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ABSTRACT

Integrated sedimentologic, stratigraphic,
and geochemical (δ13C, δ18O, Fe, Mn, and Sr)
data from Vendian–Cambrian carbonate-
ramp deposits of the northeast Siberian plat-
form (Olenek uplift and Kharaulakh Moun-
tains region) are used to constrain primary,
time-dependent oscillations in the carbon iso-
tope record and to evaluate δ13C chemostra-
tigraphy for high-resolution intrabasinal
correlation. The Vendian δ13C record of
northeast Siberia reflects global variations
seen elsewhere by displaying (in ascending
order) a strong positive isotopic shift to values
near +6‰ (herein named the P-interval), an
intermediate interval of relatively little iso-
topic change (I-interval), which shows, in
some sections, a monotonic decrease in δ13C
from +2‰ at the base to near 0‰ at the top,
and a negative excursion to ≈–4‰ (N-interval)
just beneath the Vendian-Cambrian bound-
ary. In addition to secular isotopic shifts, these
strata exhibit local small-scale signals related
to intrabasinal variations in subsidence, ero-
sion, and diagenetic alteration (e.g., degrada-
tion of organic matter, dolomitization, and hy-
drothermal and burial effects). These local,
intrabasinal processes, in some cases, have
modified both the magnitude and form of the
primary isotopic excursions, which are used
as the basis for correlation in all studies. Car-
bon isotope profiles provide an important
method to evaluate intrabasinal variations in
subsidence, erosion, and stratigraphic com-
pleteness. These profiles reflect increasing
subsidence along the platform-to-basin transi-
tion, whereas progressive truncation of iso-
topic profiles along this trend illustrate pro-

nounced uplift and erosion of ramp strata
along unconformity surfaces.

INTRODUCTION

An emerging δ13C record of secular varia-
tion for Vendian strata is providing an impor-
tant tool for temporal correlation of rocks that
contain only a limited assemblage of flora and
fauna necessary for high-resolution chronos-
tratigraphy (Knoll and Walter, 1992). Many
workers have identified comparable δ13C pro-
files (i.e., δ13C variations displayed with re-
spect to stratigraphic thickness) from Vendian
(ca. 610–543 Ma; Harland et al., 1989; Bow-
ring et al., 1993; Grotzinger et al., 1995) sec-
tions around the world (summarized in Rip-
perdan, 1994; Kaufman and Knoll, 1995),
including northwestern Canada (Narbonne et
al., 1994), southern China and Morocco (Lam-
bert et al., 1987; Kirschvink et al., 1991; Mag-
aritz et al., 1991), Namibia (Kaufman et al.,
1991), Australia (Walter et al., 1995), and Si-
beria (Magaritz et al., 1986; Pokrovsky and
Venagradov, 1991; Kirschvink et al., 1991; Ma-
garitz et al., 1991; Brasier et al., 1993, 1994;
Pokrovsky and Missarzhevsky, 1993; Knoll et
al., 1995a, 1995b; Pelechaty and Grotzinger,
1993; Pelechaty et al., 1995). This work has
formed the basis for the recognition of large-
scale secular variations in paleoceanic δ13C
preserved in Vendian carbonates and organic
carbon. An oscillating carbon isotope record
characterizes Vendian strata overlying diamic-
tites deposited during the latest Proterozoic
glaciation (Knoll and Walter, 1992). A promi-
nent negative excursion is noted in carbonate
rocks immediately above the diamictites. This
negative excusion leads into a positive excur-

sion with δ13C values as high as +6‰. Then
there is an interval of relatively invariant δ13C
values near 0‰. The relatively invariant inter-
val culminates in a distinctive shift to negative
values. The δ13C values return to 0‰ near the
Precambrian-Cambrian boundary (Knoll and
Walter, 1992; Brasier et al., 1993; Kaufman
and Knoll, 1995). The stratigraphic sections
used to develop the Vendian chemostrati-
graphic framework are from isolated sedimen-
tary basins that record a variety of tectonic,
depositional, and diagenetic processes. It is im-
portant to note that similar large-scale δ13C
variations have emerged despite this geologic
diversity.

High-resolution, intrabasinal correlation of
Vendian strata using δ13C chemostratigraphy to
assess the influence of depositional and diage-
netic processes on the δ13C isotopic record has
not yet been attempted. These processes are
known to have diverse effects on primary δ13C
compositions of carbonate (Allen and Mat-
thews, 1982; Arthur et al., 1983; Schidlowski et
al., 1984). Diagenetic and stratigraphic studies
are necessary to resolve the origin of small-
scale variations in carbon isotope values in or-
der to utilize this chronostratigraphic tool for
intrabasinal correlations.

The profiles used for correlation are isotopic
records that appear continuous in rock thick-
ness, but they are not continuous in time be-
cause of depositional hiatuses resulting from
unsteady sediment accumulation inherent to
stratigraphic sections (Sadler, 1981). The rela-
tive completeness of isotopic profiles, however,
can be assessed by comparing many profiles
from different depositional settings across a
single sedimentary basin (Anders et al., 1987;
Sadler, 1987). Such a study provides a method
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to examine relative variations in sediment-
accumulation rate, which may serve as a proxy
for basin subsidence.

This paper presents a detailed geochemical
study of several carbonate-dominated strati-
graphic sections from the same sedimentary
basin. The basin is exposed in the Olenek uplift
and Kharaulakh Mountains area of the north-
eastern corner of the Siberian platform, Russia
(Fig. 1). Geochemical data (i.e., δ13C, δ18O, Fe,
Mn, and Sr) are presented within a sedimento-
logic and stratigraphic context in order to assess
secular and local signals in the δ13C composition
of the carbonate sediments. In addition to glob-
ally recognized, first-order δ13C shifts, smaller-
scale variations are also recognized; these are
evaluated in conjunction with stratigraphic and
sedimentologic data for use in high-resolution,
intrabasinal correlations.

The δ13C profiles are constructed from strati-
graphically closely spaced carbonate samples of
minimally altered depositional components.
The role of diagenesis in altering the δ13C com-

position is assessed by carrying out both com-
ponent and whole-rock sampling to determine
intrasample δ13C heterogeneity. Standard petro-
graphic, cathodoluminescent, and geochemical
proxies are used to determine alteration of car-
bonate. This work forms the foundation for an
integrated basin analysis study using carbon
isotope chemostratigraphy and sequence stra-
tigraphy (Pelechaty et al., 1995, 1996).

