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Abstract

The Avzyan Formation of the southern Ural Mountains, Russia, forms part of the Middle Riphean (∼1300–1000 Ma) type
section. Its age is constrained to be younger than 1348 Ma and older than 1080 Ma and thus may preserve all or part of the mid-
Mesoproterozoic isotopic shift. This shift represents a significant reorganization of the carbon cycle and separates pre-1300 Ma
carbonates with δ13C near 0‰ from post-1200 Ma Mesoproterozoic successions having average δ13C values greater than +3.5‰.

Because the Avzyan Formation is a significant reference section for the Mesoproterozoic and because it has the potential to
record this mid-Mesoproterozoic shift, a chemostratigraphic profile was constructed for this strongly folded and thrust-faulted
succession. Best-preserved δ13C values from carbonates of the Avzyan Formation lie mainly between 0‰ and +2‰, but the unit
contains a single excursion, represented by several data points, to values greater than +4‰. The chemostratigraphy of the Avzyan
Formation does not provide a definitive match to a better-dated succession; however, the character of the carbon isotopic curve is
most similar to that of the Dismal Lakes Group, arctic Canada, suggesting that the Avzyan Formation was deposited during the
mid-Mesoproterozoic isotopic shift and may have an age near 1270 Ma. Best-preserved Sr isotopic values of 0.70587 are also
consistent with a later Mesoproterozoic age.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon isotope chemostratigraphy has become an
invaluable tool for evaluating ancient sedimentary
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successions. The utility of chemostratigraphy, however,
depends strongly upon the robustness of the global
chemostratigraphic reference curve. For the Neoproter-
ozoic and Phanerozoic, this curve is reasonably well
constrained and has been successfully used for time-
correlation of sedimentary sequences (Kaufman and
Knoll, 1995; Brasier et al., 1996; Kaufman et al., 1997;
Halverson 2006; Maloof 2005–6), for placing temporal
constraints on paleotectonic/paleoceanographic/paleo-
climatic events (Derry et al., 1992; Kaufman et al., 1993,
1997; Saltzman, 2003), and for evaluating the mechanisms
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Fig. 1. Regional geologic map of the Bashkirian uplift, Southern Urals, Russia, modified from Giese et al. (1999) and Glasmacher et al. (2001).
Riphean and Vendian strata occur as broadly developed open folds in a series of thrust sheets west of the Main Uralian Fault. East of the Zuratkul
Fault (ZF), the Beloretzk Terrane represents overthrusting of moderate-to-high grade metamorphic rocks atop equivalent aged, low-grade strata to the
west. Carbonate rocks for isotopic and elemental analysis were collected from measured sections of the Avzyan Formation at the Avzyan (A),
Kataskin (K), and Katav River (R) sections, located near the towns of Verchney–Avzyan, Inzer, and Katav–Ivanovsk, respectively.
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of biological and geochemical change in the geologic
record (Derry et al., 1994; Saltzman et al., 1995;Montañez
et al., 1996; Bartley et al., 1998). For older intervals, global
reference curves are still evolving.

The Mesoproterozoic Era (1600 to 1000 Ma) repre-
sents a critical period in Earth history from the standpoint
of global tectonic reorganisation (Hoffman, 1989, 1991;
Dalziel, 1991; Karlstrom et al., 2001), the redox state of
the oceans (Des Marais et al., 1992; Canfield and Teske,
1996; Canfield, 1998; Kah et al., 2004), the carbonate
saturation state of the ocean (Grotzinger, 1989; Kah and
Knoll, 1996; Bartley et al., 2000; Kah et al., 2001; Bartley
and Kah, 2004), eukaryotic diversification (Knoll, 1992;
Anbar andKnoll, 2002), and the advent ofmulticellularity
(Butterfield et al., 1990; Woods et al., 1998; Butterfield,
2000). Recent work in these successions has improved
constraints of age, depositional environment and post-
depositional history, resulting in the first evaluations of
broad-scale secular variation in the Mesoproterozoic
marine carbon isotope system (Buick et al., 1995; Knoll
et al., 1995;Xiao et al., 1997; Frank et al., 1997;Kah et al.,
1999b; Lindsay and Brasier, 2000; Bartley et al., 2001;
Frank et al., 2003). Whereas previous workers have
described the Mesoproterozoic δ13C record as uneventful
(Buick et al., 1995; Brasier and Lindsay, 1998), a more
recent and extensive compilation of data (Kah et al.,
1999b) indicates that the Mesoproterozoic can be divided
into two distinct intervals based on the variation and
magnitude of δ13C values in the marine carbonate record.
EarlyMesoproterozoicmarine carbonates exhibit uniform
carbon isotope compositions (δ13C=0.0±1.0‰), consis-
tent with prolonged stability of the marine carbon cycle
between 1600 and ∼1300 Ma. Carbonate strata younger
than ∼1200 Ma are characterized by higher δ13C values
(δ13C=+3.5±1.0‰). The mid-Mesoproterozoic shift to
higher δ13C values occurred between 1300 Ma and
1250 Ma (Frank et al., 2003) and suggests a fundamental
change in ocean chemistry that persisted throughout the
latter half of theMesoproterozoic. Although it is clear that
these first-order variations are of broad chronostrati-
graphic utility (Kah et al., 1999b; Bartley et al., 2001),
additional data are needed to more precisely constrain the
timing and nature of the mid-Mesoproterozoic carbon
isotope shift and to interpret its significance with regard to
global-scale processes.

Previous chemostratigraphic studies of Mesoproter-
ozoic carbonates have focused on well-exposed, well-
preserved epicratonal platform successions (e.g., Fair-
child et al., 1990; Xiao et al., 1997; Bartley et al., 2000;
Kah, 2000). Although these platform successions



213J.K. Bartley et al. / Chemical Geology 237 (2007) 211–232
commonly preserve highly reliable geochemical proxies
for seawater, they commonly lack features (ash beds,
igneous intrusions) useful in constraining geochronol-
ogy. The type Riphean succession in the Southern Urals
has been well studied geochronometrically, but as part
of a craton margin sequence, these rocks have ex-
perienced a complex post-depositional history (Maslov
et al., 1997). The aim of the present study is to recon-
struct carbon isotopic change through the Avzyan
Formation and to compare it to successions of broadly
similar age, with the goal of better constraining a
Mesoproterozoic carbon isotopic reference curve.

2. Riphean of the Southern Urals

2.1. Proterozoic strata of the Bashkirian uplift

The Bashkirian uplift, located between the town of
Ufa, Russia and the Main Uralian Fault, is a complex
structural terrane that comprises the western fold and
thrust belt of the Southern Urals (Brown et al., 1997;
Giese et al., 1999; Fig. 1). In the western Bashkirian
uplift, greater than 15 km of Riphean and Vendian
sedimentary and volcano-sedimentary strata are exposed
in broad, open folds in a series of west-directed thrust
sheets (Giese et al., 1999). Whereas Riphean and
Vendian strata of the western uplift are typically
unmetamorphosed to weakly metamorphosed (Matenaar
et al., 1999), the Zuratkul Fault (Fig. 1) marks a major
structural and metamorphic break wherein rocks of the
eastern uplift (Beloretzk Terrane, Fig. 1) show polyphase
deformation and an increase in metamorphic grade to
greenschist- to eclogite-facies (Glasmacher et al., 2001).

Sedimentary strata of the western Bashkirian uplift
include the Burzyan, Yurmatau, and Karatau groups,
which represent the stratotype sections for the Lower,
Middle, and Upper Riphean, respectively (Keller and
Chumakov, 1983), and the Vendian Asha Group, which
angularly overlies Riphean strata (Fig. 2). Each Riphean
group is characterized by a basal unconformity overlain
by coarse-grained, alluvial to marine siliciclastic sedi-
ments, frequently interrupted by volcanogenic deposits,
that fine upward and are subsequently replaced by
marine to evaporative marine limestones and dolostones
(Keller and Chumakov, 1983; Kozlov et al., 1989;
Maslov, 1994; Maslov et al., 1997; Maslov, 2002). The
Fig. 2. Generalized stratigraphic column of Riphean and Vendian
(Meso- to Neoproterozoic) strata of the Southern Urals, Russia
(modified from Keller and Chumakov, 1983), with current geochro-
nological constraints. K–Ar analysis of diabase sills and early
diagenetic glauconite suggest an age of ∼1230–1000 Ma for the
Avzyan Formation. Unit abbreviations: Krivaya Luka Group (K–L),
Mashak Formation (Mk), Zigalga Formation (Zig), Zigazino–
Komorovo Formation (Z–K), Zilmerdak Formation (Zil), Katav
Formation (Kv), Minyar Formation (My). Geochronology abbrevia-
tions: U–Pbdiabase (1), U–Pbgranite (2), U–Pbtrachybasalt (3), Rb–Srdiabase
(4), K–Ardiabase (5), Pb–Pbcarbonate (6), Rb–Srillite (7), Rb–Srglauconite
(8), K–Arglauconite (9). Geochronologic data from: Keller and
Chumakov (1983), Keller and Krasnobaev (1983), Ivanov et al.
(1986), Kozlov et al. (1989), Gorokhov et al. (1995a,b), Gorozhanin
(1995), Ovchinnikova et al. (1998), Ellmies et al. (2000), Kuznetsov
et al. (2001).



Fig. 3. Petrographic preservation of limestone, dolostone, and calcic dolostone lithologies of the Avzyan Formation. A. Limestone clasts in shaley matrix
contain well-preserved micritic (m) and bladed, neomorphic cement (c) textures; B. Microsparitic limestone clast preserved in fine-grained quartz
sandstone; C. Spar-filled gypsum molds in fine dolomite microspar; D. well-preserved herringbone (h), bladed (c), and sparry (s) cement textures in
dolostone, observed in crossed-polarized light; E. detailed preservation in calcic dolostone of scour and fill with spar-cementedmicritic intraclasts; F. fabric
obliterative recrystallization of stromatolitic calcic dolostone, observed in crossed-polarized light. All photomicrographs are 2.58×3.45 mm. Well-
preserved petrographic fabrics occur in both limestone and dolostone lithologies and, more rarely, in calcic dolostone lithologies. Poorly-preserved
petrographic fabrics occur predominantly within calcic dolostones and correlate strongly with high degrees of geochemical overprinting.
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Lower Riphean Burzyan Group consists, in stratigraphic
order, of a variegated complex of oligomictic conglom-
erate, sandstone, silt, and trachybasalt of the Ai
Formation; interbedded dolostone, black shale and silt
of the Satka Formation; and variable interbedding of
limestone, dolostone, and black shale of the Bakal
Formation (Maslov, 1994). Similarly, Middle Riphean
sedimentary strata of the Yurmatau Group consist of
bimodal volcanics, conglomerate, and terrigenous
sandstone of the Mashak Formation; shallow marine
sandstone, silt and black shale of the Zigalga and
Zigazino–Komorovo formations; and variable interbed-
ding of limestone, dolostone, silt, and shale of the
Avzyan Formation (Maslov, 2002). The Upper Riphean
Karatau Group consists of basal arkosic sandstone and
silt of the Zilmerdak Formation overlain by an
assemblage of marine limestone, dolostone and minor
terrigenous components of the Katav, Inzer, Minyar, and
Uk formations (Maslov, 2002).

