sequence corre-
lations of higher Windermere strata by
Eisbacher (1985) and Young (1992) reached
conclusions quite different from those of the
present study.

The other significant lithostratigraphic
correlation is Young’s (1982) correlation of
the Keele Formation with Unit 5 of the up-
per Tindir Group near the Yukon-Alaska
border. Carbonates in upper Tindir Unit 5
were subsequently shown by Kaufman and
others (1992) to exhibit C and Sr isotopes
typical of the late Riphean (sub-Varanger);
as shown below, Keele carbonates are iso-
topically similar to samples from Tindir
Unit 5, consistent with Young's (1982)
correlation.
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Figure 4. Integrated chemostratigraphy and biostratigraphy of Neoproterozoic (upper Windermere Supergroup) and subtrilobite Lower

Cambrian strata in northwestern Canada. See the text for explanation of the fossil zones.

Biostratigraphy

Acritarchs occur throughout this succes-
sion but have thus far been studied only at a
reconnaissance level. The Sheepbed and
Blueflower Formations have yielded low-
diversity assemblages of simple sphaero-
morphs consistent with a terminal Protero-
zoic age, whereas the Vampire Formation
contains a diverse assemblage of typical
Early Cambrian acritarchs (Baudet and oth-
ers, 1989).

Ediacara-type megafossils and ichnofos-
sils are abundant and well described, and
several distinct assemblages can be recog-
nized (Fig. 4)¢° 'ij’:e lowest Ediacara-type re-
mains consist of a low-diversity assemblage
of centimeter-scale discs and rings that oc-
curs in the upper part of the Twitya Forma-
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tion (Hofmann and others, 1990). Three taxa
have been described: Nimbia occlusa, Ven-
della? sp., and Irridinitus? sp. These appear
to be similar to the simplest (most primi-
tive?) elements of the Ediacara fauna in the
Russian Platform but lack the larger and
more complex forms typical of the Ediacara
fauna worldwide. The Twitya assemblage is
significant in being the only known occur-
rence of even simple Ediacara-type remains
below Proterozoic glacial deposits (Hof-
mann and others, 1990).

A more diverse assemblage of Ediacara-
type fossils occurs in the Sheepbed Forma-
tion, where nine genera of centimeter- to
decimeter-scale discoidal megafossils _(for
example@.;&imcana; )Hedustmfe.s and Hie-
malora) are present (Narhonnc and Aitken,
1990; Narbonne, 1994). The thick-bed-

ded dolostones of the Gametrail Formation
apparently lack megafossils, but a diverse as-
semblage occurs in the overlying Blueflower
Formation (Hofmann, 1981; Narbonne and
Aitken, 1990; Narbonne, 1994). The Blue-
flower assemblage consists of nine genera of
simple, subhorizontal trace fossils (for ex-
ample, Planolites and Helminthoidichnites),
along with discoidal fossils similar to those
reported from the Sheepbed Formation,
frond-like fossils, and a segmented fossil
reminiscent of the dickinsoniids. Most of the
taxa have an intercontinental distribution
and thus have considerable potential for
global biostratigraphy. The closest compar-
isons are with the Ediacara Member in the
Adelaide “geosyncline” of (compare with
Glaessner and Wade, 1966; Jenkins, 1992)
and with the Redkino “series” of the Ven-
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dian in the Russian Platform (Fedonkin,
1985a, 1985b, 1992). These assemblages
contain virtually all of the Windermere taxa
as well as forms not yet known from north-
western Canada.

The uppermost unit of the Windermere
Supergroup, the Risky Formation, is com-
posed mainly of thick-bedded dolostones
that are not conducive to fossil preservation.
Sandy interbeds contain simple burrows con-
sistent with a terminal Neoproterozoic age.

The overlying Ingta Formation was for-
merly regarded as terminal Neoproterozoic
in age (Aitken, 1989), but subsequent fossil
discoveries indicate that it contains the Pre-
cambrian-Cambrian boundary (MacNaugh-
ton and Narbonne, 1992; Narbonne and Ait-
ken, in press). The lower two-thirds of the
formation contains abundant small, simple
burrows (for example, Helminthoidichnites
and Planolites) on virtually every bedding
plane; a few centimeter-wide, unbranched
feeding burrows occur near the base. Sev-
eral ichnospecies of Phycodes, including P.
pedum, and other branching feeding bur-
rows occur ~80 m below the top of the for-
mation and can be used to recognize the
basal Cambrian P. pedum Zone (compare
with Narbonne and others, 1987; Narbonne
and Myrow, 1988). The lowermost definite
shelly fossils in the Mackenzie Mountains, a
single specimen of the protoconodont Pro-
tohertzina cf, P. anabarica along with several
problematica (Conway Morris and Fritz,
1980), occur in carbonates now regarded as
the top of the Ingta Formation (Aitken,
1989). More recent studies of this level by
G. S. Nowlan (1993, personal commun.)
have revealed additional taxa of simple,
small shelly fossils of Nemakit-Daldyn as-
pect. The first appearance of the trilobite
burrow Rusophycus low in the Backbone
Ranges Formation marks the base of the R.
avalonensis Zone, which constitutes the up-
per part of the subtrilobite Cambrian.

GEOCHEMICAL PROCEDURES

Protocols followed in sample preparation
and analysis are described in Appendix 1.
More detailed discussion and justification
for these protocols can be found in Derry
and others (1992) and Kaufman and others
(1991, 1993).

RESULTS
Evaluation of Signal Quality

All carbonates contain both '>C and '2C;
therefore, any carbonate sample fed into a