GEOLOGIC SETTING:
STRATIGRAPHY AND 
DEPOSITIONAL FACIES

Stratigraphy

Vendian carbonate rocks are exposed along
several river valleys in the Olenek uplift and
along the Lena River 100 km to the east in the
Kharaulakh Mountains in the northeastern part
of the Siberian platform (Fig. 1). The carbon-
ates consist of both limestone and dolostone.
From the Olenek uplift, these strata dip gently

outward in all directions and are offset by
small-scale (tens of metres of displacement),
steeply dipping normal faults (Krasilshchikov
and Biterman, 1970). In the Kharaulakh Moun-
tains, the Vendian carbonate strata are de-
formed into west-verging folds of the post-
Cretaceous Verkoyansk fold-and-thrust belt
(Rodgers, 1991).

Vendian strata are <500 m thick and are
bounded by regional unconformities. The
Riphean-Vendian boundary is an angular un-
conformity that cuts down deepest into Riph-
ean strata of the southern Olenek uplift. The
Vendian-Cambrian boundary is a paleokarst
erosion surface overlain by Lower Cambrian
(Nemakit-Daldyn Stage) siliciclastic and minor
limestone strata and rare volcanic deposits (Re-
pina et al., 1974; Valkov, 1987; Khomentovsky
and Karlova, 1993; Bowring et al., 1993; Knoll
et al., 1995a). These strata thin eastward toward
the Kharaulakh Mountains and are everywhere
overlain by distinctively red, hyolithid-bearing
Tommotian limestone.

VENDIAN δ13C CHEMOSTRATIGRAPHY OF NORTHEAST SIBERIA
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Figure 1. Geologic map of the Olenek uplift and Kharaulakh Mountains region, northeast part of the Siberia platform, Russia. The inset
shows the regional geographic setting. Section locations in the Olenek uplift: 1—Olenek River, 2—Kytyngeder River, 3—Oolahan Ooekhtekh
River, and 4—Khorbosuonka River. Section locations in the Kharaulakh Mountains: 5—Chekurov anticline and 6—Bokursky anticline.
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Throughout the Olenek uplift,Vendian strata of
the Khorbosuonka Group are <320 m thick and
comprise three formations (Sokolov and Fedon-
kin, 1984; Khomentovsky, 1990; Shenfel, 1991;
Pelechaty and Grotzinger, 1993; Knoll et al.,
1995a; Fig. 2): the Mastakh Formation, <50 m of
conglomerate and dolostone; the Khatyspyt For-
mation, up to 180 m of black, bituminous lime-
stone; and the Turkut Formation, 80–300 m of
buff dolostone. The Mastakh Formation is trun-
cated toward the southern Olenek uplift (sections
2 and 3) where the entire Khorbosuonka Group is
represented by the Turkut Formation (Khomen-
tovsky, 1990). In the Kharaulakh Mountains,
rocks stratigraphically equivalent to the Khorbo-
suonka Group are known as the Kharayutekh For-
mation. They are completely exposed at section 5,
and only the upper part of the formation is ex-
posed at section 6. The lower, middle, and upper
members of the Kharayutekh Formation contain
mixed dolostone, bituminous limestone, and mi-
nor siliciclastic rocks and have been interpreted to
correlate with the Mastakh, Khatyspyt, and Tur-
kut Formations, respectively (Shapovalova and
Shpunt, 1982; Khomentovsky, 1990).

The age of these Vendian strata is tightly con-
strained. The Khorbosuonka Group contains Edi-
acaran soft-bodied metazoan fossils in the Kha-
tyspyt Formation (Sokolov and Fedonkin, 1984;
Karlova, 1987; Vodanjuk, 1989; Missarzhevsky,
1989; Knoll et al., 1995a) and exhibits δ13C pro-
files similar to other latest Vendian intervals
(Kaufman et al., 1991; Narbonne et al., 1994;
Knoll et al., 1995a; reviewed in Kaufman and
Knoll, 1995). The isotopic profile at the Khor-
bosuonka River contains a lower positive excur-
sion, an interval of isotopic values near 0‰, and
an upper negative shift at the top of the Turkut
Formation (see section 4 and inset; Fig. 2). Knoll
et al. (1995a) correlated the positive isotopic shift
through the Mastakh and lower Khatyspyt For-
mations with a similar positive isotopic excur-
sion in the Zaris Formation of the Nama Group,
Namibia. Following this correlation, U-Pb radio-
metric dates from volcanic ash beds interlayered
with sedimentary rocks of the Nama Group
allow calibration of the isotopic profiles (Grotz-
inger et al., 1995) and provide an age of 549 Ma
for the top of the positive shift, 544 Ma for the
base of the negative shift, and 543 Ma for the top
of the negative shift and the Precambrian-Cam-
brian boundary (see inset; Fig. 2). This age for the
boundary is also consistent with an upper-
intercept U-Pb age of 543.8 +5.1/–1.3 Ma from a
volcanic breccia at the base of the Kessyusa For-
mation overlying the Khorbosuonka Group (Bow-
ring et al., 1993). The part of the Khorbosuonka
Group that exhibits the positive shift is composed
of the Mastakh Formation, which forms a single
depositional sequence (Knoll et al., 1995a), and

the lower Khatyspyt Formation. A maximum age
of 555 Ma is estimated for the base of the Khor-
bosuonka Group on the basis of a conservative
overestimate for the time required to form a dep-
ositional sequence (Vail et al., 1984; Christie-
Blick et al., 1995). Thus, the Khorbosuonka
Group and correlative units in northeast Siberia
are considered to span a maximum of 10 m.y.
during latest Vendian time.

Depositional Facies

Knoll et al. (1995a) described four main car-
bonate-ramp facies, including tidal flat, lagoon,
shoal, and distal, along the Khorbosuonka River
(Figs. 1 and 2). Karstic features developed at the
top of the Vendian interval truncate most of these
facies. Minor siliciclastic deposits of marine and
terrestrial origin are present at the base of these
sections. These facies are briefly summarized be-
low along with additional sedimentologic and
stratigraphic observations from across the Ole-
nek uplift and Kharaulakh Mountains (Pelechaty
and Grotzinger, 1993). More detailed facies de-
scriptions are given by Pelechaty et al. (1996).