Riphean strata were deposited during successive
episodes of extension and subsidence along the eastern
margin of the East European Platform (EEP). Volcanic
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rocks (trachybasalt, diabase, and bimodal basalt–
rhyolite associations) suggest rifting in continental,
transitional, to ocean settings (Maslov et al., 1997).
Within the Bashkirian uplift, terrigenous facies typically
thicken and coarsen westward and are characterized by
continental platform provenance signatures, reflecting
derivation primarily from the EEP (Willner et al., 2001).
A regional angular unconformity at the base of the
Vendian Asha Group and a change to easterly-derived
terrigenous material marks the onset of convergence
along the eastern margin of the EEP, broadly coeval with
the exhumation and emplacement of the Beloretzk
Terrane, and initiation of foreland basin deposition
(Willner et al., 2003).

2.2. Geochronological constraints on Avzyan Forma-
tion deposition

In the Southern Urals, the age of the Middle Riphean
Yurmatau Group is constrained by a variety of
radiometric determinations (summarized in Fig. 2;
Keller and Chumakov, 1983; Keller and Krasnobaev,
1983; Ivanov et al., 1986; Kozlov et al., 1989;
Gorozhanin, 1995; Gorokhov et al., 1995a; Ovchinnikova
et al., 1998; Ellmies et al., 2000; Kuznetsov et al., 2001) to
have been deposited during the Late Mesoproterozoic,
between approximately 1350 and 1000 Ma. Pb–Pb
analyses of limestones in the underlying Bakal For-
mation (uppermost Burzyan Group) yield an age of
1430±30 Ma (Kuznetsov et al., 2001); diabase dikes
that cut the Bakal Formation but do not intrude basal
Yurmatau Group sediments give Rb–Sr ages of 1360±
35 Ma (Ellmies et al., 2000). Geochronology of the
Mashak volcanics (basal Yurmatau Group) yields a Rb–
Sr age of 1341±41 Ma (Keller and Chumakov, 1983)
and a U–Pb age of 1348±30 Ma (Kozlov et al., 1989).
An upper age for Yurmatau Group strata is defined by
K–Ar analysis on diabase dikes that intrude the Avzyan
Formation (uppermost Yurmatau Group), which yield
dates of 1000±20 Ma to 1080±30 Ma (Keller and
Chumakov, 1983).

Although clearly older than 1000Ma, the approximate
age of cross-cutting diabase dikes (Keller and Chumakov,
1983), and younger than ∼1350 Ma, the age of the
Mashak Volcanics which lie N5 km beneath the Avzyan
Formation at the base of the Yurmatau Group (Kozlov
et al., 1989), the age of the Avzyan Formation itself
remains poorly constrained. K–Ar analyses of early
diagenetic glauconite in the upper Avzyan Formation
yield an age of∼1230Ma (Keller and Chumakov, 1983).
However, no age constraints are available from the
underlying Zigazino–Komorovo Formation and K–Ar
ages of Avzyan glauconite are similar to the 1232–
1297 Ma ages retrieved from glauconite in the Zigalga
Formation, lower Yurmatau Group (Keller and Chuma-
kov, 1983).

2.3. Stratigraphy and depositional setting of the Avzyan
Formation

The present study examines the chemostratigraphy of
the Avzyan Formation, and the following description
derives from fieldwork conducted as part of this study
(see Fig. 1 for localities visited). The Avzyan Formation
conformably overlies organic-rich, shallow-marine
shales and siltstones of the Zigazino–Komorovo For-
mation and marks the onset of marine carbonate
deposition in the upper Yurmatau Group. The Avzyan
Formation consists, in stratigraphic order, of the Kata-
skin, Malo Inzer, Ushakov, Kutkur, and Revet members,
and is locally overlain by a sixth member, the Tyulmen
Member, whose regional stratigraphic placement is
uncertain (Kozlov et al., 1989). Although shallow ma-
rine throughout their extent (Maslov, 1989), stratigraphic
thicknesses and lithologies of these members are
variable (Keller and Chumakov, 1983), reflecting
regional differences in subsidence, siliciclastic influx,
and carbonate production.

The Kataskin Member (∼450 m thick) consists of a
series of grey- and orange-weathering limestone and
dolostone intercalated with dark-coloured siltstone and
shale. The basal 150 m are marked by a paucity of
siliciclastic material and a greater proportion of
dolostones. Carbonate sediments are typically fine-
grained, finely laminated, and contain abundant molar-
tooth structures, an enigmatic Precambrian carbonate
fabric that consists of variously shaped voids and cracks
filled with a uniform, equant microspar (O'Connor,
1972; Furniss et al., 1998; James et al., 1998; Pollock
et al., 2006) and is generally restricted to shallow
subtidal environments (James et al., 1998). Lower
Kataskin strata are also marked by numerous beds and
small bioherms of irregularly branching, columnar
stromatolites. The upper 300 m of the Kataskin Member
are characterized by 30–200 cm thick siliciclastic–
carbonate cycles. In shale-rich intervals, limestones
occur as discontinuous beds and nodules; in shale-poor
intervals, limestones are present as amalgamated lime-
stone beds with strongly scoured bases. A typical cycle
consists of a lower horizon of black shale with abundant
scours and an upper horizon of micritic limestone marked
by development ofmudcracks, microkarstic surfaces, flat-
clast conglomerates and intraformational breccia, and
occasionally oolitic and grainstone lithologies, indicating
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deposition in regionally variable, shallow-marine, high-
energy environments.

The Malo Inzer Member consists of ∼175 m of
intercalated micaceous siltstone, fine-grained sandstone,
and black shale. Thin intervals of fine-grained, finely
laminated dolostone occur near the base and rare,
discontinuous stromatolitic bioherms occur higher in the
section. Although minor scours and thin (2–7 cm thick)
intervals of rippled and cross-bedded sandstone occur in
the lower Malo Inzer, the predominance of flat-laminated
facies, an upward increase in shaley lithologies, and
moderate relief (20–60 cm) of stromatolitic bioherms
suggests deposition in shallow subtidal conditions. The
Malo Inzer is abruptly overlain by the ∼150 m-thick
Ushakov Member, dominated by tightly packed branch-
ing columnar, columnar, and conical stromatolite forms
interbedded with dolomitic micrite and grainstone
lithologies. The Ushakov is, in turn, overlain by the 60–
150 m-thick Kutkur Member, which consists predomi-
nantly of grey–green micaceous siltstone.

The uppermost Avzyan Formation is represented by
the Revet Member, which consists of massive to finely
laminated, buff- to white-weathering dolostone with
minor shale. The basal 50 m of the Revet Member at the
Kataskin locality (cf. Fig. 1) consists of microbially
laminated, fenestral dolostone containing abundant early
diagenetic nodules of black chert. At the Avzyan locality,
fenestral cherty facies are absent, and the base of the
Revet consists predominantly of thinly bedded, shaley
dolostone interbedded with 30–70 cm thick intervals of
massively bedded, irregular, columnar stromatolites.
Abruptly overlying basal biohermal facies, Revet facies
shift to approximately 30 m of massively bedded, white-
weathering carbonates that contain low-relief cuspate
microbialites and intraformational breccia. Cuspate
microbialites consist of an open network of draping
lamina over thin, vertical supports and are similar to
subtidal stromatolites reported from the Mesoprotero-
zoic Dismal Lakes Group, arctic Canada (Kerans and
Donaldson, 1989; Kah et al., 1999a). Like the Dismal
Lakes cuspate microbialites, primary void space in Revet
microbialites is filled with several cement generations,
including herringbone carbonate (Sumner andGrotzinger,
1996a,b), bladedmarine cement, and a late-stage dolomite
spar (cf. Fig. 3D). Cuspate microbialites are overlain by
approximately 50 m of non-cyclic, massively bedded
dolomicrite capped by approximately 10 m of irregularly
branching, columnar stromatolites. Strata of the upper-
most Revet member consist predominantly of microbially
laminated, fenestral dolostones that contain abundant
intraformational breccias and early diagenetic chert,
suggesting a return to peritidal deposition.
2.4. Lithologic descriptions

Samples for chemostratigraphic analysis were col-
lected from measured stratigraphic sections of the
uppermost Zigazino–Komorovo Formation and the
carbonate-bearing Kataskin, Malo Inzer, and Revet
members of the Avzyan Formation at the Avzyan and
Kataskin localities (Fig. 1). Faulting has removed the
Ushakov Member in the Avzyan locality and high water
in the Inzer River precluded sampling of all but the
uppermost Ushakov at the Kataskin locality. A second
suite of Ushakov samples, collected from a measured
stratigraphic section along the Katav River (Fig. 1), were
provided by Dr. Vachyslav I. Kozlov of the Institute of
Geology, Ufa, Russia.

Limestones of the Avzyan Formation typically reveal
fine-scale preservation of depositional fabrics, including:
1) primary micritic and microsparitic lithologies, 2)
grainstone lithologies, and 3) syndepositional marine
cements (Fig. 3A, B). Where present, late-stage veins
typically crosscut depositional facies with little or no
visible effect on depositional fabrics. Most limestone
facies are represented by homogeneous, unlaminated
micrite and micrite containing discontinuous to continu-
ous laminae of compacted organic material. In some
cases, when organic material is abundant, originally
micritic textures are interlaminated with elongate-to-
bladed microspar crystals oriented perpendicular to
organic-rich laminae. The distribution of bladed micro-
spar textures, presence of organic inclusions within
bladed microspar, and preservation of bladed microspar
within sedimentary breccias (Fig. 3A) suggests an early
diagenetic, neomorphic origin related to fluid flow along
organic laminae. More frequently, however, primary
micritic and finemicrospar limestone textures are retained
even in reworked grainstone lithologies (Fig. 3A, B).