Geological Society of America Bulletin, October 1994

mass spectrometer will provide a 8'*C value.
The important question is whether the mea-
sured 8'°C principally reflects the isotopic
composition of the seawater from which the
carbonate was precipitated, diagenetic in-
puts, or metamorphism. Several studies in-
dicate that whole rock analyses of Protero-
zoic carbonates commonly approximate
depositional compositions (Tucker, 1983;
Knoll and others, 1986; Fairchild and Spiro,
1987; Burdett and others, 1990; Kaufman
and others, 1991); however, post-deposi-
tional shifts in C isotopic composition have
been documented often enough that all
samples must be evaluated for possible al-
teration (for example, Fairchild and others,
1990; Kautman and others, 1992),
Interestingly, some processes that Phan-
erozoic experience and intuition might flag
as particularly troublesome appear to have
had little effect on Proterozoic carbonates
studied to date. In the absence of extremely
high water/rock ratios or significant decar-
bonation, nearly primary 8'C values appear
to be retained in Proterozoic marbles from
high-grade metamorphic terrains in Scandi-
navia, Scotland, and North America (Valley
and O’Neil, 1984; Ghent and O’Neil, 1985;
Baker and Fallick, 1989a, 1989b; Wickham
and Peters, 1993). Thus, the mild metamor-
phism experienced by Windermere carbon-
ates does not necessarily invalidate the
chemostratigraphic study of C isotopes.
Dolomitization is another potential agent
of C isotopic alteration, but in Proterozoic
successions analyzed to date, most dolo-
mites are isotopically indistinguishable from
associated limestones, presumably because
in the Proterozoic, dolomitization com-
monly took place syndepositionally in the
presence of fluids isotopically similar to sea-
water (Tucker, 1983; Fairchild and others,
1991). In general, the neomorphism of
metastable CaCO, at depth appears to have
had a greater effect on C isotopic composi-
tions (Fairchild and others, 1990).
Experience to date suggests that the pro-
cesses most likely to have altered the C
isotopic compositions of Proterozoic car-
bonates are biological. The microbial me-
tabolism of sedimentary organic matter
commonly produces products with a distinct
isotopic composition. Photosynthetically de-
rived organic C is strongly depleted in '*C
relative to carbonate precipitated from the
same water body. Respiration or fermenta-
tion of this organic matter yields isotopically
light CO,, which can be quantitatively im-
portant in diagenetic carbonate precipita-
tion. Dissimilatory sulfate reduction and
methanogenesis also produce isotopically

distinct products that can be incorporated
into early diagenetic carbonate minerals (re-
viewed in Schidlowski and others, 1983).
Abiological decomposition of volatile or-
ganic molecules at depth can mimic the iso-
topic effects of microorganisms, but the
common occlusion of pore space by early
diagenetic cements appears to have mini-
mized this effect in Proterozoic rocks.

Diagenetic effects can be recognized in
several ways. Knoll and others (1986) noted
that in thick Neoproterozoic successions
from Svalbard and East Greenland, 8"*C_,
and 8">C ¢ (TOC = total organic C) co-
vary smoothly throughout the sections, with
a Ad of 28 £ 2%o. Diagenetic processes can
alter the isotopic composition of either car-
bonate C or organic matter, but no process
is currently known that could alter both sig-
nals by the same magnitude in the same di-
rection. Thus, Knoll and others (1986) con-
cluded that in the sections under study,
neither phase was strongly affected by post-
depositional processes. There is no reason
to assume that A® has been constant
through time; to the contrary, there is evi-
dence that isotopic fractionation has varied
through time as a function of pCO, and,
perhaps, physiological evolution (Freeman
and Hayes, 1992; Des Marais and others,
1992). Therefore, 28%0—30%o is not a magic
number applicable to all carbonate—organic
carbon pairs. However, there is no empirical
evidence that photosynthetic fractionation
varied strongly during the terminal Proter-
ozoic interval. Metamorphism can drive iso-
topically light CO, from organic matter,
leaving residual organic C relatively en-
riched in '*C (Schidlowski, 1987). In cases
where strong alteration is not evident in the
low H/C of residual organic matter, marked
deviations of A8 commonly coincide with
other evidence for the post-depositional al-
teration of 8'*C,,,, (for example, Kaufman
and others, 1992). Thus, unmetamorphosed
Neoproterozoic samples in which A8 is sig-
nificantly <28%¢—30%o are best treated as
suspect. Note that when samples contain
very low concentrations of organic C (for
example, the “Tepee dolostone” sample,
which contains only 0.7 mg C/g), there is a
high potential for contamination by Recent
organic matter. In such cases, measured
8"°C commonly approximates —23%o to
—25%eo, the value of modern terrestrial or-
ganic C, and cannot be used to evaluate the
carbonate 3'>C signal.

Carbonates can also be screened petro-
graphically and geochemically. Micrites, co-
ids, and early diagenetic cements are petro-
graphic entities that are most likely to retain
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“vital effects” that plague interpretation of
Phanerozoic limestones are not at issue.)
Further, phases that do not fluoresce under
cathodoluminescence (CL) are likely to
have escaped the obfuscating effects of di-
agenesis. Thus, preferential sampling of dis-
tinct petrographic and CL phases in thick
sections further reduces the likelihood of
analyzing isotopically altered carbonates
(Fairchild and Spiro, 1987).

Oxygen isotopes are also sensitive indica-
tors of diagenesis, with decrease in §'°0 val-
ues often indicating increasing alteration.
Within individual Proterozoic carbonate
units, crossplots of 8*C versus 3'*0 com-
monly show no variation of 8'*C with de-
creasing 3'®0; however, in cases where in-
dividual horizons show a wide variation in
C-isotopic abundances, 8'°C commonly
plots against '%0 as a straight line of pos-
itive slope. In such cases, only samples with
the most enriched '>C and '®O can be con-
sidered as potentially unaltered (see Fair-
child and others [1990] for a Proterozoic
example).

Veizer (1983) found that with increasing
diagenetic alteration under the influence of
meteoric fluids, Sr is expelled from carbon-
ates while Mn is incorporated. Thus, Mn/Sr
may be a useful tool in the screening of sam-
ples for subsequent isotopic analyses. Derry
and others (1992) suggested that reliable Sr-
isotopic values are likely to come only from
carbonates having Mn/Sr < 2. In continuing
work, Kaufman and others (1993) find that
for C isotopes, samples with Mn/Sr as high
as 10 commonly retain near-primary
signatures.

The words “commonly” and “likely” oc-
cur frequently in the preceding paragraphs,
because while screens based on TOC abun-
dance, A, 5'*0, petrography, and elemen-
tal analysis can identify most isotopically al-
tered carbonates, no known combination of
screens is guaranteed to reveal all samples
with altered §'°C. Stratigraphic context
(what are the isotopic abundances of adja-
cent samples?) and sedimentological fea-
tures (exposure surfaces, nodules, high or-
ganic C content) must additionally inform
judgment. In the final analysis, the best way
to be confident that stratigraphic variation
seen in individual sections corresponds to
secular changes in the world ocean is to
demonstrate that the same stratigraphic
variations occur in different sections that
can be shown by independent means to be of
comparable age.