Tidal Flat Facies. The tidal flat facies (en-
tirely dolostone) is composed mainly of thin-
bedded, desiccation-cracked microbial lami-
nites, minor rippled and planar-laminated oolite,
and edgewise conglomerate. Early diagenetic
chert nodules and white cauliflower chert, which
signify the former presence of calcium sulfate
evaporites, are only locally developed in the
Mastakh Formation (Knoll et al., 1995a).

Lagoon Facies. The lagoon facies (entirely
dolostone) is characterized by intercalated thin-
to medium-bedded stromatolitic biostromes,
rare rudstone, grainstone, and mudstone, and
green shale layers between dolostone beds.
These deposits have been interpreted to record
sedimentation within a low-energy, shallow-
water lagoonal setting (Knoll et al., 1995a).

Shoal Facies. The shoal facies comprises
mainly trough cross-stratified rudstone, grain-
stone, and packstone as amalgamated units with
sharp, erosive bases. Deposits are intraclastic to
oncolitic. Minor stromatolitic biostromes and
mudstones form interbeds, signifying incursions
of lagoonal conditions in the shoal environment.

Distal Ramp Facies. The distal ramp facies
consists of black, bituminous limestone and buff
dolostone (mudstone and wackestone). These
recessive deposits form nodular beds, massive
debris-flow units, and finely laminated distal
turbidites (Knoll et al., 1995a). Small-scale
flutes and gutter casts, as well as soft-sediment
slumps associated with the deposits, are indica-
tive of distal ramp settings. Some of the lime-
stones contain up to 5% total organic carbon.
They produce a strong fetid odor when fractured
and are considered mature petroleum source

units (Chersky, 1986; Bolshakov, 1987). The
preservation of ubiquitous organic matter in the
limestones indicates that the environment was
likely anoxic or had high sedimentation (e.g.,
North, 1990; Derry et al., 1992).

Karst. Karst facies at the top of the Turkut
Formation along the Khorbosuonka River
(Knoll et al., 1995a) also extend throughout the
Olenek uplift and Kharaulakh Mountains. The
paleokarst is represented by an extensive ero-
sion surface with up to 20 m of local relief
associated with potholes, shallow sinkholes,
karren, and decimetre-scale caves filled with
Cambrian sandstone. In the Olenek uplift, typi-
cally buff dolostones of the Turkut Formation
are stained red owing to the development of
terra rossa along this ancient subaerial exposure
surface (e.g., Estaban and Klappa, 1983; James
and Choquette, 1984; Pelechaty et al., 1991).

Siliciclastic Facies. Minor siliciclastic de-
posits consist of conglomerate, sandstone, and
shale. Trough and hummocky cross-stratified
marine sandstone and minor shale of the lower
Khatyspyt Formation (section 4; Fig. 2) are
also present in the lower Turkut Formation in
the southern Olenek uplift, and in the lower
Kharayutekh Formation (section 5), where
sandstone is intercalated with mud-cracked
shale and stromatolitic dolostone of shallow-
marine origin (Fig. 2). The lower Mastakh For-
mation contains up to 10 m of intercalated
quartz-pebble conglomerate and sandstone,
both showing planar stratification and unidirec-
tional cross-bedding. Beds show abundant
truncation and channelization features. Collec-
tively, these attributes are interpreted to signify
deposition of channel-floor dunes in braided
rivers (e.g., Walker and Cant, 1984).

Stratigraphically, the shallowest-water tidal
flat and lagoonal facies are found primarily in
the southern Olenek uplift, whereas deeper-wa-
ter shoal and distal ramp facies dominate sec-
tions of the northern Olenek uplift and Kha-
raulakh Mountains (Fig. 2). The stratigraphic
variation of facies is interpreted to record a
general northeast platform-to-basin transition
(Read, 1983; Grotzinger, 1989).

GEOCHEMISTRY: SAMPLING,
ANALYSES, AND RESULTS

Over 320 carbonate samples were evaluated
with standard petrographic, cathodolumines-
cent, and geochemical proxies (e.g., δ13C,
δ18O, Fe, Sr, and Mn) to assess diagenetic his-
tory and to recognize least-altered samples
(Table DR11). The following sections outline
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procedures that were employed for sample col-
lection, laboratory preparation, and analysis.

Sampling and Analytical Procedures

Component (e.g., individual allochems) and
whole-rock samples were collected by using a
motorized drill equipped with variably sized
(2–0.5 mm diameter) drill bits. Whole-rock
samples were collected where components
were too fine grained for individual sampling.
A suite of mainly whole-rock samples were
also collected from the lower Kytyngeder River
section (section 2 in Fig. 2) in order to test the
geochemical variation between whole-rock and
component sampling. Whole-rock samples
were drilled from areas on thick sections de-
void of macroscopic diagenetic fabrics.

Duplicate standard-size thin sections and
thick sections (1 mm thick) were made for each
component sample. The types of carbonate com-
ponents that were selected for sampling were
determined from plane-light microscopic and
cathodoluminescent analyses of thin sections.
Sample locations were then spotted on comple-
mentary thick sections and drilled. The carbon-
ate composition (e.g., calcite versus dolomite) of
samples was determined by using hydrochloric
acid in the field and by staining thin sections
with Alizarin red-S.

Both depositional and diagenetic components
were collected. In some cases, two separate
powdered samples were taken from a single
thick section (e.g., a depositional and a diagen-
etic sample, or two separate depositional sam-
ples) in order to assess intrasample geochemical
variation. For organic-rich carbonate rocks (i.e.,
black, bituminous limestone), samples of dark,

organic-rich layers and light, organic-poor lay-
ers were obtained to evaluate isotopic effects re-
lated to the alteration of sedimentary organic
matter. Depositional components that were sam-
pled included micritic carbonate from massive
and laminated detrital sediment (e.g., mudstone
and wackestone), intraclasts, oncolitic cortices,
and oolitic cortices of packstone, grainstone, and
rudstone and from domal to stratiform stromato-
lites (Table DR1; see footnote 1). Diagenetic
components include neomorphic pseudospar
and spar and late-stage, void-filling blocky spar
and baroque dolomite (e.g., Bathurst, 1975;
James and Klappa, 1983; Choquette and James,
1987; Zempolich et al., 1988). These features
typically are characterized by high Fe and Mn
contents and are dull to nonluminescent.