Dolostones of the Avzyan Formation similarly show
fine-scale preservation of depositional fabrics, suggesting
early dolomitization in the presence of marine or
modified-marine fluids (Montañez and Read, 1992;
Kah, 2000). Dolostones are represented primarily by
homogeneous unlaminatedmicrite,microbially laminated
micritic and microspar, and grainstones composed of
micritic intraclasts. However, several dolostone facies of
the Revet Member preserve additional information about
depositional environments. In the lowermost and upper-
most Revet Member, peritidal dolostones frequently
preserve spar-filled gypsum molds (Fig. 3C), indicating
evaporitic depositional conditions. Similarly, replacive
dolostones that comprise subtidal, cuspate microbialites
of the middle Revet preserve at least three stages of
isopachous cement growth prior to final occlusion of void
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space by coarsely crystalline spar (Fig. 3D). The first
cement stage is represented by herringbone carbonate, an
unusual crystal morphology characterized by a c-axis that
rotates during crystal growth (Sumner and Grotzinger,
1996a,b). In thin section, rotation of the c-axis is observed
by a sweeping extinction along the long axis of the crystal.
Although the origin of herringbone carbonate is uncertain,
c-axis rotation may result from inhibition of crystal
growth by Fe2+ in the precipitating fluid (Dromgoole and
Walter, 1990), suggesting the presence of anoxic fluids.
As in the Mesoproterozoic Dismal Lakes Group, arctic
Canada (Kah et al., 1999a), and the Atar Group,
Mauritania (Kah and Bartley, 2004), herringbone carbon-
ate in the Revet Member occurs as a first-generation
marine cement and is associated with a marine transgres-
sion that plausibly supplied suboxic to anoxic waters to
the site of carbonate formation.

In contrast to stoichiometric dolostones, calcic
dolostones in the Avzyan Formation show the most
variable fabric preservation. Although fine-scale preser-
vation ofmicritic and grainstone fabrics occurs (Fig. 3E),
calcic dolostones more commonly are represented by
coarse-grained, fabric-obliterative, neomorphic fabrics
(Fig. 3F). Such fabric-obliterative textures are consistent
with higher water–rock ratios and may also indicate
prolonged isotopic exchange between rock and diage-
netic fluids (Montañez and Read, 1992).

3. Methods

3.1. Geochemical Methods

Thin and polished thick sections of each car-
bonate hand sample were evaluated by optical and
cathodoluminescence petrography to assess the range of
carbonate fabrics for analysis. Where possible, multiple
carbonate phases were sampled in order to provide a
first-order assessment of depositional and/or diagenetic
heterogeneity (cf. Kaufman et al., 1991; Kah et al.,
1999b; Frank et al., 2003). Powdered samples (∼2 mg)
of individual carbonate phases were acquired from
polished slabs using 0.3, 0.5, and 1.0 mm drill bits, in
order to obtain subsamples that were petrographically
homogeneous. Most samples were split for paired
elemental and isotopic analysis; smaller samples were
analyzed only for isotopic composition.

For carbon and oxygen isotopic analyses, drilled
powders from the Revet Member at the Avzyan locality
were reacted with N102% H3PO4 at 90 °C in evacuated,
sealed tubes. Resultant carbon dioxide was distilled
cryogenically into clean 6 mm Pyrex tubes and analyzed
on a Finnigan MAT dual inlet gas source isotope ratio
mass spectrometer at the University of Tennessee. All
other samples were reacted on-line in individual reaction
vessels with anhydrous phosphoric acid at 90 °C and
analyzed using a FisonsOptima dual inlet gas sourcemass
spectrometer at theUniversity ofCaliforniaDavis or aVG
Optima dual inlet gas source mass spectrometer housed at
Mountain Mass Spectrometry, Inc. Oxygen isotope ratios
were corrected for 17O contribution (Craig, 1957).
Fractionation factors used for calculation of 18O abun-
danceswere 1.00798 for calcite and 1.00895 for dolomite,
calculated by linear extrapolation of fractionation factors
determined at 75 °C to the reaction temperature (90 °C)
used in these analyses (Rosenbaum and Sheppard, 1986).
On all instruments, precision is better than 0.1‰ for δ13C
and δ18O, based on multiple analyses of laboratory
standards and isotopic composition is reported relative to
the VPDB (Vienna Pee Dee Belemnite) standard.

In preparation for elemental analyses, aliquots of
drilled powders were digested for 2 h in trace metal grade
2% HNO3. Solutions were centrifuged and decanted to
remove insoluble residue. Major (Ca, Mg) and trace
(Mn, Sr, Fe) element analyses of carbonates were
performed at the University of West Georgia using a
Perkin-Elmer ICP-AES fitted with a Meinhardt concen-
tric nebulizer. Precision and reproducibility for all
elements analyzed are better than 10%, based on
replicate measurements of laboratory calcite and dolo-
mite standards.

For Sr isotopic analyses, b5 mg samples of powder
were pretreated with ultrapure ammonium acetate to
remove adsorbed and loosely bound Sr (Montañez et al.,
1996). After removal of ammonium acetate, sam-
ples were dissolved in ultraclean 0.5 M acetic acid.
Strontium was isolated from the resultant solution using
Sr-Spec ion exchange resin. 500–1000 ng of purified Sr
was then loaded onto a Ta filament with 1 μL TaO/H2O
slurry and dried to a small spot. Sr isotopic analysis was
performed on the University of Maryland VG Sector 54
multicollector TIMS. Analyses were performed between
1450 and 1650 °C, typically using an 88Sr signal of
∼1Vand N100 ratios. Multiple analyses of NBS-987 Sr
standard run during the course of this investigation
averaged 0.710242±0.000012 (uncertainty given as 2σ
of the mean).

Shales collected from the Zigazino–Komarovo
Formation and the Kataskin Member of the Avzyan
Formation were processed for organic carbon isotopic
analysis. Whole rock samples were crushed, and clean
rock chips with no surface weathering were selected to
be powdered using a Spex CertiPrep 8000 Mixer Mill
equipped with an alumina ceramic vessel and milling
balls. Powder (100–400 mg) was reacted with HCl in
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Vycor tubing to remove carbonate. After rinsing, excess
Cu/CuO was added to the sample. Tubes were sealed
under vacuum and combusted at 850 °C to release CO2,
which was collected by cryogenic vacuum distillation.
δ13C values were determined on a Finnigan MAT dual
inlet gas source isotope ratio mass spectrometer at the
University of Tennessee. Analytical uncertainty is 0.2‰.

4. Results

4.1. Diagenesis

Because of the complex post depositional history of
Avzyan carbonates, we expect that all samples will show
geochemical evidence of alteration. However, numerous
carbon isotopic studies of Paleozoic and Proterozoic
carbonates have shown that carbon isotopic composition
is less sensitive to diagenetic alteration than is δ18O or
trace element (Fe, Mn, Sr) composition as long as
diagenetic fluids are relatively carbon-poor (Banner and
Hanson, 1990; Kaufman et al., 1991; Banner and
Kaufman, 1994). With this framework in mind, we
expect tests of diagenesis in the Avzyan Formation to
accomplish two goals: 1) to identify the most chemically
altered samples — those that are least likely to preserve
meaningful carbon isotopic signatures; and 2) to identify
Fig. 4. Oxygen isotope compositions reveal strong partitioning with
respect to mineralogy of sampled components. All samples show a
range of oxygen isotopic composition, suggesting minor to moderate
overprinting by diagenetic fluids. However, whereas intertidal to
supratidal dolostones, which frequently show evidence of evaporitic
deposition (cf. Fig. 3C), typically preserve the most positive isotopic
compositions (near −2‰), shallow subtidal limestones and dolostones
preserve more negative isotopic compositions (near −8‰), suggesting
that primary depositional variation in marine isotopic composition also
contributes to the observed spread of values. Well-preserved, non-
evaporitic Precambrian carbonates frequently record oxygen isotope
compositions between approximately −6‰ and −9‰ (Frank and
Lyons, 2000; Kah, 2000).
the least chemically altered samples — those that are
most likely to preserve Sr isotopic composition.

Within the Avzyan Formation, we identify three
classes of carbonate based on Mg/Ca ratio: limestone
(Mg/Cab0.1), dolostone (Mg/CaN0.5; stoichiometric
dolomite has Mg/Ca 0.6) and mixed (Mg/Ca 0.1 to 0.5).
These three classes of carbonate in theAvzyan Formation
also have distinct δ18O characteristics (Fig. 4). δ18O is a
very sensitive indicator of diagenetic processes, even at
low water:rock ratios (Banner and Hanson, 1990).
Examination of δ18O values by mineralogy reveals that
dolostones are isotopically heavy, limestones have low
δ18O and carbonates with intermediate Mg/Ca ratios (0.1
to 0.5) have intermediate δ18O values. These data permit
two interpretations. If preserved δ18O values are
unaffected by diagenesis, it is possible that the observed
isotopic difference is caused by equilibrium isotopic
fractionation of oxygen between limestone and dolos-
tone precipitating from a single fluid (Land, 1980). If the
facies distribution of Avzyan carbonates is considered,
however, a second alternative emerges. Whereas lime-
stones of the Avzyan Formation represent shallow
subtidal deposition, dolostones represent the shallowest
carbonate facies, and preservation of gypsum molds and
chert in Avzyan dolostones (Fig. 3C) further indicates the
presence of episodically evaporitic marine environments.
Because evaporitic seawater generally has higher δ18O
values than normal marine fluids (McKenzie et al.,
1980), it is thus plausible that δ18O values of Avzyan
peritidal carbonates were originally higher than coeval
subtidal carbonates and that early dolomitization of
peritidal facies resulted in retention of isotopically
heavier δ18O values and fine-scale fabric retention.
Subsequent diagenetic water–rock exchange is likely
responsible for the observed scatter within δ18O values
for each rock type (Table 1), but the overall pattern may
very well be a depositional one. Although evaporation
sometimes (Stiller et al., 1985), but not always (Kah,
2000) produces 13C enrichment, Avzyan dolomites are
not systematically enriched in 13C relative to limestones.

Poor preservation of 87Sr/86Sr values in both lime-
stones and dolostones further indicates at least some
exchange with diagenetic fluids. Sixteen samples were
evaluated for 87Sr/86Sr, and of these only a single point
(KT(AZ)-63.8) had a strontium isotopic composition
(0.705872) reminiscent of other measurements for
Mesoproterozoic seawater (cf. Gorokhov et al., 1995b;
Kah, 2000;Bartley et al., 2001).Overall, primary 87Sr/86Sr
values are obliterated in the Avzyan Formation, and the
lowest value of 0.705872 may be used only as an upper
constraint on Mesoproterozoic seawater 87Sr/86Sr values,
and not as a record of primary Sr isotopic composition.