In the present investigation, we have eval-
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procedures discussed in the preceding para-
graphs. One sample of concretionary lime-
stone from the Ingta Formation (F2) and
both samples from the Gametrail Formation
(B12, B13) failed all field and geochemical
tests; these data are included in Table 1 and
Figure 4 for completeness, but were not
used to construct the curve. All other sam-
ples passed the field tests and most passed
one or more of the geochemical tests (as
reflected in the density of the individual data
points in Fig. 4). Very few “anomalous” val-
ues were obtained; nearly all samples
yielded values consistent with trends shown
by underlying and overlying samples. Sig-
nificantly, 8'°C_,,, and 3“Cio covary
smoothly throughout the sections with a A3
of 28%0-30%o (Table 1 and Fig. 4), imply-
ing that diagenesis had at best a minor in-
fluence on the C-isotopic compositions. In-
deed, smooth covariance of the two curves
(Fig. 4) suggests that organic C could be an-
alyzed for those intervals that lack carbon-
ate beds, thereby increasing the resolution
of the C-isotope curve for the Mackenzie
Mountains.

Effects of diagenesis can also be evalu-
ated by comparing strata with their less
altered equivalents in conglomerates or
breccias. Much of the Keele Formation
has been affected by late diagenetic dolo-
mitization and/or recrystallization to coarse
spar. However, the Keele Formation was
virtually the sole source of clasts in the Ice
Brook (Aitken, 1991a, 1991b); clasts in this
diamictite are unaltered limestone. Analysis
of clasts from the diamictite yields isotopic
values (mean 3'°C = +8.6%0) comparable
to those in the lower and middle Keele suc-
cession (+8.2%¢ to +10.6%0), indicating
that late diagenesis had only minimal effects
on the C isotopic signature of Keele
carbonates.

Sedimentary facies also appear to have
had only a minor influence on C-isotope ra-
tios (see Appendixes 2 and 3). For example,
shallow-water microbialite boulders in the
Blucflower Formation (Sample B28) and
slide blocks of hummocky cross-stratified
limestone in the Sheepbed Formation (Bl
and B2) exhibit C-isotope values that are
consistent with those of periplatformal lime
mudstones in the same formations. In con-
trast, shallow subtidal ooid-peloid grain-
stones in the Keele Formation (C1-C3) and
in the Ingta Formation (F3, A6) are scdi-
mentologically and petrographically similar,
but differ in 8'*C by 7%0-10%eo.

Regional variation was evaluated by sam-
pling the same bed in different localities up

to 60 km apart. Four stratigraphic levels
were compared in this way (Table 1); the
observed differences between mean values
for the stratigraphically equivalent pairs
ranges from 0.1%o to 1.9%o, with an aver-
age difference of <0.8%o. This is compara-
ble to the range of variation observed
among microsamples within a single locality
and provides strong support for the belief
that the patterns determined in this study
are representative of the entire region.

On the basis of all available evidence, we
conclude that the major patterns exhibited
in Figure 4 are primary features that reflect
secular variations in the world oceans.

C-Isotopic Data

As shown in Figure 4 and Table 1, the
oldest samples analyzed in this study—lime-
stones of the lower and middle Keele For-
mation—are strongly enriched in C,,
(8"7C = +8%o to +10.1%o). Carbonates of
the Keele lowstand wedge and the “Tepee
dolostone” are strongly depleted in *C
(3"°C = —2%o¢ to —4.6%0c). The lower
Sheepbed Formation is essentially carbon-
ate-free, but upper Sheepbed samples indi-
cate a second interval of high 8'°C values
(+4.3%0 to +7%o). From the basal Game-
trail through to the top of the Risky Forma-
tion, most carbonate samples lie within the
narrow range of +0.5%e¢ to +2%o. Lower
Ingta carbonates show a second, strong neg-
ative excursion (—3.5%0 to —9.3%0), above
which scattered carbonate samples yield
8'*C values ranging between 0 and +1%e.

The isotopic composition of TOC almost
exactly mimics the isotopic variation re-
corded in carbonate C (Fig. 4). Lower and
middle Keele TOCs are relatively enriched
in °C (8"°Croe = —22%o0 to —24%o; Ta-
ble 1; see also Strauss and Moore, 1992),
compared to upper Keele TOCs, which
range from —31.4%e to —36%o (Table 2)—
just like coexisting carbonate. As noted in
the previous section, this relationship is to
be expected if the stratigraphic variation
within the Keele Formation is a primary fea-
ture. Probable correlates of the lower and
middle Keele Formation in the upper Tindir
Group, Yukon Territory (Young, 1982),
also exhibit pronounced "*C enrichment in
unaltered carbonate and organic C samples
(Kaufman and others, 1992). Both lower
and middle Keele and upper Tindir samples
additionally have Sr-isotopic ratios and ac-
ritarchs that indicate pre-Varanger deposi-
tion (Fig. 4 and Table 2; see below). Exam-
ples from Svalbard and East Greenland
(Knoll and others, 1986), Namibia (Kauf-
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TABLE 1. ISOTOPIC AND ELEMENTAL COMPOSITIONS OF WINDERMERE SUPERGROUP CARBONATES