Procedures for sample preparation and stable
isotopic (carbon and oxygen) and major ele-
ment analyses (Fe, Mn, and Sr) follow those
described in detail by Derry et al. (1992) and
Narbonne et al. (1994).

Results

The geochemical (δ13C and δ18O values and
Fe, Mn, and Sr abundances) and petrographic
data are summarized in Table DR1 (see foot-
note 1). Both δ13C and δ18O are reported as
parts per thousand relative to the Peedee belem-
nite. Graphically, δ13C data are plotted as pro-
files with corresponding stratigraphic sections
(Fig. 2), and additional plots are presented to il-
lustrate observed geochemical trends.

Major Element Data. Major element abun-
dance data (Fe, Mn, and Sr) are plotted versus
δ18O in order to evaluate postdepositional alter-
ation (e.g., Brand and Veizer, 1980; Bathurst

and Land, 1986; Brasier et al., 1994; Fig. 3).
Much of the δ18O data ranges from –2‰ to
–10‰ and shows little variation in either Fe
(<5000 ppm) or Mn (<400 ppm) concentration.
As expected, the diagenetic components (e.g.,
burial cement and neomorphic carbonate) are
enriched in Fe and Mn (e.g., Grover and Read,
1983; Fig. 3, A and B). Also, dolomudstones of
the lower member of the Kharayutekh Forma-
tion at section 5 (Fig. 4) are enriched in Fe (up
to 19 000 ppm) and Mn (up to 9000 ppm) and
exhibit high Mn/Sr ratios and dull to very dull
to nonluminescence. These particular deposi-
tional components are interpreted to be altered
despite minimal recrystallization and lack of ev-
idence for additional δ18O depletion. This alter-
ation is stratigraphically restricted to the lower
part of the Vendian succession and is interpreted
to be related to migration of burial fluids along
the Riphean-Vendian unconformity. Apart from
these diagenetically altered carbonates and
other late-burial cements, the lack of correlation
of Fe and Mn abundances with δ18O suggests
that throughout this region the depositional
components are minimally altered.

Sr abundance is also uncorrelated with δ18O
but varies with depositional facies (Fig. 3, C).
The distal ramp limestones (between 200 and
2500 ppm Sr) are enriched in Sr relative to their
dolostone counterparts and dolostones of other
facies (<200 ppm). Even the distal ramp lime-
stones (i.e., black, bituminous limestone) are
enriched compared to the shoal-facies lime-
stones (i.e., oncolitic grainstone and rudstone),
which plot together with dolostones. The high
Sr concentrations of the distal ramp limestones
suggest that these sediments were originally
aragonitic in composition (Davis, 1977; James

PELECHATY ET AL.

996 Geological Society of America Bulletin, August 1996

Figure 3. δ18O versus major element data: (A) Fe and (B) Mn data from all sections, (C) Sr data from the Chekurov anticline (section 5).
The diagenetic carbonates (open circles and crosses) in A and B are enriched in both Fe and Mn. Note that the distal ramp limestones in C are
enriched in Sr relative to dolostones of all other facies and shoal-facies limestone.
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and Choquette, 1984; Aissaoui, 1985; Tucker,
1986). The dolomitic distal ramp facies proba-
bly lost Sr after deposition through dolomitiza-
tion. Additional field and petrographic observa-
tions further suggest an aragonitic precursor for
these limestones. Fabric-selective porosity is
typical of carbonates directly beneath the pale-
okarst at the top of the Turkut and Kharayutekh
Formations. Within grainstones and rudstones,
porosity formed by selective dissolution of
mudstone intraclasts, which form the nuclei of
oncoids, while oncoidal rims remain intact. Al-
though now completely dolomitized, selective
dissolution strongly suggests that these rocks

were bimineralic and that the mudstone intra-
clasts were composed of a relatively more solu-
ble calcium carbonate form (i.e., aragonite).

δ13C Profiles. Five δ13C profiles were con-
structed from analyses of organic-poor, deposi-
tional carbonate components for the Olenek
uplift (sections 1, 2, and 3) and Kharaulakh
Mountains (sections 5 and 6; Fig. 2). An addi-
tional, previously published δ13C profile by
Knoll et al. (1995a) from the Olenek uplift is
included (section 4).

The Khorbosuonka River δ13C profile (sec-
tion 4; Fig. 2) reveals prominent excursions in-
terpreted as secular variations (Knoll et al.,

1995a). The base of the profile is marked by a
distinct positive excursion, defined by δ13C
values that rise upsection from near +2‰ to
+6‰ through the Mastakh Formation and then
decline to values near 0‰ in the lower
Khatyspyt Formation. Values through the re-
mainder of the Khatyspyt Formation are vari-
able, ranging between –4‰ and +4‰, with
some of the variation likely associated with
early organic diagenesis in these bituminous
limestones (Knoll et al., 1995a). An upper in-
terval of little change with δ13C values near
0‰ characterizes the lower Turkut Formation
at this section. This is followed by a negative
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Figure 4. Isotopic and Mn/Sr data from component and diagenetic carbonate for the Chekurov anticline section (profile 5 in Fig. 2). Lime-
stone is shown as bricks and dolostone as shaded regions in the stratigraphic section. Refer to Figure 2 for description of data symbols. On av-
erage, dolostones have higher Mn/Sr ratios and heavier carbon isotope values relative to limestones. Not all samples with isotopic values were
analyzed for major elements.
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excursion to values near –3‰ beginning ≈20 m
below the top of the Turkut Formation.

The Olenek River profile (section 1; Fig. 2)
has a δ13C pattern similar, in some respects, to
the profile at the Khorbosuonka River (sec-
tion 4). The base of the Olenek River profile
shows moderately positive δ13C values (up to
+3‰) in the Khatyspyt Formation that de-
crease at the boundary of the overlying Turkut
Formation to 0‰ and remain near that value
through the lower 80 m of the formation. A
well-defined negative excursion to –3.5‰ be-
gins 50 m beneath the upper Turkut Formation
boundary.