Table 1
Isotopic and elemental compositions, Avzyan Formation carbonates (Avzyan Locality)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm) 87Sr/86Sr

KT(AZ)-1 Kataskin 61.0 0.10 0.44 −8.55 2362 28,646 187 –
KT(AZ)-11.5 Kataskin 71.5 0.00 −0.19 −12.77 487 1541 331 –
KT(AZ)-15.3 Kataskin 75.3 0.05 −0.21 −11.21 944 6880 305 –
KT(AZ)-23 Kataskin 83.0 0.32 0.30 −8.89 7187 16,542 30 –
KT(AZ)-29.3⁎ Kataskin 89.3 0.44 −2.91 −8.46 5918 59,419 710 –
KT(AZ)-33.8 Kataskin 93.8 0.51 −0.21 −8.88 2810 61,466 932 0.71023
KT(AZ)-38.7 Kataskin 98.7 0.02 0.25 −9.23 413 3095 196 0.71472
KT(AZ)-43.4 Kataskin 103.4 0.47 0.36 −9.43 4168 63,299 98 –
KT(AZ)-49.5 Kataskin 109.5 0.50 −0.33 −8.67 3865 47,401 289 –
KT(AZ)-60.3 Kataskin 120.3 0.41 0.45 −8.17 2410 36,327 85 0.72678
KT(AZ)-63.8 Kataskin 123.8 0.01 0.49 −9.06 412 675 653 0.70587
KT(AZ)-82 Kataskin 142.0 0.06 −0.19 −11.34 780 9475 148 –
KT(AZ)-98-1⁎ Kataskin 158.0 0.46 −3.80 −10.80 4299 65,303 29 –
KT(AZ)-98-2⁎ Kataskin 158.0 0.16 0.84 −9.73 3398 23,130 75 –
KT(AZ)-131.6 Kataskin 191.6 0.53 0.19 −9.56 1624 31,796 54 –
KT(AZ)-141⁎ Kataskin 201.0 0.46 −1.79 −7.30 1218 36,439 85 –
KT(AZ)-201 Kataskin 304.0 0.35 0.41 −7.62 1184 29,602 145 –
KT(AZ)-212 Kataskin 315.0 0.01 0.24 −8.79 326 3407 171 –
KT(AZ)-219.1 Kataskin 322.1 0.01 −0.37 −8.22 332 3619 154 0.72843
KT(AZ)220-1 Kataskin 323.0 0.00 −0.53 −8.88 455 2349 119 –
KT(AZ)220-2⁎ Kataskin 323.0 0.00 −6.14 −8.77 536 4865 128 –
KT(AZ)-225.8 Kataskin 328.8 0.01 0.44 −8.70 709 6580 148 –
KT(AZ)-231-1 Kataskin 334.0 0.01 −0.21 −9.89 765 8961 128 –
KT(AZ)-231-2 Kataskin 334.0 0.01 −0.38 −9.61 1083 10,774 167 –
KT(AZ)-236-1 Kataskin 339.0 0.03 0.75 −9.40 684 10,876 163 –
KT(AZ)-236-2 Kataskin 339.0 0.02 0.69 −9.89 444 5933 248 0.72234
KT(AZ)-236-3 Kataskin 339.0 0.02 1.60 −10.11 699 10,829 168 –
KT(AZ)-244-1 Kataskin 347.0 0.02 0.36 −9.66 514 10,052 265 –
KT(AZ)-244-2 Kataskin 347.0 0.01 0.56 −9.71 538 7585 273 –
KT(AZ)-249 Kataskin 352.0 0.01 −0.49 −9.75 838 10,908 254 –
KT(AZ)-253-1 Kataskin 356.0 0.01 −0.49 −9.72 914 9387 217 –
KT(AZ)-253-2 Kataskin 356.0 – −0.58 −10.22 – – – –
KT(AZ)-264.8 kataskin 367.8 0.00 0.90 −9.69 1442 8323 166 –
KT(AZ)-273.3 Kataskin 376.3 0.02 1.06 −10.83 477 12,348 259 0.74182
KT(AZ)-281 Kataskin 384.0 0.34 1.98 −8.08 1148 52,430 156 –
KT(AZ)-285 Kataskin 388.0 0.09 2.11 −8.91 399 8304 296 –
KT(AZ)-290.3 Kataskin 393.3 0.01 0.91 −8.82 534 9256 254 –
KT(AZ)-296 Kataskin 399.0 0.01 −0.40 −12.16 287 4486 220 0.72564
KT(AZ)-307 Kataskin 410.0 0.41 1.75 −5.26 1446 64573 204 –
KT(AZ)-315.5 Kataskin 418.5 0.03 1.10 −8.47 408 10,844 265 0.73184
KT(AZ)-322 Kataskin 425.0 0.00 2.12 −8.35 156 715 416 –
KT(AZ)-328-1 Kataskin 431.0 0.03 1.90 −9.10 494 5759 249 –
KT(AZ)-328-2 Kataskin 431.0 0.01 2.58 −8.82 181 1829 401 –
KT(AZ)-328-3 Kataskin 431.0 0.27 2.63 −7.70 1395 35,812 161 –
KT(AZ)-328-4 Kataskin 431.0 – 1.55 −8.47 – – – –
KT(AZ)-334 Kataskin 437.0 0.00 1.42 −9.00 590 4668 289 –
KT(AZ)-340 Kataskin 443.0 0.02 1.21 −9.35 298 4407 208 0.72158
KT(AZ)-346-1 Kataskin 449.0 0.01 3.65 −9.21 347 4362 295 –
KT(AZ)-346-2 Kataskin 449.0 0.01 4.49 −9.07 298 3780 285 0.71150
KT(AZ)-346-3 Kataskin 449.0 – 4.41 −9.88 – – – –
KT(AZ)-352 Kataskin 455.0 0.01 1.48 −9.96 310 4073 268 0.72650
KT(AZ)-358-1 Kataskin 461.0 0.02 1.24 −9.96 609 4286 300 –
KT(AZ)-358-3 Kataskin 461.0 – 0.45 −10.23 – – – –
KT(AZ)-358-4 Kataskin 461.0 – 0.55 −10.33 – – – –
KT(AZ)-373.5 Kataskin 476.5 0.01 1.02 −9.87 1184 13,780 594 –
KT(AZ)-379-1 Kataskin 482.0 0.01 1.00 −10.02 531 5920 569 0.72139
KT(AZ)-379-2 Kataskin 482.0 0.01 1.33 −10.18 670 8388 520 –

(continued on next page)
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Table 1 (continued)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm) 87Sr/86Sr

KT(AZ)-379-3⁎ Kataskin 482.0 0.02 1.14 −10.61 1323 17,162 442 –
KT(AZ)-383-1 Kataskin 486.0 0.01 2.79 −9.69 622 4182 282 –
KT(AZ)-383-2 Kataskin 486.0 0.15 2.90 −9.49 1521 24,097 181 –
KT(AZ)-383-3 Kataskin 486.0 – 2.69 −12.35 – – – –
KT(AZ)-392-1 Kataskin 495.0 0.00 2.62 −9.48 307 3097 811 –
KT(AZ)-392-2 Kataskin 495.0 0.00 3.36 −9.57 474 1607 450 –
MI(AZ)-413 MaloInzer 527.5 0.00 1.58 −11.58 1047 3956 269 –
MI(AZ)-416-1 MaloInzer 530.5 0.00 1.79 −10.76 1175 2899 413 –
MI(AZ)-416-3 MaloInzer 530.5 0.01 1.67 −10.93 1808 3585 238 –
MI(AZ)-37 MaloInzer 605.5 0.51 0.81 −7.33 8981 31,542 91 –
MI(AZ)-39 MaloInzer 607.5 0.50 0.73 −7.56 8659 34,362 59 –
MI(AZ)-47 MaloInzer 615.5 0.47 0.50 −7.63 13033 49,535 70 –
MI(AZ)-49-1 MaloInzer 617.5 0.46 0.35 −6.44 14039 59,232 94 –
MI(AZ)-49-2 MaloInzer 617.5 0.46 0.85 −5.86 14824 59,379 90 –
MI(AZ)-57 MaloInzer 643.5 0.48 1.30 −8.36 7115 17,026 87 –
MI(AZ)-60 MaloInzer 646.5 0.49 0.72 −8.85 7923 42,923 86 –
MI(AZ)-63⁎ MaloInzer 649.5 0.02 −4.08 −13.40 2577 7865 63 –
MI(AZ)-72 MaloInzer 658.5 0.49 0.34 −9.53 8555 55,530 146 –
RV(AZ)-0-1 Revet 970.5 0.54 −1.28 −4.87 3709 26,734 194 –
RV(AZ)-0-3 Revet 970.5 0.55 −2.27 −9.13 4002 35,919 623 –
RV(AZ)-6-1 Revet 976.5 0.58 −1.04 −6.96 2047 19,193 302 –
RV(AZ)-6-1 Revet 976.5 0.58 −0.74 −6.64 2047 19,193 302 –
RV(AZ)-6-2 Revet 976.5 0.54 −1.15 −7.15 2082 17,301 198 –
RV(AZ)-11 Revet 981.5 0.57 −0.26 −6.66 1523 18,631 127 –
RV(AZ)-15 Revet 985.5 0.55 0.50 −6.56 1265 21,126 110 –
RV(AZ)-19.5-1 Revet 990.0 0.58 0.71 −6.27 1085 19,931 83 –
RV(AZ)-19.5-2 Revet 990.0 0.55 0.44 −5.79 1097 14,587 67 –
RV(AZ)-19.5-3 Revet 990.0 0.56 2.63 −13.36 1091 16,921 76 –
RV(AZ)-24 Revet 994.5 0.56 1.69 −4.54 850 8621 35 –
RV(AZ)-28.5 Revet 999.0 0.57 1.94 −3.82 849 5275 26 –
RV(AZ)-33 Revet 1003.5 0.57 1.99 −4.89 1203 9874 49 –
RV(AZ)-39.5-1 Revet 1010.0 0.56 2.40 −3.74 1391 11,582 67 –
RV(AZ)-39.5-2A Revet 1010.0 0.56 2.06 −5.00 1354 11,621 64 –
RV(AZ)-39.5-2B Revet 1010.0 0.57 2.32 −3.12 1382 10,136 61 –
RV(AZ)-44-1 Revet 1014.5 0.59 1.78 −4.12 887 4664 46 –
RV(AZ)-44-2 Revet 1014.5 0.60 1.73 −4.53 873 4565 48 –
RV(AZ)-51-1 Revet 1022.5 0.60 1.66 −5.25 267 2245 49 –
RV(AZ)-51-2A Revet 1022.5 0.59 0.73 −5.94 449 2054 43 –
RV(AZ)-51-2B Revet 1022.5 0.59 1.56 −7.70 422 8652 41 –
RV(AZ)-55.5-1 Revet 1027.0 0.57 1.62 −4.97 225 1729 58 –
RV(AZ)-55.5-2 Revet 1027.0 0.58 1.17 −5.70 462 2020 67 –
RV(AZ)-55.5-3 Revet 1027.0 0.58 1.43 −6.78 293 2461 111 –
RV(AZ)-55.5-3 Revet 1027.0 0.58 1.39 −6.89 293 2461 111 –
RV(AZ)-55.5-4 Revet 1027.0 0.59 1.00 −5.26 327 1877 90 –
RV(AZ)-60-1 Revet 1031.5 0.59 1.73 −4.94 266 1896 44 –
RV(AZ)-60-3 Revet 1031.5 0.57 1.55 −7.33 398 8653 37 –
RV(AZ)-68-1 Revet 1039.5 0.59 1.46 −4.51 230 1908 60 –
RV(AZ)-68-3 Revet 1039.5 0.57 1.58 −7.22 406 8223 22 –
RV(AZ)-70.5 Revet 1042.0 0.60 1.55 −3.49 342 2416 48 –
RV(AZ)-85.5 Revet 1057.0 – 1.29 −4.09 – – – –
RV(AZ)-90-1 Revet 1061.5 0.58 1.55 −3.06 355 7493 59 –
RV(AZ)-90-2 Revet 1061.5 0.59 1.38 −5.90 198 3185 36 –
RV(AZ)-94.5 Revet 1066.0 0.60 2.15 −3.44 265 3635 56 –
RV(AZ)-100.5 Revet 1072.0 0.58 2.14 −3.06 371 2110 28 –
RV(AZ)-105-1 Revet 1076.5 0.59 2.24 −3.95 139 833 40 –
RV(AZ)-105-2 Revet 1076.5 0.58 2.02 −4.29 312 988 46 –
RV(AZ)-105-3 Revet 1076.5 0.58 1.95 −6.13 191 2746 109 –
RV(AZ)-105-3 Revet 1076.5 0.58 2.07 −6.33 191 2746 109 –
RV(AZ)-109.5 Revet 1081.0 0.59 2.39 −4.31 223 2063 30 –
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Table 1 (continued)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm) 87Sr/86Sr