Number Location* Sumple! Formation Height® 8% 80 5"Croc AB** TOC Mn/ Mg/
(m) %60, PDB (mgCig) srit Ca't
NES-59A A9 ML/M Sckwi 3745 =02 =70 =217 21.5 0.73 0.31 0.020
NB8-598 AD MLM Sekwi 3745 0.1 -98 —278 27.9 0.60 0.43 0.025
NL/DM Sekwi 3745 1.0 -8.1 N.D# N.D. N.D. 2,86 0.542
JL-21.5 A8 NL/M Sekwi 3646 02 =132 N.D. N.D. N.D. 1.48 0.022
JLB-141.4 AT NL/DS Backbone 2950 08 =121 N.D. N.D. N.D. 78.29 0.656
JLB-143.9 AT NL/DS Backbone 2950 0.6 =122 N.D. N.D. N.D. 2839 0.569
1-5 F4 ML/M Backbone 2950 0.7 —164 =237 244 021 147 0.017
NOI-14A A HL/S Ingta 2855 0.9 =157 -24.7 256 0.26 421 0.024
N91-14B Ab ML/M Ingta 2855 0.8 -162 N.D. N.D. N.D. 154 0.017
F3 ML/M Ingta 2855 12 —16.4 —24.3 25.5 0.28 3.61 0.024
ML/M Ingta 2855 14 —159 N.D. N.D. N.D. 3.20 0.015
I3 ] HL/S Ingta 2855 0.6 =170 N.D. N.D. N.D. 3.50 0.023
1-2 F2 ML/M/S Ingta 2750 —104 —183 N.D. N.D. N.D. 13.31 0.026
ML/M/S Ingta 2750 —10.1 -182 N.D. N.D. N.D. 18.81 0.013
N91-13D1 A5 ML/M Ingta 2680 -74 -16.7 N.D. N.D. N.D. 8.20 0.007
NO1-13D2 AS ML/M lngia 2680 =73 =164 N.D. N.D. N.D. 6.66 0.015
N91-13D3 AS HL/M/DM Ingta 2680 ~6.4 -16.4 N.D. N.D. N.D. 21.89 0.196
HL/S Ingta 2680 -93 =117 N.D. N.D. N.D. 7.03 0011
1A Fi HL/M Ingta 2680 =51 -15.7 N.D. N.D. N.D. 4.71 0.013
1-1B Fl HL/M/DM Ingta 2680 -9.5 —165 N.D. N.D. N.D. 7.83 0.009
N91-13C Ad ML/DS Ingta 2665 =35 —142 N.D. N.D. N.D. 46.00 0.607
N91-13B A3 NL/DS Ingta 2660 —35 —13.0 N.D. N.D. N.D. 25.94 0.206
N91-13A A2 ML/DS Risky 2639 L5 —132 -27.7 293 0.25 26.40 0.533
NL/DS Risky 2639 05 =110 N.D. N.D. N.D. 56.45 0.625
N92-1A Al NL/M/S Risky 2570 15 =16.1 N.D. N.D. N.D. 20.00 0.009
N92-1B Al ML/M/S Risky 2570 15 =162 =255 27.0 0.28 0.32 0.001
NL/5 Risky 2570 —0.4 —18.6 N.D. N.D. N.D. 092 0.001
ML/M/S Risky 2570 1.5 —16.1 N.D. N.D. N.D. 035 0.002
N9L-R1 B29 ML/DS Risky 500 0.5 -8.7 N.D. N.D. N.D. 14.67 0.728
N91-R2 B29 HL/D35 Risky 2500 0.5 —8.0 N.D. N.D. N.D. 19.92 0.626
N91-230 B28 ML/S Blueflower 2290 L1 -132 N.D. N.D. N.D. 4129 0.029
NL/S Blueflower 2290 03 —104 N.D. N.D. N.D. 129 0.029
N91-23N B27 NL/M Blueflower 2185 1.1 —8.8 N.D. N.D. N.D. 0.05 0.008
N91-23M B26 NL/M/S Blueflower 2175 24 =7 —-25.9 28.3 0.25 0.05 0.007
N91-23L B25 NL/M/DM Blueflower 2170 —48 -10.0 N.D. N.D. N.D. 0.09 0.012
N91-23K B24 NL/M Blueflower 2155 21 -16 —25.9 28.0 0.38 0.04 0.006
N91-23] B23 NL/M Blucflower 2145 19 -84 N.D. N.D. N.D. 021 0.017
N91-231 B22 NL/M Blueflower 2140 20 =715 N.D. N.D. N.D. 047 0.009
N91-23H B21 NL/M Blueflower 2060 1.0 -49 N.D. N.D. N.D. 0.06 0.017
N91-23G B20 NL/M/DM Blueflower 2050 0.1 =315 N.D. N.D. N.D. 021 0,011
N91-23F B19 MLM Blueflower 2010 0.5 =77 N.D. N.D. N.D. 0.06 0.008
N91-23E Bis NL/S Blueflower 1979 1.8 -11.5 N.D. N.D. N.D. 10.83 0.667
N91-23D Bi7 ML/S Blueflower 1964 23 -112 =274 297 0.62 3.66 0.410
N91-23C Bl6 NL/DS Blueflower 1954 1.2 —11.0 N.D. N.D. N.D. 5.68 0467
N91-238 B15 ML/M Blueflower 1946 0.3 —112 N.D. N.D. N.D. 0.14 0.006
N9L-23A B14 NIL/M Blueflower 1942 22 -75 -278 30.0 0.55 0.08 0.006
N91-21GT12 B13 MIL/DS Gametrail 1742 24 -10.7 =315 339 0.83 10.18 0.602
N91-21GTI Bi2 ML/DS Gametrail 1732 21 =122 =30.0 21 1.48 575 0.601
NO1-21-26 BI1 NL/M Sheepbed 1720 71 -114 =236 30.7 1.19 0.44 0.012
N91-21-25 B10 NL/S Sheepbed 17115 59 =110 =217 276 0.72 0.64 0.015
N51-21-23 B9 NL/S Sheepbed 1660 53 =120 N.D. N.D. N.D. 035 0.012
N91-21-21 B3 NL/M Sheepbed 1640 53 =129 N.D. N.D. N.D. 0.70 0.001
N91-21-19 B7 NL/DS Sheepbed 1620 53 =120 N.D. N.D. N.D. 13.15 0.455
N91-21-17-5 Bf NL/M Sheepbed 1609 53 -124 ~242 295 1.84 0.27 0010
N91-21-17-1 B5 NL/M Sheepbed 1605 43 =126 -242 28.5 2.50 0.18 0.010
N91-22-33 B4 NL/M Sheepbed 1540 26 -127 N.D. N.D. N.D. 0.4 0.006
N91-22-32B B3 NL/M Sheepbed 1530 1.3 =104 N.D. N.D. N.D. 0.05 0.014
N91-22-324 B2 MLM Sheepbed 1529 13 —129 N.D. N.D. N.D 0.11 0.008
NL/DS Sheepbed 1529 12 =112 N.D. N.D. N.D 1.72 0.382
ML/M Sheepbed 1529 L0 =129 N.D. N.D. N.D 0.08 0.010
N91-22-31 Bl NL/M Sheepbed 1528 24 -127 -24.2 26.6 0.74 0.07 0.011
N89-128A CR NL/M Tepee 728 —4.6 —-104 -27.0 24 0.07 0.07 0.007
N92-14A c? ML/DM Tepee 722 =31 -6.7 N.D. N.D. N.D 3.55 0.577
ML/DM Tepee T22 =31 —6.8 N.D. N.D. N.D 2.78 0.669
N91-7 D2 ML/DM Tepee 722 =21 -98 N.D. N.D. N.D 7.14 0.599
N89-137 D1 NL/S Ice Brook N.D. 8.6 =111 -23.1 317 1.24 0.89 0.011
N92-14B Co NL/M Keele 7 =54 —12.1 —333 279 0.43 0.06 0.003
N92-14C Cs NL/M Keele 712 =51 -11.1 -314 257 0.52 0.03 0,002
N92-14D Ca NL/M/S Keele T05 -69 =123 ~=36.0 29.1 0.87 035 0.009
N92-14G C3 NL/S Keele 500 83 ~9.5 -23.6 319 053 0.13 0,015
N92-14H c2 NL/M Keele 495 8.2 —9.8 —22.1 30.3 0.64 017 0.009
N92-141 C1 NL/M Keele 493 10.6 —44 -23.2 338 0.34 027 0,022
NB9-132 El NL/S Keele 330 82 =73 -239 321 0.25 0.10 0.001
*Sec location map in Figure 1
'NL = non-luminescent, ML = mod y-1 HL = highly-1 cent, M = par, DM = dolomicrospar, § = sparite, DS = dolosparite