The Oolahan Ooekhtekh River profile (sec-
tion 3; Fig. 2) exhibits δ13C data that are slightly
different from the results in profiles 1 and 4.
Positive δ13C values up to +4‰ mark the base
of the section, and these decrease to 0‰ over
50 m of stratigraphic section. Above this, most
of the Turkut Formation is characterized by lit-
tle change in δ13C with values ranging between
–1‰ and –2‰. Unlike δ13C profiles at sec-
tions 1 and 4, this segment contains carbonates
that are relatively invariant and consistently de-
pleted in 13C. The top of the section, ≈60 m be-
neath the upper Turkut Formation boundary, ex-
hibits positive values near +1‰.

The Turkut Formation in the Kytyngeder
River profile (section 2; Fig. 2), consisting of
primarily whole-rock data, shows greater iso-
topic variability (ranging between –4‰ and
+3‰) than that recognized in the Turkut Forma-
tion at section 3 located only 15 km to the north.
The upper Kytyngeder River profile includes
strata (≈60 m) not exposed along the Oolahan
Ooekhtekh River (section 3); isotopic composi-

tions of carbonates here are from component
samples and are similar to those in the upper part
of section 3 with δ13C values near +1‰.

The Chekurov anticline profile (section 5;
Fig. 2)  has a few data points in the lower part of
the middle member of the Kharayutekh Forma-
tion with values up to +4‰. These are followed
upsection by slightly variable δ13C values that
are <0‰ near an 80-m-thick diabase sill. Above
this, at the lower contact of the upper member,
δ13C values are near +2‰ and decrease to –1‰
at the top of the section.

The δ13C values in the Bokursky anticline
profile (section 6; Fig. 2) are variably enriched
in 13C, ranging between 0‰ and +3.5‰.

These δ13C profiles are the integrated result
of carbon isotope values from a variety of depo-
sitional facies. However, facies appear not to in-
fluence the isotopic composition of carbonate.
Within the invariant isotopic interval (I-interval;
see below), all facies have overlapping δ13C
values that range between –2‰ and +2‰
(Fig. 5, A).

DISCUSSION OF GEOCHEMICAL
RESULTS: DIAGENETIC
MODIFICATION OF δ13C VALUES

The possibility of diagenetic alteration of δ13C
values of carbonate samples was investigated on
various scales, from millimetre-scale variations
within samples to kilometre-scale variations
across the basin. The following section discusses
the possible effects of various diagenetic proces-
ses, including organic diagenesis, dolomitization,
meteoric diagenesis, contact-metamorphic ef-
fects, and burial diagenesis.

Organic-Matter Diagenesis

Bituminous limestones and uncommon dolo-
stones of distal ramp facies contain abundant or-
ganic carbon as dark interstitial material. In sev-
eral cases, both organic-rich and organic-poor
subsamples were collected from the same hand
specimen (Table 1). In most cases, organic-rich
portions of samples are depleted in 13C relative
to their organic-poor counterparts. This deple-
tion is generally interpreted to record the incor-
poration of carbonate formed during the in situ
oxidation of organic matter, a process that pro-
duces isotopically light CO2 (Irwin et al., 1977).
Some variation in δ13C values through the Kha-
tyspyt Formation at section 4 (Knoll et al.,
1995a) and the Kharayutekh Formation at sec-
tions 5 and 6 may also be related to this process.

Dolomitization

In some cases, δ13C variations appear to be
related to the distribution of limestone and dolo-
stone in these sections, rather than to temporal
changes in the isotopic composition of seawater.
For example, the δ13C variation shown in the
middle and upper members of the Kharayutekh
Formation in the profile at section 5 is correlated
with the distribution of carbonate minerals
(Figs. 2, 4, and 5, B). In general, the limestones
in this section are depleted in 13C relative to dol-
ostones. At least four interpretations can be used
to explain these variations.

1. The distribution of limestones stratigraph-
ically above and below the dolostones in this
section is coincident with small-scale secular
variations in seawater δ13C.
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Figure 5. δ13C versus δ18O plots: (A) Component data from all the sections are plotted from only the I-interval in order to remove the effect
of secular variation. (B) Isotopic data from the Chekurov anticline (section 5); on average, dolostones are enriched relative to limestones. (C)
Bokursky anticline data (section 6) suggest a diagenetic trend toward depleted δ13C and δ18O values (arrow); this plot shows that the double-
positive shift (shown in Fig. 2) may be an altered I-interval with values near +2‰ through the entire profile.
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2. The observed isotopic trend could be a sig-
nal of depth-dependent variations in ancient sea-
water 13C. Modern oceans do show a negative
gradient in δ13C with depth, which is recorded in
carbonates precipitated along this gradient. Sur-
face waters are enriched in 13C owing to uptake
and removal of 12C during photosynthetic pro-
duction of biomass (Berger and Vincent, 1986);
oxidation of isotopically light organic matter at
depth additionally enhances the seawater’s car-
bon isotope gradient. In the upper member of the
Kharayutekh Formation at section 5, the occur-
rence of shallow-water dolostones and deep-wa-
ter limestones suggest depth-dependent varia-
tions. However, at the top of the formation, both
shallow- and deep-water limestones occur, and
both have similar δ13C values. The lack of ab-
solute constraints on water depths and samples of
coeval deposits representative of varying water
depths makes it difficult to determine whether an
isotopic gradient existed in seawater at this time.
Nonetheless, given the existing data, it seems un-
likely that depth-dependent variations are con-
trolling the isotopic differences between lime-
stones and dolostones.

3. The isotopic difference could be related to
the authigenic formation of dolomite directly
from Vendian seawater. Sheppard and Schwarcz
(1970) inferred, on the basis of results of high-
temperature experiments, that at the tempera-
tures of sedimentary conditions, dolomite is en-
riched in 13C by as much as 2‰–3‰ relative to
calcite, if both phases are in isotopic equilib-
rium. For an equilibrium isotope effect to have
resulted in the present distribution of δ13C val-
ues would require that both calcite and dolomite
precipitated from seawater with a constant car-
bon isotope composition. Ooids within tidal flat
facies dolostones exhibit well-preserved, con-
centrically laminated, cortical fabrics suggestive
of having originally been calcite (e.g., Tucker,
1983). This observation suggests that the dolo-
mite in these sections is secondary and argues

against the suggestion that limestone and dolo-
stone may have formed contemporaneously.