RV(AZ)-114 Revet 1085.5 0.59 2.13 −1.42 131 2590 62 0.71531
RV(AZ)-118.5-1 Revet 1090.0 0.58 2.24 −2.17 195 1793 41 –
RV(AZ)-118.5-1 Revet 1090.0 0.58 1.95 −2.39 195 1793 41 –
RV(AZ)-118.5-2 Revet 1090.0 0.58 2.20 −2.27 211 2106 41 –
RV(AZ)-126 Revet 1097.5 0.58 1.74 −2.59 232 1617 42 –
RV(AZ)-127-1 Revet 1098.5 0.57 1.76 −3.19 279 8352 53 –
RV(AZ)-127-2A Revet 1098.5 0.59 1.76 −2.85 277 8412 54 –
RV(AZ)-127-2B Revet 1098.5 0.59 1.95 −2.81 272 8787 56 –
RV(AZ)-131.5-1 Revet 1106.0 0.56 1.75 −3.10 280 7418 57 –
RV(AZ)-131.5-2 Revet 1106.0 0.57 1.58 −2.84 319 6492 55 –
RV(AZ)-137-1 Revet 1111.5 0.45 2.07 −2.59 185 5529 68 –
RV(AZ)-137-2 Revet 1111.5 – 2.01 −2.53 – – – –
RV(AZ)-142.5-1 Revet 1117.0 0.58 2.00 −2.36 184 2980 57 –
RV(AZ)-142.5-2 Revet 1117.0 – 1.93 −3.78 – – – –
RV(AZ)-167.5 Revet 1142.0 0.58 0.94 −3.66 246 2462 58 –
RV(AZ)-174 Revet 1147.9 0.57 0.75 −3.58 265 3110 57 –
RV(AZ)-180 Revet 1153.9 0.59 1.63 −4.00 676 2135 48 –
RV(AZ)-186 Revet 1159.9 0.60 2.72 −5.60 292 1665 36 –
RV(AZ)-186 Revet 1159.9 0.60 2.83 −5.36 292 1665 36 –
RV(AZ)-192 Revet 1165.9 – 1.87 −4.47 – – – –
RV(AZ)-198 Revet 1171.9 0.59 1.64 −3.23 257 1763 60 0.71140
RV(AZ)-204 Revet 1177.9 0.58 1.78 −2.67 198 1594 56 –
RV(AZ)-208.5 Revet 1182.4 0.60 1.92 −2.76 233 2651 77 –
RV(AZ)-214.5-1 Revet 1188.4 0.59 1.66 −2.91 258 3144 65 –
RV(AZ)-214.5-2 Revet 1188.4 0.61 1.77 −3.63 286 4059 61 –

‡Subsamples of individual phases are indicated by −1, −2, −3, −4 following sample number. Primary and early phases (marine cement, matrix, and
clasts) are indicated by −1 or −2. Late-stage phases are indicated by −3 or −4. Late-stage phases are not included on chemostratigraphic curve
(Fig. 9), but are included in figures addressing diagenesis.
‡‡Height measured in local continuous stratigraphic successions; adjusted to composite reference section.

Fig. 5. Mineralogical partitioning as recorded in strontium concentra-
tion of Avzyan Formation carbonates. Elevated Sr concentrations
(N100 ppm) occur predominantly in limestones (open symbols),
whereas lower Sr concentrations (b200 ppm) occur in calcic dolostone
(grey symbols) and dolostone lithologies (black symbols), suggesting
that lattice structure is the primary control on Sr concentration. Legend
provided in Fig. 4.
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Trace element content also provides a powerful tool
for assessing degree of diagenesis. Sr,Mn, and Fe exhibit
predictable behavior during alteration (Banner and
Hanson, 1990). In general, Sr content decreases through
interaction with relatively Sr-poor fluids. Examination of
Sr content in Avzyan carbonates, however, shows a
strong relationship with mineralogy and hence with
δ18O (Fig. 5), suggesting that the principal control on Sr
content is mineralogy. Sr is systematically excluded from
the tighter dolomite lattice structure during dolomitiza-
tion, resulting in dolostones with lower Sr content than
coeval limestone. Initial Sr concentration disparity
between limestone and dolostone is preserved, even
through later water–rock interactions, as evidenced by
scatter in δ18O values and the poor preservation of Sr-
isotopic signatures. Limestones and dolostones must
therefore be considered separately when evaluating the
Sr diagenetic history of these rocks.

Mn content typically increases with water–rock
interaction in the presence of reduced fluids and
therefore generally reflects either carbonate precipitation
in the presence of Mn-rich waters (as might be expected
in microbial mats), or post-depositional alteration under
burial conditions. As with Sr, Mn shows distinctly
different trends for limestone and dolostone in the
Avzyan Formation (Fig. 6A). For each phase, Mn
increases toward lower δ18O values, consistent with



Fig. 6. Manganese and iron concentrations of Avzyan Formation carbonates, plotted against oxygen isotope composition. All lithologies show similar
range of Mn and Fe with the majority of data recording values b2000 ppm for Mn and b15,000 ppm for Fe. These concentrations are significantly
elevated over most well-preserved Mesoproterozoic to Neoproterozoic aged carbonates (cf. Kah et al., 1999b; Frank and Lyons, 2000; Kah, 2000;
Bartley et al., 2001; Frank et al., 2003; Kah et al., 2004), yet show no distinct diagenetic trends within these concentration limits. With the exception
of dolomite samples from the Katav River locality (black diamonds) and a single limestone sample from the Avzyan locality (white circle), samples
with Mn N2000 ppm and Fe N15000 ppm are comprised predominantly of dolostones and calcic dolostones with the depleted oxygen isotope
compositions and secondary phases (crosscutting veins, late-stage void fills), which supports an interpretation of overprinting by late-stage diagenetic
fluids. Legend provided in Fig. 4.

Fig. 7. Mn and Fe concentrations of Avzyan carbonates, illustrating
concentration limits (Mn b2000 ppm and Fe b15000 ppm) taken to
represent best-preserved samples. Legend provided in Fig. 4.
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the expected diagenetic trend (Banner and Hanson,
1990). Dolostones contain more Mn on average than
limestones, likely reflecting a combination of increased
Mn mobility associated with microbial activity in
peritidal environments and diagenesis by later fluids.

The relationships of Fe content to mineralogy and
δ18O values are broadly similar to those observed for
Mn (Fig. 6B). Limestone and dolostone samples show
distinctly different trends with respect to iron content,
again suggesting that samples retain different initial iron
concentrations. Dolostone samples, on average, contain
more Fe than do limestones, and samples with
intermediate Mg/Ca ratios have the highest Fe contents,
suggesting more extensive water–rock interaction in
these samples.

Assessment of Mn and Fe behavior in the context of
mineralogy and fabric preservation is particularly
useful. For limestone and dolostone samples with fine-
scale fabric preservation, Mn and Fe contents are
relatively low. Poor fabric preservation, typical of
samples with intermediate Mg/Ca, is associated with
marked enrichment in both Mn and Fe (Fig. 7).
Examining the relationship between Mn and Fe content
in samples of the Avzyan reveals a cluster of samples
with lower Mn and Fe concentrations, and a spread of
points with MnN500 ppm and/or FeN12,000 ppm,
suggestive of significant alteration. Furthermore, where
individual diagenetic phases are present, late-stage
elements (veins and sparry cement; sample numbers
designated −3 or −4 in Tables 1–3) confirm these trends
within individual hand samples.
In carbonates such as these, which have experienced
moderate to severe post-depositional alteration, there is
no clear cohort of samples that are “little altered” or
“unaltered” (cf. Frank and Lyons, 2000) that would
provide a set of geochemical criteria for accepting or
rejecting carbon isotopic data. The Mn and Fe values
identified above are an order of magnitude higher than
those considered little-altered by other authors (Kauf-
man and Knoll, 1995; Frank and Lyons, 2000; Bartley
et al., 2001). Instead, most samples possess broadly
similar diagenetic characteristics, and a few show
evidence of pervasive alteration. Even against such a



Table 2
Isotopic and elemental compositions, Avzyan Formation carbonates (Kataskin Locality)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm)