¥Height above middle of Twityn Formation
AR = HISC - ﬁIJC'J'OC

MElemental ratios measured on a VG PQ2+ PlasmaQuad mass spectrometer

#¥no data,

man and others, 1991), arctic Canada (As-
merom and others, 1991), the western
United States (Zempolich and others, 1988;
Wickham and Peters, 1993; Smith and oth-
ers, 1994), and elsewhere (Strauss and
Moore, 1992) indicate that strong '*C en-
richment is broadly characteristic of carbon-
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ates deposited between ca. 850 Ma and the
Varanger ice age.

The marked '*C depletion of the “Tepee
dolostone” matches 8'*C values obtained
for immediately post-Varanger (or inter-
preted post-Varanger) rocks in Svalbard
and East Greenland (Knoll and others,

1986), Namibia (Kaufman and others,
1991), Australia (Jenkins and others, 1992;
Calver, 1993), and elsewhere in western
North America (Kaufman, unpublished
data). In concert with the Keele data,
Sheepbed analyses support the interpreta-
tion of the Ice Brook Formation as a
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TABLE 2. ABUNDANCE AND ISOTOPIC COMPOSITION
OF Sr IN WINDERMERE SUPERGROUP CARBONATES

Number S STRbASr S S cas’
(ppm)
N91-23K 1467 0.0006 0.708616
N91-23H 1249 0.0010 0.708607
N91-23F 1410 0.0012 0.708416
N91-23A 791 0.0016 0.708551
N91-21-25 1306 0.0048 0.708892
N89-128A 1374 0.0004 0.707226
N92-14H 669 0.0015 0.707342
N§9-132 904 0.0014 0707124

*Abundances and ratios determined on a Finnigan THOQ
thermal ionization mass spectrometer

Ratios determined on a Finnigan 262 thermal ionization
mass spectrometer

Varanger glaciogenic deposit. Carbonates
associated with Ediacaran faunas in the
Sheepbed and Blueflower formations show
similar values to those obtained by Kaufman
and others (1991) from the two levels bear-
ing Ediacaran faunas in Namibia. Risky
through Sekwi samples have isotopic com-
positions that are consistent with a latest
Proterozoic to Early Cambrian age, al-
though only the negative values in the basal
Ingta Formation suggest the marked strati-
graphic variation seen in boundary sections
in Siberia and Morocco. In both southern
(Magaritz and others, 1986; Kirschvink and
others, 1991) and northern (Knoll and oth-
ers, in press) Siberia, as well as in Morocco
(Magaritz and others, 1991), carbonates im-
mediately beneath basal Cambrian (Nema-
kit-Daldyn) rocks are depleted in **C by up
to 4%o. Most of the lower Ingta values are
distinctly more negative than this. The Ingta
beds in question contain minor amounts of
phosphorite, a feature commonly associated
with *C depletion in coexisting carbonate
(Aharon and others, 1987; Brasier and oth-
ers, 1990).

Sr isotopes

The interpretation of *’Sr/*Sr is compro-
mised by diagenetic alteration and the pres-
ence in carbonates of clay minerals. Many of
our upper Windermere samples are afflicted
by one or both problems; thus, our samples
yielded only a limited amount of useful data
on the Sr isotopic composition of terminal
Proterozoic seawater (Table 2). Empirically,
it has been observed that samples with
Mn/Sr > 2, 5'%0 < —10%o, and *’Rb/**Sr >
0.001 have a low probability of yiclding un-
altered ¥’Sr/*Sr values (Derry and others,
1989, 1992; Asmerom and others, 1991;
Kaufman and others, 1993). Most Risky and
younger samples are characterized by very
high Mn/Sr and very low 3'%0. Many (but
not all) of the older samples have both low

8'80 and high *Rb/*Sr. What is left is a
handful of analyses (Table 2 and Fig. 4) that
corroborate previous analyses of terminal
Proterozoic rocks.

Sample E1 from the lower Keele Forma-
with other post-Sturtian but pre-Varanger
carbonates from Svalbard (Derry and oth-
ers, 1989) and Australia (Veizer and others,
1983), and slightly higher than correlative
rocks from upper Tindir Unit 5 (Kaufman
and others, 1992). Insofar as alteration is
likely to increase ¥7Sr/*Sr by the addition of
radiogenic ®’Sr from clay minerals, the
Keele sample extends the observation that
pre-Varanger carbonates tend to have lower
Sr isotopic ratios than post-Varanger sam-
ples. Samples from the Sheepbed, Blue-
flower, and Sekwi formations yielded values
of 0.7084-0.7090, consistent with Ediaca-
ran-aged and Cambrian carbonates from
elsewhere (Kaufman and others, in press).

Perhaps the most interesting and reliable
Sr determination is on a sample from the
“Tepee dolostone.” The sample is from a
large rosette of originally aragonitic seafloor
cement, now neomorphosed to calcite. It
contains ~1350 ppm Sr and negligible Rb.
Its 37Sr/%8Sr of 0.7072 is interesting because
it indicates that the rapid Neoproterozoic
increase in *’Sr/*°Sr of values near 0.7070 to
0.7085 did not begin until after the end of the
Varanger glaciation in northwestern Can-
ada (compare with Fig. 1).