4. Last, it is possible that differences in δ13C
values in this section and elsewhere in the basin
may be related to secondary dolomitization, such
that these samples now more closely reflect the
isotopic composition of the dolomitizing fluids.
In particular, secondary dolomitization may have
occurred in section 5 where dolostones have high
Mn/Sr ratios and are enriched in δ13C relative to
the limestones in the same section (Figs. 2 and
4). A few studies have demonstrated that dolomi-
tization can lead to enrichment of 13C. For exam-
ple, reflux-style dolomitization of limestone in
the presence of brines enriched in 13C through
anaerobic fermentation (i.e., methanogenesis)
has been interpreted to result in a positive offset
of primary δ13C values of dolomitic samples
from Paleozoic reefs (Sears and Lucia, 1980;
Cercone and Lohmann, 1987). The offset is
caused by the addition of newly formed dolomite
with compositions significantly enriched in 13C.
Although incorporation of even small amounts of
CO2 formed as a byproduct of bacterial methano-
genesis can alter δ13C values of sediments, it
seems unlikely that this process would affect
every sample in a succession to the same degree.

Meteoric Diagenesis

In carbonate-dominated successions, mete-
oric diagenesis is common and has been found
elsewhere to modify the isotopic and elemental
composition of carbonate. Following earlier
studies (e.g., Knoll et al., 1995a), samples with
Mn/Sr >10‰ and δ18O <–10‰ are defined as
having been altered. Permeable limestones, par-
ticularly those interbedded with siliciclastic
rocks, can be altered by such meteoric diagene-
sis, e.g., the basal part of the Kharayutekh For-
mation (Figs. 2 and 4). The stratigraphic signif-
icance of these isotopic compositions is
interpreted with caution. On the other hand,
thick limestone units from this basin are consid-

ered unaltered on the basis of low Mn/Sr values,
high Sr abundances, and little-altered δ18O val-
ues. The δ13C values from these facies are inter-
preted to record primary secular variations.

Karst-related diagenesis has been found else-
where to alter the isotopic composition of car-
bonate. In this case, fluids are enriched in 18O
through evaporation and depleted in 13C by the
addition of soil CO2 (Allen and Matthews,
1982; Beeunas and Knauth, 1985). However, al-
though negative trends in δ13C values are seen
in sections 1 and 4 (Fig. 2), no trend is noted in
the other sections immediately beneath the pa-
leokarst. Also, there is no discernible variation
in the δ18O values of samples approaching this
basinwide exposure surface (Fig. 6). The nega-
tive δ13C excursion seen in a few of these north-
ern Siberian profiles also have been noted in
Precambrian-Cambrian boundary sections from
southern Siberia, Morocco, northwest Canada,
China, and Iran (summarized in Kaufman and
Knoll, 1995) where no exposure surfaces have
been recognized. The δ13C excursions in these
sections are all interpreted as records of secular
variation rather than diagenetic alteration.

Contact-Metamorphic Effects

High-temperature effects associated with ig-
neous bodies appear to deplete carbonate with re-
spect to 13C and 18O. The isotopic effects of dia-
base intrusion may be evident in section 5
(Fig. 2) in the lower part of the Kharayutekh For-
mation. The carbonates near the sills are depleted
in 13C but have δ18O values similar to carbonates
throughout the section (Figs. 2, 4, and 6).

At section 6, outcrops of dolostones are
highly altered and show internal brecciation and
development of crackle breccia, with fractures
and intrablock zones filled with very coarse
crystalline spar. This style of alteration is often
attributed to hydrothermal activity, which may
result in significant isotopic alteration (see co-
variance of 13C and 18O; Fig. 5, C). An unal-
tered version of this profile may have consisted
of all values near +2‰, which may represent
the invariant isotopic interval (i.e., the I-inter-
val; see below) between the lower positive and
upper negative shifts. High-temperature alter-
ation of these carbonates may have occurred in
earliest Cambrian time during extrusion of
basaltic lavas now present in the lower Tyuser
Formation overlying the Vendian carbonates
(Vidal et al., 1995). Lacking elemental data for
these samples, we are unable to evaluate further
any effects of diagenetic alteration, but we view
the δ13C values with caution.

Burial Diagenesis

Subsamples taken from hand specimens show
that burial precipitates are systematically de-
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TABLE 1. ISOTOPIC COMPARISON OF ORGANIC-RICH
AND ORGANIC-POOR CARBONATE

Number A B A – B
Organic-rich sample Organic-poor sample

δ13C δ18O δ13C δ18O

KHA 12b,a –2.0 –6.4 0.2 –6.9 –2.2
KHA 36a,b 0.5 –6.3 1.4 –6.9 –0.9
KHA 41b,a 0.2 –5.6 0.5 –4.4 –0.3
KHA 67a,b –0.4 N.D. –1.0 –2.2 0.6
KHA 89a,b –0.4 –2.8 –0.2 –6.1 –0.2
KHA 93a,b –0.2 –3.9 –0.4 –7.0 0.2
KHA 94b,a 0.0 –3.1 –0.4 –6.8 0.4
KFC 15a,b 1.5 –5.9 2.3 –5.3 –0.8
KFC 16a,b 2.0 –4.7 2.3 –1.6 –0.3
KFC 19a,b 2.1 –4.0 3.3 –3.7 –1.2
KFC 21a,b 1.9 –8.0 2.3 –8.6 –0.4

Note: N.D.—not determined.
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pleted in 18O relative to marine depositional
components (Fig. 5, B; Table 2), which is typi-
cal of diagenetically altered carbonate (Loh-
mann, 1982; Arthur et al., 1983; Grover and
Read, 1983; Choquette and James, 1987). How-
ever, there seems to be no preferential change in
13C of depositional components relative to bur-
ial cements (Table 2).