KT(KT)-20 Kataskin 80.0 0.59 0.63 −6.33 846 6154 31
KT(KT)-32 Kataskin 92.0 0.58 0.64 −7.47 1090 5889 29
KT(KT)-47 Kataskin 107.0 0.57 0.50 −7.14 786 7069 16
KT(KT)-57 Kataskin 117.0 0.57 0.71 −7.90 800 6458 24
KT(KT)-63 Kataskin 123.0 0.58 0.18 −6.01 540 6078 32
KT(KT)-67.5 Kataskin 127.5 0.59 0.54 −7.17 742 10,283 40
KT(KT)-97−1 Kataskin 157.0 0.58 0.75 −6.73 751 8551 37
KT(KT)-97-2 Kataskin 157.0 0.53 0.36 −8.39 1027 9763 124
KT(KT)-120⁎ Kataskin 180.0 0.54 −1.81 −5.15 732 15,976 115
KT(RR)-0 Kataskin 80.0 0.54 0.60 −6.56 1083 8536 28
KT(RR)-6 Kataskin 86.0 0.53 0.72 −6.87 681 9801 29
KT(RR)-9-1 Kataskin 89.0 0.59 1.01 −6.09 502 3646 23
KT(RR)-9-3 Kataskin 89.0 0.59 0.68 −7.41 1020 8806 22
KT(RR)-13-1 Kataskin 93.0 0.60 0.63 −7.54 764 6353 33
KT(RR)-13-2 Kataskin 93.0 0.61 0.81 −7.39 878 6910 30
KT(RR)-18 Kataskin 98.0 0.59 0.65 −4.49 839 8157 27
KT(RR)-24-1⁎ Kataskin 104.0 0.57 0.20 −7.56 781 8689 26
KT(RR)-24-3 Kataskin 104.0 0.55 0.27 −9.92 1288 17,353 111
KT(RR)-36-1 Kataskin 116.0 0.57 −0.31 −7.38 908 12,085 33
KT(RR)-36-3 Kataskin 116.0 – −0.27 −7.58 – – –
KT(RR)-36-4 Kataskin 116.0 – −0.50 −6.85 – – –
KT(RR)-41-1 Kataskin 121.0 0.01 0.40 −10.15 317 755 139
KT(RR)-41-2 Kataskin 121.0 0.01 −0.34 −11.19 260 1544 137
KT(RR)-41-3 Kataskin 121.0 0.00 0.56 −10.02 392 1197 128
KT(RR)-50 Kataskin 130.0 0.54 0.76 −6.75 962 23,176 45
KT(RR)-56 Kataskin 136.0 0.55 0.66 −6.37 711 12,240 35
KT(RR)-75 Kataskin 155.0 0.01 0.69 −9.32 275 1879 143
KT(RR)-78-1 Kataskin 158.0 0.37 1.61 −7.12 698 27,417 147
KT(RR)-78-3 Kataskin 158.0 – 1.66 −7.57 – – –
KT(RR)-90 Kataskin 170.0 0.01 1.45 −8.82 297 2601 200
KT(RR)-106 Kataskin 186.0 0.01 0.95 −11.56 286 1902 108
AZ(IZ)-0 Kataskin 433.0 0.58 2.46 −8.24 823 8916 24
AZ(IZ)-50 Kataskin 438.0 0.57 2.48 −8.31 614 5914 43
AZ(IZ)-238 Kataskin 456.8 0.02 2.12 −8.33 314 2263 258
AZ(IZ)-250-1 Kataskin 458.0 0.03 2.51 −8.52 331 2732 386
AZ(IZ)-250-2 Kataskin 458.0 0.33 3.05 −7.15 869 19,603 140
AZ(IZ)-300 Kataskin 463.0 0.02 1.89 −8.90 396 3145 297
AZ(IZ)-348-1 Kataskin 467.8 0.02 2.49 −9.60 672 4907 605
AZ(IZ)-348-2⁎ Kataskin 467.8 0.02 2.86 −8.88 629 5196 71
AZ(IZ)-349 Kataskin 467.9 0.02 2.67 −9.59 768 6098 348
AZ(IZ)-450 Kataskin 478.0 0.58 3.80 −7.45 908 13,617 11
AZ(IZ)-540 Kataskin 487.0 0.03 3.14 −9.91 378 5100 306
AZ(IZ)-554 Kataskin 488.4 0.02 3.27 −10.29 269 3158 359
AZ(IZ)-600⁎ Kataskin 493.0 0.18 0.31 −4.71 1243 21,360 205
AZ(IZ)-610 Kataskin 494.0 0.01 2.87 −10.88 861 3522 545
AZ(KT)-0 Ushakov 800.5 0.53 2.25 −5.04 1360 13,395 40
AZ(KT)-6 Ushakov 806.5 0.55 2.49 −5.17 1341 11,147 23
KT(KT)-12.5-1 Ushakov 813.0 0.54 2.19 −6.24 1758 12,288 44
KT(KT)-12.5-2 Ushakov 813.0 0.52 2.02 −12.19 1453 13,778 117
AZ(KT)-18 Ushakov 818.5 0.55 2.54 −5.59 1469 11,622 45
AZ(KT)-23 Ushakov 823.5 0.56 2.37 −5.40 1325 8694 30
RV(KT)-0-1 Revet 905.5 0.59 1.17 −5.39 644 18,789 56
RV(KT)-0-2 Revet 905.5 0.60 1.36 −3.70 635 12,071 45
RV(KT)-0-3 Revet 905.5 0.50 0.96 −11.29 753 16,897 102
RV(KT)-24-1 Revet 929.5 0.60 2.23 −1.25 111 1953 111
RV(KT)-24-2A Revet 929.5 0.60 1.85 −3.75 200 6537 124
RV(KT)-24-2B Revet 929.5 0.61 – – 165 2278 97

(continued on next page)(continued on next page)
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Table 2 (continued)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm)

RV(KT)-31 Revet 936.5 0.62 0.57 −3.38 196 3920 108
RV(KT)-37-1 Revet 942.5 0.60 2.70 −1.46 134 1384 95
RV(KT)-37-3 Revet 942.5 0.60 – – 139 1663 104
RV(KT)-42-1 Revet 947.5 0.61 −0.59 −1.31 174 3454 107
RV(KT)-42-2 Revet 947.5 0.58 −0.52 −1.67 199 2148 111
RV(KT)-49-1 Revet 954.5 0.62 0.34 −1.76 164 2979 99
RV(KT)-49-2 Revet 954.5 0.60 – – 192 2816 106
RV(KT)-55-1 Revet 960.5 0.61 0.10 −2.28 225 7673 107
RV(KT)-55-2 Revet 960.5 0.61 −0.09 −2.53 232 1546 93
RV(KT)-60-1 Revet 965.5 0.61 −1.80 −2.41 245 2638 87
RV(KT)-60-3 Revet 965.5 0.61 −1.82 −2.48 246 2906 89
RV(KT)-65-1 Revet 970.5 0.58 −1.08 −3.42 267 3903 83
RV(KT)-65-3 Revet 970.5 0.59 −1.03 −3.42 342 5261 86
RV(KT)-70-1 Revet 975.5 0.62 −1.26 −2.68 226 2905 86
RV(KT)-70-2 Revet 975.5 0.61 – – 227 4094 91
‡Subsamples of individual phases are indicated by −1, −2, −3 following sample number. Primary and early phases (marine cement, matrix, and
clasts) are indicated by −1 or −2. Late-stage phases are indicated by −3. Late-stage phases are not included on chemostratigraphic curve (Fig. 9), but
are included in figures addressing diagenesis.
‡‡Height measured in continuous stratigraphic succession; adjusted to composite reference section.
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background of moderate diagenesis, we expect that the
fundamental character of a carbon isotopic curve might
be retained. Significant covariance between δ13C and
any of the diagenetic indicators would suggest system-
atic alteration of carbon isotopic composition with
diagenesis. Such a trend is not observed in Avzyan
samples (Fig. 8). Carbon isotopic composition is
unrelated to mineralogy, Mn content (Fig. 8A), or Fe
content (Fig. 8B), indicating that no carbon isotopic data
should be rejected based on standard diagenetic criteria.
In other words, these standard diagenetic criteria do not
explain the observed variance in δ13C, and thus are
unsuitable for distinguishing “well-preserved” δ13C
values from “poorly-preserved” values.

In order to determine whether observed carbon
isotopic compositions are likely to record a secular
pattern of carbon isotopic change, we use other tools at
our disposal. Numerous carbon isotopic studies have
shown that stratigraphic δ13C patterns are retained even
with significant diagenesis (Fairchild et al., 1990;
Kaufman et al., 1991; Frank and Lyons, 2000). A
stratigraphic pattern of carbon isotopic change is a
strong indicator of a robust signal, particularly if the
pattern is expressed by numerous samples from different
localities and with different mineralogic, textural and
geochemical characteristics (Kaufman and Knoll, 1995).
Secondly, preservation of a stratigraphic pattern in δ13C
of organic matter as well as carbonate carbon argues in
favor of a pattern of depositional, rather than diagenetic
variation (Kaufman et al., 1991). Although processes
are known that affect both δ13Ccarb and δ13Corg, none is
known that affects both organic and inorganic carbon
isotopic values at the same rate and in the same
direction. For example, meteoric diagenesis typically
causes δ13Ccarb to decrease, while δ13Corg remains
largely unaffected (Kaufman et al., 1991). In contrast,
thermal alteration generally causes loss of 12C from
organic carbon, resulting in an increase in δ13Corg

(Strauss et al., 1992). If δ13Ccarb is affected by thermal
alteration, it typically incorporates 12C lost from organic
carbon, resulting in a decrease in the δ13C composition
of carbonate. In both processes, the net result is that Δδ
(δ13Ccarb−δ13Corg) decreases, and the amount of the
decrease depends strongly upon the relative concentra-
tions of Corg and Ccarb. Thus, a consistent difference
between δ13Corg and δ13Ccarb, particularly across facies
boundaries, suggests little alteration of δ13C values. In
the Kataskin Member, δ13Corg values obtained from
shales interbedded with sampled carbonates showed a
consistent offset of −23‰. ConsistentΔδ values as well
as persistent stratigraphic δ13C patterns throughout the
Avzyan Formation strongly suggest that change through
time, locally or globally, is the likely cause of carbon
isotopic variability in the Avzyan Formation.