DISCUSSION

Integrating Terminal Proterozoic
Chemostratigraphy and Biostratigraphy

If the relationship between isotope values
and biostratigraphy depicted in Figure 4 is
approximately correct, and if the isotopic
compositions in Windermere carbonates re-
flect global ocean chemistry at their times of
deposition, then Windermere fossil distribu-
tions should allow us to predict the strati-
graphic pattern of isotopic variation within
the succession. A comparison of Figure 4
and the global composite curve (Fig. 1;
Knoll and Walter, 1992) shows that many
features of the Windermere and global 8'°C
curves are congruent, thus fulfilling the pre-
diction. For Keele through Risky carbon-
ates, the stratigraphic relationships among
C isotopes, fossils, and diamictite are just
what would be predicted from global data.
This reinforces the observation that C iso-
topes provide an important guide to termi-
nal Proterozoic correlation.

A pronounced negative excursion occurs

in the lower part of the Ingta Formation, just
below the faunally defined Precambrian-
Cambrian boundary (Fig. 4). Similar excur-
sions occur immediately beneath the base of
the Cambrian (Nemakit-Daldyn) in Siberia
(Knoll and others, in press) and Morocco
(Tucker, 1986). Some caution in interpreta-
tion is warranted as the 3"°C of the Ingta
succession includes extremely negative val-
ues and low 3'®O. On the other hand,
equally low oxygen isotopic compositions in
other parts of the section are not associated
with low 8'3C, and within the Ingta Forma-
tion the slope on a C/O plot is essentially
Zero.

The principal difference between the
global composite (Fig. 1) and the Win-
dermere curve (Fig. 4) is the lack of evi-
dence for a basal Cambrian positive C iso-
tope excursion that follows the negative
excursion elsewhere. One potential explana-
tion, that strata of appropriate age are not
represented in the Mackenzie Mountains, is
not supported by the biostratigraphic evi-
dence presented above (Fig. 4). The scarcity
of carbonates in the Backbone Ranges and
Vampire Formations is a more likely factor
in explaining the missing excursions. 8'°C
values for several samples of Fallotaspis and
Nevadella zone limestone from the Sekwi
Formation (Table 1) fall well within the
range of previously measured Adtabanian
carbonates.

Correlation of Ediacara Faunas

Ediacara-type faunas are now known
from more than 30 localities worldwide
(Hofmann, 1987), and several distinctive as-
semblages have been documented (Glaess-
ner, 1984; Jenkins, 1992). However, several
factors have frustrated previous attempts to
recognize stratigraphically restricted taxa
suitable for zonal correlation. In many lo-
calities, including the classic section at Edi-
acara, preservational and environmental
factors result in fossils being restricted to
relatively thin portions of the terminal Prot-
erozoic succession, making it impossible to
observe directly any stratigraphic succession
of faunas. Even where long, fossiliferous
sections are available, marked discrepancies
commonly exist in the order of first appear-
ances of taxa in different sections. For ex-
ample;-#%c Mackenzie Mountains show
stepped increases in the diversity, complex-
ity, and size of Ediacara-type megafossils
through the section, whereas in Podolia a
high diversity fauna of large, complex forms
(Mogilev Formation; Fedonkin, 1983) is
overlain by a lower diversity fauna of mainly
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Figure 5. Chemostratigraphic correlation of Ediacara-type faunas. Isotopic correlations are discussed in the text; faunal data are from
the following sources, and references therein: Twitya Formation, N.W, Canada (Hofmann and others, 1990); Sheepbed Formation, N.W.
Canada (Narbonne and Aitken, 1990; Narbonne, 1994); Kuibis Subgroup, Namibia (Germs, 1972, 1973; Crimes and Germs, 1982; Grant,
1990); Blueflower Formation, N.W. Canada (Hofmann, 1981; Narbonne and Aitken, 1990; Narbonne, 1994); Schwarzrand Subgroup,
Namibia (Germs, 1972; Crimes and Germs, 1982; Grant, 1990); Khatyspyt Formation, Siberia (Fedonkin, 1985a, 1985b; Vodanjuk, 1989);
Dengying Formation, China (Sun, 1986; Grant, 1990); and the Ediacara Member, Australia (Jenkins, 1992).

simple discs (Yaryshev Formation; Palij,
1976). In the past, the absence of independ-
ent criteria for testing correlations has also
heightened the potential for circular reason-
ing in arguments based on “grade of evolu-
tion.” Cand/or Srisotopes are now available
for many of the key occurrences of Edi-
acara-type fossils, providing an independent
means of assessing the stratigraphic signifi-
cance of the taxa.

The Mackenzie Mountains exhibit three
distinctive assemblages of predominantly
cosmopolitan taxa, each characterized by a
different isotopic signature (Figs. 4 and 5).
The Twitya discs (Assemblage T) occur im-
mediately below a zone of extremely en-
riched C (8"°C,,p, > +8%v) and relatively
depleted Sr (*’Sr/**Sr < 0.7072); no other
Ediacara-type assemblages are known to oc-
cur in successions that exhibit similar iso-
topic ratios! The Sheepbed fossils (Assem-
blage IT) occur within an interval in which
812C,p, rises sharply from near 0 to +7%eo,
and Sr ratios show strong enrichment (¥’Sr/
86Sr = ~0.7085); similar isotopic signatures
are exhibited by the Kuibis Subgroup of
Namibia (Kaufman and others, 1991; Derry
and others, 1992). The Blueflower assem-
blage (Assemblage IIT) is characterized by
relatively constant §'°C_,,,, that varies only
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slightly within the range of +0.5%0 to +2%o0
and enriched Sr ratios (YSr/%Sr =
~0.7085). Similar isotopic signatures have
been described from the Schwarzrand Sub-
group of Namibia (Kaufman and others,
1991; Derry and others, 1992), Rodda
Group strata equivalent to the Ediacara
Member in Australia (Jenkins and others,
1992; Calver, 1993), the Dengying Forma-
tion in China (Lambert and others, 1987),
and the Khatyspyt Formation in Siberia
(Knoll and others, in press).

It has long been recognized that, despite
the presence of some cosmopolitan forms,
considerable differences exist among Edi-
acara-type faunas from different geographic
localities (for example, see comparisons of
the faunas from Newfoundland, Namibia,
and Australia in Jenkins, 1992). Chemostrat-
igraphic correlations (Fig. 5) indicate that
these differences exist even among contem-
porancous assemblages. For example, the
Sheepbed Formation in the Mackenzie Moun-
tains and the Kuibis Subgroup in Namibia
both contain the oldest diverse assemblages
of Ediacara-type fossils in their respective
regions and exhibit strikingly similar C and
Srisotope values, yet they apparently have
no megafossil taxa in common. Evidently,
biogeographic, ecologic, and preserva-

tional factors can significantly influence
the local composition of Ediacara-type
fossil assemblages.