INTEGRATION OF GEOLOGIC AND
GEOCHEMICAL DATA

Correlation of the δ13C Profiles

For the purpose of intrabasinal correlation, the
terminal Vendian δ13C chemostratigraphic record
in northeast Siberia is divided into three isotopi-
cally defined intervals. In the order of decreasing
age (see inset in Fig. 2), these intervals are char-
acterized by a positive shift (P-interval), an inter-
val of relatively invariant isotopic composition
(I-interval), and a negative shift (N-interval).

Correlation of the δ13C profiles of the Olenek
uplift and Kharaulakh Mountains is based on in-
tegration of both the isotopic data and regional
stratigraphic and sedimentologic trends. The
proposed chemostratigraphic correlation is also
supported by sequence stratigraphic correlation
of these same sections, which is described else-
where (Pelechaty et al., 1995, 1996). The most
complete δ13C record in this region is the one

shown by the profile at section 4 (Fig. 2; Knoll
et al., 1995a); this profile exhibits distinct, large-
magnitude oscillations ideal for chemostra-
tigraphic correlation and includes all three iso-
topic intervals.

The P-interval is well developed in section 4
through the Mastakh and lower Khatyspyt For-
mations and is interpreted to correlate with the
basal positive excursions at sections 1, 2, and 3
in the Olenek uplift area. The P-interval in sec-
tion 4 is less confidently correlated with the
basal part of the middle member of the Khara-
yutekh Formation at section 5 where the excur-

sion is defined by only a few data points. Cor-
relation of these positive shifts is supported
stratigraphically by the recognition of a signif-
icant marine flooding surface (A in Fig. 2) at
this level, defined by a sharp transition from
shallow-water dolostones to black, bituminous
limestones of the distal ramp facies that can be
correlated throughout this region.

The I-interval is developed across the basin
but varies greatly in its stratigraphic thickness.
The I-interval at section 4 is correlated with
similar intervals at sections 1, 2, and 3 in the
Olenek uplift; in the Kharaulakh Mountains,
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Figure 6. Plots of δ18O versus depth for stratigraphic sections (refer to Fig. 1 for location of sections) in the Olenek uplift and Kharaulakh
Mountains. The horizontal datum represents the paleokarst unconformity at the top of the Turkut and Kharayutekh Formations.

TABLE 2. ISOTOPIC COMPARISON OF DEPOSITIONAL
AND DIAGENETIC COMPONENTS WITHIN SAMPLES

Number A B A – B
Diagenetic components* Depositional components

δ13C δ18O δ13C δ18O

KHA 6ab,aa 3.5 –12.3 1.5 –4.6 2.0
KHA 24,b –0.5 –7.7 –0.1 –8.2 –0.4
KHA 28a,bb 1.4 –9.8 0.6 –7.7 0.8
KHA 30,b –0.3 –11.7 1.0 –7.1 –1.3
KHA 49a,b 0.6 –8.5 1.1 –10.1 –0.5
KHA 58a,b 0.0 –9.5 –1.9 –5.2 1.9
KHA 84a,b –0.3 –7.5 –0.2 –6.2 –0.1
KHA 100,b –0.2 –14.3 –0.6 –7.2 0.4
KHA 103b,a –1.1 –9.7 –0.2 –8.2 –0.9
KHA 105a,b 1.4 N.D. –0.2 –7.9 1.6
KHA 107a,b –0.2 –7.0 –0.4 –7.7 0.2
KHA 109a,b 0.0 –7.8 0.0 –7.9 0.0
KHA 111a,b –0.2 –6.9 0.1 –3.1 –0.3
KFC 6a,b 0.9 –7.9 1.1 –6.7 –0.2

Note: N.D.—not determined.
*Diagenetic components include pseudospar, spar, and baroque dolomite.
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with almost the entire isotopic profile at sec-
tion 5; and with the profile at section 6, where
the δ13C data are interpreted to reflect an al-
tered primary signal (Figs. 2 and 5, C). This
correlation reveals pronounced thickening of
the I-interval from 75 m at section 1, to 200 m
at section 4, and to at least 420 m at section 5
(the N-interval is not preserved at section 5,
where the total stratigraphic thickness of the I-
interval is unknown). The I-interval at section 6
probably correlates with part of the I-interval in
the upper member of the Kharayutekh Forma-
tion at section 5 on the basis of correlation of
additional prominent flooding surfaces in both
sections (B in Fig. 2). Because of variations in
facies, minerals, igneous activity, and diagene-
sis across the basin, it is unclear whether the
small-scale variations in the I-interval reflect
secular variation and/or diagenetic alterations.

Overlying the I-interval, the N-interval is
well developed only at sections 1 and 4. In gen-
eral, the isotopic intervals appear to be progres-
sively truncated beneath the paleokarst capping
the Turkut and Kharayutekh Formations from
section 1 toward section 6.

Depositional Effects on δ13C Excursions

The geometry of the δ13C profiles is consid-
ered to record variations in the long-term sedi-
ment-accumulation rate (as a proxy for subsi-
dence rate) and the distribution and magnitude
of hiatuses within the sedimentary basin. These
effects have not received much prior attention
because of a primary focus on intercontinental
rather than intrabasinal correlations.

Sediment-Accumulation Rate. The obvi-
ous effect of sediment-accumulation rate on the
13C isotopic record is to modify the general
form of isotopic excursions. Areas of low sedi-
ment accumulation show a condensed record,
in some cases with abrupt isotopic changes. In
contrast, sites of high sediment accumulation
are marked by isotopic profiles with generally
smoother isotopic variations. For the shallow-
water carbonates discussed here, where varia-
tions in depositional water depth (less than tens
of metres) are small relative to the thickness of
the deposits (hundreds of metres), sediment-ac-
cumulation rate is considered to be related to
variations in the rate of tectonic subsidence
(Schlager, 1981; Sadler, 1981). In particular, in
this basin, I-interval strata accumulated either
entirely near sea level (sections 2 and 3) or
shoaled to sea level at the close of I-interval
time (sections 1, 4, and 5).