4.2. Chemostratigraphy

The carbon isotope chemostratigraphy of the Avzyan
Formation (Fig. 9) is broadly similar to patterns
observed in other Mesoproterozoic carbonate succes-
sions. The lower portion of the Kataskin Member
preserves δ13C values mainly between 0 and +1‰, with
a maximum of +1.7‰. The upper Kataskin exhibits an
overall rise in δ13C to values typically between +1.5 and



Table 3
Isotopic and elemental compositions, Avzyan Formation carbonates (Katav River Locality)

Sample‡ Member Height‡‡ (m) Mg/Ca (w/w) δ13C (‰ VPDB) δ18O (‰ VPDB) Mn (ppm) Fe (ppm) Sr (ppm)

(AV)SL16.1-1 Ushakov 0.5 0.60 1.08 −4.08 853 11,542 74
(AV)SL16.1-2 Ushakov 0.5 0.61 0.82 −5.44 870 14,427 80
(AV)SL16.2-1 Ushakov 5.5 0.60 0.89 −7.50 857 11,873 71
(AV)SL16.2-2 Ushakov 5.5 0.60 0.61 −4.95 868 13,132 68
(AV)SL16.2-3 Ushakov 5.5 0.44 −0.61 −8.40 1145 20,388 140
(AV)SL16.3 Ushakov 10.5 0.59 1.00 −4.09 651 9968 91
(AV)SL16.4 Ushakov 12.5 0.58 1.53 −5.38 649 11,076 83
(AV)SL17.5-1 Ushakov 2.5 0.57 0.60 −5.09 577 15,611 144
(AV)SL17.5-3 Ushakov 2.5 0.57 0.27 −7.30 649 17,874 208
(AV)SL17.6-1 Ushakov 7.5 0.56 0.81 −3.97 703 19,744 67
(AV)SL17.6-3 Ushakov 7.5 0.58 0.20 −7.02 713 20,747 90
(AV)SL17.7 Ushakov 12.5 0.57 0.62 −4.32 603 16,056 129
(AV)SL17.8 Ushakov 19.5 0.56 −0.13 −3.82 979 27,104 119
(AV)SL17.9-1 Ushakov 22.5 0.56 −0.06 −3.65 1038 30,409 130
(AV)SL17.9-3 Ushakov 22.5 0.54 −0.48 −8.00 1123 37,565 194
(AV)SL17.10-1 Ushakov 29.5 0.55 0.44 −4.33 1413 30,779 74
(AV)SL17.10-3 Ushakov 29.5 0.55 −0.28 −10.12 1405 23,373 656
(AV)SL17.11-1 Ushakov 32.5 0.56 0.14 −5.07 1402 32,130 86
(AV)SL17.11-3 Ushakov 32.5 0.55 −0.33 −5.23 1473 36,219 855
(AV)SL21.13 Revet 5.5 0.58 0.67 −3.67 459 9810 61
(AV)SL21.14-1 Revet 10.5 0.60 0.59 −3.77 543 10,203 59
(AV)SL21.14-2 Revet 10.5 0.60 0.70 −4.12 637 11,708 52
(AV)SL21.15-1 Revet 15.5 0.59 0.53 −4.02 558 11,916 66
(AV)SL21.15-2 Revet 15.5 0.60 0.71 −4.31 647 11,536 50
(AV)SL21.16-1 Revet 20.5 0.58 0.89 −3.74 371 7525 62
(AV)SL21.16-2A Revet 20.5 0.60 0.87 −4.11 522 9547 49
(AV)SL21.16-2B Revet 20.5 0.60 0.88 −3.60 433 8042 59
(AV)SL22.17-1 Revet 0.0 0.59 0.76 −3.95 464 9213 65
(AV)SL22.17-2 Revet 0.0 0.59 0.82 −4.67 437 9147 61
(AV)SL22.17-3 Revet 0.0 0.54 0.41 −6.26 491 10,421 72
(AV)SL22.17-4 Revet 0.0 0.57 0.35 −7.17 509 9835 102
(AV)SL22.19 Revet 5.0 0.61 1.82 −3.12 350 2324 64
(AV)SL22.19-2 Revet 10.0 0.60 1.67 −2.03 266 1223 82
(AV)SL22.19-1A Revet 10.0 0.60 1.80 −1.68 216 696 85
(AV)SL22.19-1B Revet 10.0 0.60 1.81 −3.56 350 2495 62
(AV)SL22.20-1 Revet 18.0 0.61 1.75 −2.57 245 2086 83
(AV)SL22.20-2A Revet 18.0 0.61 1.54 −1.82 288 1482 94
(AV)SL22.20-2B Revet 18.0 0.62 1.51 −1.93 271 1552 99
(AV)SL22.21-1A Revet 23.0 0.61 2.30 −2.86 170 1796 96
(AV)SL22.21-2 Revet 23.0 0.60 1.32 −1.85 147 1431 93
(AV)SL22.21-3 Revet 23.0 0.61 1.49 −1.88 284 1555 94
(AV)SL22.22-1 Revet 28.0 0.61 1.32 −5.05 406 9868 48
(AV)SL22.22-2 Revet 28.0 0.60 1.74 −2.86 484 2366 80
(AV)SL22.22-3 Revet 28.0 0.61 1.91 −5.23 180 427 171
(AV)SL22.23 Revet 29.5 0.61 1.32 −2.00 287 1682 87
‡Subsamples of individual phases are indicated by −1, −2, −3, −4 following sample number. Primary and early phases (marine cement, matrix, and
clasts) are indicated by −1 or −2. Late-stage phases are indicated by −3 or −4. Late-stage phases are not included on chemostratigraphic curve
(Fig. 9), but are included in figures addressing diagenesis.
‡‡Local height from base of individual outcrops successions; structural dissection precludes calculation of total stratigraphic height.
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+2‰, with δ13C values between +3.0 and +4.5‰
recorded in the uppermost ∼75 m of Kataskin strata as
excursions above this moderately positive baseline.
Carbon isotope values recorded in small bioherms in the
upper half of the Malo Inzer Member cluster around
+1‰, then rise to +2‰ in the upper Ushakov Member.
No samples were analyzed from the siliciclastic Kutkur
Member; however, samples from the base of the
overlying Revet Member show a sharp drop from
moderately positive values between +1.0 and +2.7‰,
similar to those recorded in the upper Ushakov member,
to values of −2‰, followed by a sharp rise to +2.3‰,



Fig. 8. Manganese and iron concentrations of Avzyan Formation carbonates, plotted against carbon isotopic composition. Within concentration limits
taken to represent best-preserved samples (see Figs. 6 and 7), there is no distinct relationship between Mn and Fe concentration and carbon isotope
composition, suggesting that post depositional alteration had no systematic effect on carbon isotopes. Legend provided in Fig. 4.
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followed by more steady carbon isotope signatures near
+2‰ for the remainder of Revet deposition.

Although precise stratigraphic positioning is uncer-
tain for samples analyzed from the Ushakov and Revet
members at the Katav River locality, Revet samples
show a rapid rise from values near +0.4‰ to values
exceeding +2‰ (Table 3), which is consistent with
depositional signatures from the lower Revet at Avzyan.
Ushakov samples collected from the structurally
complex and stratigraphically dissected Katav locality
show values predominantly between −0.5‰ and
+0.5‰ near the base of exposed Ushakov strata, rising
to values as high as +1.5‰ at higher stratigraphic levels.
These values are unlike those recorded from both the
underlying Malo Inzer member and the uppermost
Ushakov strata sampled near Inzer, suggesting the
presence of a short-lived negative excursion in lower
Ushakov strata. Lower Ushakov strata are present at
Inzer, but accessible only when water levels in the Malo
Inzer River are low.

Organic carbon analyses from interbedded, organic
rich (TOC 0.1 to 2.8%; average 1%) shales of the
Zigazino–Komorovo Formation and Kataskin Member
provide an additional measure of marine carbon isotopic
change during lower Avzyan deposition (Fig. 9). Organic
carbon analyses reveal values between −25.1‰ and
−26.6‰ in the uppermost Zigazino–Komorovo Forma-
tion. In the Kataskin Member, δ13Corg values rise from
approximately −24‰ in the lower Kataskin to values
predominantly between −21‰ and −23‰ in the upper
Kataskin, with a few heavier values, to −18‰, in the
upper 100 m of the Kataskin Member, in relatively
organic-poor samples (Table 4). The isotopic pattern
preserved in Kataskin organic matter parallels that
observed in carbonate, indicating that observed strati-
graphic variability in δ13C reflects secular change, rather
than carbonate diagenesis. Utilizing the average differ-
ence between the isotopic compositions of adjacent
carbonate and shale beds in the Kataskin Member, we
arrive at an estimated 23‰ isotopic difference (ΔδC)
associated with microbial DIC reduction and organic
matter preservation.

Application of this 23‰ ΔδC to Zigazino–Komor-
ovo shales suggests DIC isotopic values near −3‰.
Because the Zigazino–Komarovo Formation preserves
no carbonate, it is impossible to determine whether these
relatively light values indicate secular variation in
seawater carbonate composition or reflect significantly
different depositional and/or diagenetic conditions for
Zigazino–Komarovo organic material, such as a deeper-
water environment influenced by anoxia or rapid
decomposition of organic material.

5. Discussion

Despite the fact that rocks of the Avzyan Formation
have experienced moderate to severe regional alteration,
a consistent pattern of variation in carbon isotopic
composition is observed. The C-isotope chemostrati-
graphy of the Avzyan Formation is broadly similar to
other Mesoproterozoic successions younger than
∼1300 Ma and older than ∼1250 Ma, with moderately
positive δ13C values that become increasingly positive
upward, rising from ∼0‰ to ∼+2‰.

In order to better constrain the position of the Avzyan
Formation within the emerging Mesoproterozoic carbon
isotopic framework, we must examine the isotopic
characteristics of the known portions of the global
curve. Isotopic evolution of the Mesoproterozoic, as
recorded in carbonates and coeval organic matter, can be



Fig. 9. Stratigraphic variation in carbon isotope composition of carbonates from the Avzyan Formation (Avzyan and Kataskin localities) and organic
carbon from black shales from the Zigazino–Komorovo and Avzyan formations (Avzyan locality). Where both carbonate and organic carbon samples
were available, isotopic compositions track with 24‰ offset. Combined, these values preserve a pattern of moderate isotopic variability, wherein
marine DIC is inferred to have varied between approximately −2‰ and +2‰. Stratigraphic patterns preserved here are broadly similar to those
preserved in 1300 Ma–1270 Ma strata of the Dismal Lakes Group (Frank et al., 2003), suggesting preservation of a global carbon isotope signal. A
short interval of more positive carbon isotope values (to +4‰) near the top of the Kataskin Member, Avzyan Formation, are unknown from other
successions of this age (see discussion in text).
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subdivided into two primary intervals, characterized by
differences in both average δ13C and in the magnitude
of observed isotopic excursions. The pre-1300 Ma
global C isotope record has δ13C values near 0‰ with
excursions b2‰ (Buick et al., 1995; Knoll et al., 1995;
Frank et al., 1997; Xiao et al., 1997; Lindsay and
Brasier, 2000). Mesoproterozoic strata from the Kaltasin
Formation of the East European Platform have δ13C
values near 0‰. These strata have been correlated with
the Lower Riphean Bakal Formation of the Southern
Urals (Keller and Chumakov, 1983; Maslov, 1994),
which is constrained to be N1360 Ma (Ellmies et al.,
2000). This interval of isotopic stasis persists until at
least 1305 Ma, as recorded in carbonates in the Uchur–
Maya region of Siberia that overlie siliciclastic rocks
containing 1305 Ma detrital zircons (Rainbird et al.,
1998; Bartley et al., 2001).