Nevertheless, when considered on a
global basis, broad trends in the evolution
of Ediacara-type organisms are evident
(Fig. 5). Assemblage I (subtillite) contains
a low diversity assemblage of centimeter-
sized, predominantly unornamented discs
and rings that represent the most primitive
elements of the Ediacara faund, Assem-
blage 11 (post-tillite) is considerably more
diverse and contains most of the significant
elements of Ediacaran fossil morphology,
including discs (simple, ornamented, annu-
late, and tentaculate forms), fronds (hold-
fasts and actual fronds), lightly biomineral-
ized organisms (Cloudina), and animal
burrows (trace fossils such as Planolites). A
“possible sprigginid” described from this
level (Germs, 1973) is incomplete and
poorly preserved, and should be regarded as
questionable. Assemblage IIT is the most
diverse, and includes all morphotypes
known from the underlying assemblage, plus
segmented forms (dickinsoniids, spriggi-
nids) and problematic forms (for example,
Tribrachidium).

When considered from a global stand-
point, most of the truly cosmopolitan taxa of
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Ediacara-type fossils (the genera specifically
listed on the top of Fig. 5) have long time
ranges, spanning at least two assemblage
zones. Consequently, these taxa probably
are suitable only for broad-scale correla-
tions on a system scale, and their more re-
stricted occurrences in individual sections
probably reflect immigration, environment,
and taphonomy rather than evolution. Some
genera of discoid and frondose organisms,
and some separate morphotypes such as seg-
mented organisms (for example, dickinsoni-
ids, sprigginids, and vendomiids) may well
be restricted to assemblage II1I, particularly
if the diverse faunas of Podolia and the
White Sea (Fedonkin, 1985a, 1985b, 1992)
are equivalent to those of the Ediacara
Member as is generally believed. Carbon-
ates are virtually absent from the Neoprot-
erozoic of the Russian Platform, and
chemostratigraphic confirmation of this re-
lationship will require establishment of C-
isotopic trends from organic matter alone.

Paleobiological Implications

The idea that a Neoproterozoic rise in at-
mospheric oxygen levels made possible the
Ediacaran radiation is >30 yr old" _' rsall,
1959). More recently, geochemical data and
models have been marshaled in support of
the more specific hypothesis that pO, rose
significantly just prior to the appearance of
diverse Ediacaran animals (Knoll, 1991,
1992a; Derry and others, 1992). As noted
above, the earliest diverse animal fossils oc-
cur in association with the post-Varanger
positive excursion in 8'°C, as would be pre-
dicted from biogeochemical models (Derry
and others, 1992). The Sheepbed and lower
Nama assemblages (Zone II) indicate that
the principal components of the Ediacaran
fauna—cnidarians, “vendozoans” (“quilt-
ed” organisms of disputed affinities; Seila-
cher, 1989), and ancestral bilaterians (doc-
umented by trace fossils)—were all present
at this early stage. The fauna included
animals with biomineralized skeletons
(Cloudina). This evolutionary pattern is con-
sistent with molecular phylogenies that im-
ply the diversification of diploblastic meta-
zoans and ancestral triploblasts well before
the explosive radiation of eucoelomate
animals near the Proterozoic-Cambrian
boundary (Raff and others, 1989; Lake,
1990; Patterson, 1989; Ghiselin, 1989; Chris-
ten and others, 1991). The fossils further
suggest that macroscopic size may have
evolved polyphyletically in clades that dif-
ferentiated earlier, also consistent with a
post-Varanger rise in pO..

The congruence of data from comparative
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biology, paleontology, and molecular phy-
logeny is pleasing, but is it correct? The Mac-
kenzie Mountains succession forces a criti-
cal reevaluation because, as noted above,
the Twitya Formation contains centimeter-
scale discs below a tillite correlated chemo-
stratigraphically with the Varanger ice age
(Hofmann and others, 1990). The assem-
blage is simple; it does not contain any of the
very large, morphologically complex, or
skeletonized  fossils  that characterize
younger Ediacaran assemblages. Nor is it as-
sociated with trace fossils. Yet, if the discs
are correctly interpreted as metazoans of
cnidarian grade, then macroscopic animals
in the broadest sense must have evolved sev-
eral tens of millions of years before the pos-
tulated rise in atmospheric oxygen.

There are several possible ways of accom-
modating the Twitya discs. Conceivably,
their interpretation as metazoans is incor-
rect; however, their similarity to younger
Ediacaran discs widely accepted as cnida-
rians, the difficulty of producing comparable
structures abiologically, and the presence in
some specimens of distinctive radially ori-
ented septa discourages this view (Hofmann
and others, 1990). It is also possible that
the hypothesis of significant atmospheric
change after the Varanger ice age is incor-
rect. Again, however, the magnitude of the
relevant geochemical signals for S (Ross and
others, 1991), as well as the more completely
documented C and Sr, and the simplicity
and robustness of published models discour-
age rejection of this hypothesis. Further, the
close stratigraphic association between the
postulated rise in pO, and the widespread
appearance of large, complex Ediacaran
metazoans demands that this concept be
taken seriously.

Fortunately, it is possible to accommo-
date both a metazoan interpretation of the
Twitya structures and post-Varanger envi-
ronmental change. In the absence of well-
developed circulatory and respiratory sys-
tems, animal size is limited by oxygen
diffusion into tissues (Runnegar, 1982,
1991). Cnidarians achieve macroscopic size
by means of a complex topology of cavities
and septa—they are essentially very thin or-
ganisms that are complexly folded into a
three-dimensional structure (Brusca and
Brusca, 1990). If the Twitya discs represent
cnidarians with some level of internal com-
plexity, then it is likely that they could have
lived at a pO, of 3%-6% of present atmo-
spheric levels (PAL) (Runnegar, 1991).
Geochemical data on paleosols developed
on sideritic Fe formation suggest that this
level of oxygen was first achieved as early as
2100 Ma (Holland and Beukes, 1990). The

subsequent Proterozoic history of oxygen is
not well established, but the presence of
multicellular red and green algae in rocks
as old as 1000 Ma strongly suggests that
pO, never fell below ~10% PAL during
the Neoproterozoic. This conclusion is
prompted by the need for such algae to ob-
tain fixed N from the water column and the
low levels of abiological N fixation expected
when pO, falls much below this level (Knoll
and Holland, in press).