Relative to the P-interval and N-interval at
the base and top of these sections, respectively,
the I-interval has been considered a significant
isotopic interval that occupies a thick portion

of the Vendian stratigraphic record (e.g., Knoll
and Walter, 1992; Narbonne et al., 1994; Knoll
et al., 1995a). The significance of the I-interval,
in terms of rock thickness, varies across the
Olenek uplift and Kharaulakh Mountains and is
interpreted to reflect variations in sediment-ac-
cumulation rate. Subsidence increased toward
the Kharaulakh Mountains during P-interval
and I-interval times. Section 1 is located far-
thest to the west, and its strata indicate that this
part of the basin was associated with, on aver-
age, lower subsidence rates. The basin under-
went eastward-increasing subsidence from the
eastern Olenek uplift to the Kharaulakh Moun-
tains at section 5. This interpretation is consis-
tent with the regional platform-to-basin transi-
tion: mainly tidal flat facies in the southern
Olenek area but mixed shoal and distal ramp
facies farther eastward.

The observed subsidence pattern during I-in-
terval time shows that rates were relatively
lower at section 1 but greater to the south (sec-
tions 2 and 3) and east (section 4) over a dis-
tance of 45 km. The regions of greater subsi-
dence show contrasting depositional responses.
To the south, at sections 2 and 3, tidal-flat sed-
iments appear to have accumulated at rates
equal to rates of local subsidence, whereas to
the east at section 4, subsidence outpaced sedi-
ment accumulation, causing drowning of the
platform and deposition of deeper-water, outer-
ramp sediments, followed by shoaling.

The intervening region at section 1 may rep-
resent a foreland bulge. However, the spatial
dimensions of the postulated tectonic bulge ap-
proach the lower size limits of other peripheral
bulges (Karner and Watts, 1983; Waschbusch
and Royden, 1992; McCormick and Grotz-
inger, 1992). Section 1 is located farthest to the
west and may partially reflect onlap onto the
craton in a region of lower subsidence during I-
interval time. This interpretation is further sup-
ported by unpublished seismic profiles that
show westward thinning of Vendian strata. Lo-
cal synsedimentary block faulting may also
have led to complex subsidence patterns ob-
served in the Olenek uplift (e.g., Bechstädt and
Boni, 1989) during N-interval time near the
close of the Vendian and during development
of the unconformity that caps the Turkut and
Kharayutekh Formations.

Hiatuses. The distribution and magnitude of
depositional hiatuses within the stratigraphic
record are complex and represent much geo-
logic time (Sadler, 1981; Anders et al., 1987).
This attribute of the stratigraphic record adds a
distinct randomness to preservation of isotopic
events, which affects both form and magnitude
of carbon isotope excursions. In northeast
Siberia, the paleokarst unconformity that caps

the Turkut and Kharayutekh Formations is a
prominent hiatal surface that shows systematic
variations in the amount of erosion throughout
the Olenek uplift and Kharaulakh Mountains
area. This erosion has had the effect of partially
erasing the carbon isotope record. The δ13C
profiles show progressive downcutting of the
Turkut and equivalent strata from section 1 to-
ward the southern Olenek uplift and toward the
Kharaulakh Mountains where erosion has re-
moved strata well beneath any deposits of
N-interval age (section 6).

The unconformity defining the top of the
Turkut and Kharayutekh Formations also vari-
ably truncates Vendian strata across the Siberian
platform according to the results of a comparison
of carbon isotope profiles. This unconformity is
expressed throughout the eastern Siberian plat-
form as either a well-developed paleokarst or as a
subtle stratigraphic surface (Khomentovsky,
1990). Erosion along this surface appears to have
been more pronounced in northern Siberia than
in the south. The N-interval is variably truncated
across the north, from the western Anabar region
(Pokrovsky and Venagradov, 1991; Pokrovsky
and Missarzhevsky, 1993; Knoll et al., 1995b) to
the Kharaulakh Mountains, whereas to the south,
a complete N-interval, with values that return to
0‰ at the top of Vendian strata, is developed at
sections along the Lena and Aldan Rivers (Mag-
aritz et al., 1986, 1991; Kirschvink et al., 1991;
Brasier et al., 1994).

CONCLUSIONS

Latest Vendian carbonate-dominated strata
of the Olenek uplift and Kharaulakh Mountains
in northeast Siberia provide a unique opportu-
nity to examine variations between many δ13C
profiles within a single sedimentary basin.
These carbon isotope profiles record secular
oscillations in δ13C, as well as secondary sig-
nals. The Vendian strata in this region exhibit
three prominent secular isotopic events, which
are observed in several other basins worldwide:
an older positive shift (P-interval) with values
up to +6‰, an invariant interval (I-interval)
with values between +1‰ and –2‰, and a
younger negative shift (N-interval) character-
ized by values to –4‰.

Both the magnitude and form of these secu-
lar oscillations vary from profile to profile and
are considered to reflect the effects of diage-
netic and depositional processes. A variety of
early- to late-stage diagenetic processes (i.e.,
organic-matter diagenesis, dolomitization, bur-
ial diagenesis, and contact-metamorphic ef-
fects) may alter the magnitude of the secular
shifts, a fact that is well displayed between
limestone and dolostone at some sections. The
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small-scale isotopic variation observed in the
I-interval in this basin probably reflects both
secular and diagenetic signals. However, fur-
ther investigation of stratigraphic sections
through the I-interval is needed to distinguish
between secular and local signals.

Geologic processes modify the recorded pat-
tern of primary isotopic shifts. For instance,
variations in subsidence rate affect the strati-
graphic thickness that preserves isotopic events,
whereas erosion truncates isotopic signals at
unconformities. These complications imply that
the carbon isotope profiles from other parts of
the Siberian platform, and from other sedimen-
tary basins, may be missing key isotopic events,
or partial events may be spliced together and
form complex, incomplete records.

Because of the variability of carbon isotope
records within a sedimentary basin, additional
geochemical, sedimentologic, and stratigraphic
data are required to unravel complexities of dia-
genesis and basin dynamics and their effects on
the preservation of primary carbon isotope val-
ues preserved in carbonate. However, despite
small-scale complications provided by non-
secular isotopic signals preserved within carbon
isotope profiles, chemostratigraphy provides a
useful method for high-resolution intrabasinal
correlation, and resolving basin dynamics (see
Pelechaty et al., 1996; Pelechaty, 1996).
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