In contrast, Late Mesoproterozoic carbonates, includ-
ing successions from western Siberia (Knoll et al., 1995;
Bartley et al., 2001), eastern Siberia (Bartley et al.,



Table 4
Isotopic composition, Avzyan Formation shales (Avzyan locality)

Sample Member Height‡ (m) δ13Corg (‰ VPDB)

ZK(AZ)-8 Zigazino–
Komorovo

8.0 −25.93

ZK(AZ)-12 Zigazino–
Komorovo

12.0 −26.23

ZK(AZ)-18.5 Zigazino–
Komorovo

18.5 −25.58

ZK(AZ)-21.7 Zigazino–
Komorovo

21.7 −25.07

ZK(AZ)-26 Zigazino–
Komorovo

26.0 −26.59

ZK(AZ)-30.4 Zigazino–
Komorovo

30.4 −26.28

ZK(AZ)-35.8 Zigazino–
Komorovo

35.8 −26.16

ZK(AZ)-42.4 Zigazino–
Komorovo

42.4 −25.28

ZK(AZ)-47 Zigazino–
Komorovo

47.0 −25.36

ZK(AZ)-52.4 Zigazino–
Komorovo

52.4 −25.42

ZK(AZ)-58 Zigazino–
Komorovo

58.0 −25.33

KT(AZ)-104 Kataskin 164.0 −23.85
KT(AZ)-142 Kataskin 202.0 −23.94
KT(AZ)-150 Kataskin 210.0 −23.29
KT(AZ)-221 Kataskin 324.0 −22.60
KT(AZ)-225.3 Kataskin 328.3 −24.37
KT(AZ)-231.1 Kataskin 334.0 −21.88
KT(AZ)-244.5 Kataskin 347.5 −21.76
KT(AZ)-248.5 Kataskin 351.5 −22.33
KT(AZ)-253.5 Kataskin 356.5 −22.14
KT(AZ)-259 Kataskin 362.0 −22.83
KT(AZ)-263.3 Kataskin 366.3 −22.94
KT(AZ)-268.8 Kataskin 371.8 −21.64
KT(AZ)-281.3 Kataskin 384.3 −21.37
KT(AZ)-297 Kataskin 400.0 −21.56
KT(AZ)-308 Kataskin 411.0 −26.55
KT(AZ)-316 Kataskin 419.0 −18.04
KT(AZ)-322.3 Kataskin 425.3 −19.16
KT(AZ)-333 Kataskin 436.0 −22.09
KT(AZ)-347 Kataskin 450.0 −20.63
KT(AZ)-352.5 Kataskin 455.5 −21.54
KT(AZ)-374 Kataskin 477.0 −22.76
KT(AZ)-384 Kataskin 487.0 −21.28
‡Height measured in continuous stratigraphic succession; adjusted to
composite reference section.
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2001), arctic Canada (Kah et al., 1999b, 2001), and west
Africa (Fairchild et al., 1990) record positive δ13C
values (+3.5‰) with higher-amplitude (4‰–5‰)
excursions (Knoll et al., 1995; Kah et al., 1999b; Bartley
et al., 2001; Bartley and Kah, 2004). Carbon isotope
compositions from the Allamoore Formation of west
Texas (1250+16/−24 Ma; Roths, 1993) lie between +2
and +4‰ (Kah and Bartley, 1997), suggesting that
moderately positive carbon isotope compositions had
been attained by ca. 1250 Ma.

The Dismal Lakes Group, arctic Canada, which is
constrained to be older than 1267±2 Ma (LeCheminant
and Heaman, 1989) preserves low, positive δ13C values
between 0 and +2‰ (Frank et al., 2003), thus differ-
entiating it from both older, less variable successions
and younger, more positive and variable intervals. Thus,
the emerging Mesoproterozoic carbon isotopic record
provides a testable framework for broad geochronologic
interpretations of successions of uncertain age. Carbo-
nates older than ∼1300 Ma will preserve δ13C values
near 0‰, with low variability. Successions younger than
1250 Ma contain δ13C values near +3.5‰ with
increased variation. The transitional interval between
1300 and 1250 Ma preserves chemostratigraphic
profiles of intermediate character (0‰ to +2‰ with
modest variability). Using these criteria, we should be
able to place the Avzyan Formation into a global
chemostratigraphic context.

The carbon isotope chemostratigraphy of the Avzyan
Formation shows relatively low-magnitude isotopic
change. Over the entire formation, δ13C values increase
from near 0‰ to +2‰ with excursions of moderate
magnitude. This pattern is unlike those observed in late
Mesoproterozoic successions (b1250 Ma) worldwide,
in that the Avzyan lacks stable isotopic plateaus near
+3‰. On the other hand, the chemostratigraphic profile,
particularly that of the Revet Member, is strikingly
similar to that observed in the well-preserved platform
sediments of the Dismal Lakes Group (Frank et al.,
2003). Both the Revet Member and the Dismal Lakes
Group contain moderately positive δ13C values with
excursions up to a few permil. Unlike the Dismal Lakes
Group, however, the top of the Kataskin Member
preserves an excursion to more highly positive values,
up to +4.5‰, suggesting that these two units cannot be
correlated directly, but rather, represent broadly coeval
depositional intervals. The observed similarity between
the Avzyan Formation and Dismal Lakes Group
suggests that the Avzyan Formation is younger than
∼1300 Ma and older than ∼1250 Ma, and forms part of
the mid-Mesoproterozoic transition from low, invariant
δ13C values to positive, variable compositions. These
age estimates are consistent with, but not uniquely
constrained by, existing geochronologic data, which
require the Avzyan Formation to be younger than
1360 Ma and older than 1080 Ma.

The presence of a distinctly positive interval at the
top of the Kataskin member deserves special attention.
Isotopic values above +3‰ are rare prior to ∼1250 Ma,
and typically occur within a framework of overall
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positive δ13C values. Three explanations are possible
for the Avzyan Formation: 1) these values are an artifact
of diagenesis; 2) these values are local, rather than
global in nature; and 3) these values represent a
potentially distinctive, global isotopic excursion. It is
unlikely that diagenetic alteration is responsible for the
strongly positive values of the Kataskin Member. First,
diagenesis typically alters δ13C toward more negative
values. Second, the positive excursion appears as part of
an overall stratigraphic trend toward elevated δ13C
values, rather than isolated samples against a low
background. Third, δ13Corg values also record a positive
shift through this same interval. At this stage, it is
impossible to discern whether the highly positive values
are global or local in nature. If global, these distinctive
values N+4‰ provide potentially diagnostic robust
chemostratigraphic markers for future chemostrati-
graphic study, and might suggest the influence of pre-
Grenvillian tectonic events on the Late Mesoproterozoic
carbon cycle. If local, elevated δ13C values may
represent proximity to a major Corg depocenter, which
would cause regional elevation of δ13C (Frank et al.,
2003).

Regardless of the precise geochronologic position
of the Avzyan Formation, its carbon isotopic compo-
sition lends strength to earlier arguments regarding the
nature of the mid-Mesoproterozoic isotopic shift. A
shift from 0‰ to +3.5‰ corresponds to a 50% increase
in the relative flux of organic carbon, based on steady-
state model conditions (Frank et al., 2003). The
intermediate nature of both Avzyan and Dismal Lakes
δ13C values suggests that the transition occurred over a
relatively protracted time interval, rather than in a
single event, and that the transitional interval itself is
characterized by shorter-term fluctuations in δ13C. It is
difficult to envision, however, how a 50% increase in
organic carbon burial, derived simply from enhanced
organic production, weathering, or orogeny, could be
sustained for the several hundred million years of the
latter Mesoproterozoic. In an alternative hypothesis,
such a shift could represent a profound reorganization
of the global carbon cycle driven ultimately by a
secular decrease in marine DIC (Bartley and Kah,
2004). A secular decrease in marine DIC through the
Mesoproterozoic would drive in an increased sensitiv-
ity of the marine system to natural variation in organic
carbon burial fluxes, resulting in a gradual increase in
the extent of isotopic variation recorded in marine
systems. In addition to increased isotopic sensitivity, a
secular decrease in marine DIC would lead to the
spatial partitioning of organic and inorganic carbon
burial, ultimately resulting in increased organic carbon
sequestration (Bartley and Kah, 2004) and ocean-
atmosphere oxygenation (Des Marais et al., 1992).

6. Conclusions

Carbon isotope chemostratigraphic data can be
recoverable even in successions that have undergone
considerable diagenesis that has overprinted other
geochemical data, such as δ18O, 87Sr/86Sr, Mn, Sr,
and Fe. Geochemical tests can be used to evaluate the
degree of diagenesis that rocks have undergone, but the
high resistance of δ13C to isotopic change demands
that these tests be used in conjunction with other
indicators, including δ13Corg and evaluation of strati-
graphic and isotopic patterns across facies and
throughout regions. The Avzyan Formation of the
Southern Urals has experienced significant post-
depositional alteration, as evidenced by isotopic and
trace element profiles; however, δ13C values are
preserved in multiple sections in different facies and
are consistent with δ13Corg values recovered from
intercalated shales of the Kataskin Member. These
lines of evidence indicate that δ13C values of the
Avzyan Formation preserve a seawater signal of carbon
isotopic change through time.

Carbon isotope data from the Avzyan Formation
show a pattern of moderately positive average δ13C
values that become increasingly positive upsection. This
pattern is strikingly similar to that of the 1300–1270 Ma
Dismal Lakes Group, and supports the hypothesis that
both patterns record a global carbon isotopic signal.
Although it is presently impossible to establish that the
Avzyan Formation and the Dismal Lakes Group are
coeval, their ages are likely to be broadly similar. Both
units exhibit a style of variation that suggests that the
transition between predominantly 0‰ values at
1300 Ma and +3.5‰ at 1250 Ma occurred as a series
of pulses, rather than as a monotonic increase.
Furthermore, Avzyan carbonates preserve a few highly
positive (N+4‰) δ13C values, suggestive of the post-
1250 Ma steady state characterized by higher average
δ13C and greater isotopic variability, linked to global
changes in carbon cycling and inorganic carbon
reservoir size (Bartley and Kah, 2004).
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