Thus, em-scale cnidarians could have
evolved prior the Varanger ice age. If cor-
rectly interpreted, the Twitya discs indicate
that initial evolution of tissue-grade organi-
zation in the metazoan clade and the initial
diversification of this clade both occurred
well before the post-Varanger Ediacaran ex-
plosion. Large animals without either a well-
developed circulatory system or the complex
topology of septate cnidarians—and espe-
cially macroscopically mobile and skeleton-
ized animals of this grade—require oxygen
levels comparable to present levels (Runne-
gar, 1982, 1991). Thus, the evolutionary im-
plication of the Mackenzie Mountains fos-
sils taken as a whole may be that the animal
clade evolved tissue-grade multicellularity
and a measure of phylogenetic diversity sig-
nificantly before the Varanger glaciation,
but that post-Varanger environmental change
made possible the polyphyletic expansion of
the large and mobile organisms documented
by Ediacaran fossils and trace fossils. With
the evolution of sophisticated circulatory
and respiratory systems, the requirement for
high oxygen tensions would have been re-
laxed, permitting animals to colonize oce-
anic regimes in which oxygen availability was
limited.

CONCLUSIONS

The Windermere Supergroup of north-
western Canada provides chronostratigraph-
icdataofcritical importance to terminal Prot-
erozoic stratigraphy. It is thick and richly
fossiliferous, and contains a well-preserved
isotopic record. The stratigraphic relation-
ships between fossils and isotopic variations
corroborate and extend previous data, sug-
gesting the utility of an integrated frame-
work for terminal Proterozoic chrono-
stratigraphy. In particular, Windermere
isotopic data support the idea that C iso-
topes can be used to correlate terminal Prot-
erozoic successions throughout the Cordil-
lera, even though fossils are rare in many
sections. It also provides a chemostrati-
graphic signature for the base of the Phy-
codes pedum Zone (= base of the Cam-
brian) in northwestern Canada. Equally
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important, integrated chemo- and bio-
stratigraphy permit correlations with succes-
sions in Namibia, the Russian Platform, and
northeastern Siberia, where efforts are un-
derway to calibrate chronostratigraphic
events using zircons in ash beds.

Of paleontological interest, C and Sr iso-
topes can be used to characterize and cor-
relate Ediacara faunas worldwide. Isotopic
data support inferences based on litho-
stratigraphy (Hofmann and others, 1990)
and the bio- and chemostratigraphy of pre-
sumed correlatives in the upper Tindir
Group (Kaufman and others, 1992) that the
discoid fossils in the Twitya Formation pre-
date all known occurrences of diverse Edi-
acaran remains. These primitive elements of
the Ediacara fauna appeared just before the
inferred terminal Neoproterozoic rise in
pO, and the diversification of the Ediacara
fauna. Isotopic data suggest that the diverse
Ediacaran fossils in the Sheepbed Forma-
tion are approximately coeval with the old-
est known assemblage in Namibia, while
Blueflower metazoans correlate with the
classic Ediacaran assemblages in Australia
and less diverse faunas in China and north-
ern Siberia.

Reliable stratigraphic correlation among
terminal Proterozoic sections is no longer
simply a hope or a promise. Rapidly accu-
mulating paleontological and isotopic geo-
chemical data provide the framework nec-
essary to test ideas about evolution,
extinction, eustasy, tectonics, and environ-
mental change near the end of the Protero-
zoic Eon.
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APPENDIX 1: GEOCHEMICAL
PROCEDURES

Polished thin and thick sections were prepared
for petrographic and cathodoluminescence (CL)
examination, respectively. Where possible, non-
luminescent (NLM) or moderately luminescent
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microspar (MLM) was isolated (5-10 mg) by mi-
crodrilling techniques from thick sections (com-
pare with Kaufman and others, 1991). For the
determination of Mn and Sr concentrations as
well as Mn/Sr in carbonate, aliquots of micro-
drilled powders were weighed and leached in ul-
traclean, weak (0.5 N) acetic acid to avoid the
dissolution of siliciclastic components noted to
occur with the use of even a dilute solution of
HCI. After leaching, solutions were decanted and
diluted to 100 ml in 2% HNO;; residues were
dried and weighed to determine percent dissolu-
tion. Elemental analyses were performed on a VG
PQ2+ plasma source mass spectrometer. Gravi-
metrically determined standards were analyzed to
develop response calibration curves and a 100
parts per billion ''*In spike was added for nor-
malization. Accuracy of elemental abundances
determined by this technique are better than
5% compared to isotope dilution techniques.

The CO, was evolved from powders of carbon-
ate for determination of 5"*C and 8'%0 by reac-
tion with concentrated H;PO, (p > 1.89 g/ml)
using offline techniques in evacuated tubes at
90 °C for 12 hr and subsequently isolated by cryo-
genic distillation. Fractionation factors used for
the calculation of 'O abundances of calcites and
dolomites based on analyses of CO, prepared at
90 °C were 1.00798 and 1.00895, respectively. Ac-
curacy of these isotopic techniques as determined
by multiple determinations (n > 25) of standard
materials is +0.1%¢ for C and *+0.3%o. for O.

A third aliquot of micro-sample powder was
leached in 0.5 M acetic acid for determination of
Rb, Sr, and *Sr/*Sr. After centrifugation the su-
pernate was decanted, dried and redissolved in 1.5
M HCIL. A 1% aliquot of the solution was removed
and spiked with isotope dilution techniques on a
Finnigan THQ thermal ionization mass spectrom-
eter. The Sr was isolated from the remaining so-
lution by standard ion exchange technigues and
isotopic compositions determined on a Finnigan
MAT 262 thermal ionization mass spectrometer
with dynamic double collection. Interference
from ""Rb was controlled by measuring **Rb with
an SEM in ion counting mode (compare with
Derry and others, 1992). Multiple NBS 987 stan-
dards analyzed during the course of this work
yield an average value of 0.710241 *+ 8 (uncer-
tainty given as 2o of the mean).

APPENDIX 2: PETROGRAPHIC
DESCRIPTION AND SEDIMENTARY FACIES
OF WINDERMERE SUPERGROUP AND
LOWER CAMBRIAN CARBONATES'

APPENDIX 3: STRATIGRAPHIC LOCATION
OF SAMPLES'
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