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ABSTRACT

Relative ages of late Cenozoic stratigraphy throughout the Caspian region are referenced to regional

stages that are defined by changes in microfauna and associated extreme (>1000 m) variations in Cas-

pian base level. However, the absolute ages of these stage boundaries may be significantly diachro-

nous because many are based on the first occurrence of either transgressive or regressive facies, the

temporal occurrence of which should depend on position within a basin. Here, we estimate the

degree of diachroneity along the Akchagyl regional stage boundary within the Caspian basin system

by presenting two late Miocene-Pliocene aged measured sections, Sarica and Vashlovani, separated

by 50 km and exposed within the Kura fold-thrust belt in the interior of the Kura Basin. The Kura

Basin is a western subbasin of the South Caspian Basin and the sections presented here are located

>250 km from the modern Caspian coast. New U-Pb detrital zircon ages from the Sarica section

constrain the maximum depositional age for Productive Series strata, a lithostratigraphic package

considered correlative with the 2–3 Myr-long regional Eoakchagylian or Kimmerian stage that cor-

responds to a period of extremely low (>500 m below the modern level) Caspian base level. This

new maximum depositional age from the Productive Series at Sarica of 2.5 � 0.2 Ma indicates that

the regionally extensive Akchagyl transgression, which ended the deposition of the Productive Series

near the Caspian coast at 3.2 Ma, may have appeared a minimum of 0.5 Myr later in the northern

interior of the Kura Basin than at the modern Caspian Sea coast. The results of this work have

important implications for the tectonic and stratigraphic history of the region, suggesting that the

initiation of the Plio-Pleistocene Kura fold-thrust belt may have not been as diachronous along strike

as previously hypothesized. More generally, these results also provide a measure of the magnitude of

diachroneity possible along sequence boundaries, particularly in isolated basins. Comparison of

accumulation rates between units in the interior of the Kura subbasin and the South Caspian main

basin suggest that extremely large variations in these rates within low-stand deposits may be impor-

tant in identifying the presence of subbasins in older stratigraphic packages.

INTRODUCTION

Sequence stratigraphy has proven invaluable both as a

conceptual framework for understanding the response of

depositional systems to changes in base level, but also as a

tool for correlating disparate parts of those depositional

systems (e.g. van Hinte, 1978; Steenwinkel, 1990; Van

Wagoner & Bertram, 1995; Catuneanu, 2002). Of particu-

lar importance for the latter has been a concerted effort to

understand the extent to which sequence boundaries rep-

resent isochronous or diachronous geologic or hydrologi-

cal events (e.g. Carter et al., 1998; Catuneanu et al., 1998;
Liu et al., 1998; Strong & Paola, 2008; Martin et al.,
2009). Generally, modelling indicates that both regressive

and transgressive surfaces are diachronous, but that

transgressive surfaces tend to be less so and can some-

times be nearly isochronous (e.g. Strong & Paola, 2008;
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Bhattacharya, 2011). In detail, first transgressive surfaces,

which form the lower boundaries of transgressive systems

tracts, are necessarily diachronous, but maximum flooding

surfaces are typically argued to represent nearly isochro-

nous time lines within a basin (Mancini & Tew, 1997).

However, the diachroneity of sequence boundaries is

highly influenced by local effects, such as the rate of

sediment supply and generation of accommodation

space (e.g. Allen & Johnson, 2011). This is particularly

apparent in the stratigraphic records of basins fringed

by one or more subbasins (e.g. Brown et al., 2005;

Munteanu et al., 2012) as packages which represent

maximum flooding surfaces in the main basin may rep-

resent first transgressive surfaces in subbasins. This

enhanced diachroneity results primarily from differen-

tial bathymetry and topography between the main and

subbasins that cause changes in base level to affect dif-

ferent parts of the basin system at different times (e.g.

Liu et al., 1998). An additional important process is

the tendency for the main locus of deposition to shift

during base-level variations (e.g. Munteanu et al.,
2012). For example, as base-level rises and a subbasin

is inundated, it transitions from a sediment source to a

sediment sink and introduces a sudden, large increase

in accommodation space that tends to shift the main

depocentre to the subbasin and effectively starve the

main basin of sediment (Munteanu et al., 2012). Thus,
in systems characterized by main and subbasin pairs,

the maximum flooding surface may not be a continu-

ous, nearly isochronous deposit because at the time of

maximum flooding, the main basin may experience a

period of nondeposition as sediment is sequestered in

the subbasin. Complications such as this have led

workers to suggest that it may be necessary to develop

separate chronologies and stratigraphic frameworks

between main basins and subbasins (Brown et al.,
2005). Ultimately, understanding and measuring the

degree of diachroneity of sequence boundaries and

maximum flooding surfaces throughout basin systems

has important implications for interpreting the strati-

graphic fill of these basins because the boundaries are

coincident with abrupt facies transitions commonly

used to define stratigraphic units and formations

(Bhattacharya, 2011).

Much of our understanding of the diachronous nature

of sequence boundaries and flooding surfaces comes from

models of depositional systems (e.g. Catuneanu et al.,
1998; Liu et al., 2004; Strong & Paola, 2008; Martin

et al., 2009), which unfortunately do not provide absolute

constraints on the magnitude of diachroneity possible

within sequence stratigraphic surfaces. The Paratethyan

basins present an interesting venue in which to address

this problem by using field studies to explore the diachro-

neity of sequence stratigraphic surfaces and stage bound-

aries. These basins span Eastern Europe to Central Asia

(Fig. 1), have a complicated history of interconnection,

are characterized by relatively large changes in base level

during periods of isolation (e.g. Zubakov, 2001; Popov

et al., 2010), and have multiple hierarchies of basins and

subbasins. For example, the Pannonian Basin is a subba-

sin with respect to the Dacian Basin, which in turn is a

subbasin with respect to the Black Sea (Fig. 1a). The

Black Sea and Dacian basin-subbasin pair is relatively

well studied and contains evidence of both depocentre

migration from the main basin (Black Sea) to the subbasin

(Dacian) during transgressions (Munteanu et al., 2012)
and diachronous stage boundaries (e.g. Vasiliev et al.,
2004; Krijgsman et al., 2010; Stoica et al., 2013).
Of the Paratethyan basins, the Caspian Sea has expe-

rienced some of the longest periods of isolation and

most extreme variations in base level (e.g. Zubakov,

2001; Forte & Cowgill, 2013) due to its distal position

relative to the open ocean. Of particular interest is the

transition between the Productive Series and Akchagyl

regional stages, which represent one of the largest

transgressions ever documented on Earth, during which

the base level of the Caspian rose from between 600

and 1500 m below its current level (e.g. Reynolds et al.,
1998; Zubakov, 2001; Green et al., 2009) to between 60

and 200 m above its current level (Figs 1a and 2,

e.g. Kvasov, 1964; Zubakov, 1992; Jones & Simmons,

1996).

In the Caspian system, the main basin is the South Cas-

pian Basin, which is fringed by multiple subbasins

(Fig. 1a). Of these different subbasins, the Kura Basin,

which lies to the west of the South Caspian, provides a

unique opportunity to explore the dynamics of deposi-

tional shifts, because large portions of the sedimentary fill

of this basin are now exposed in the Plio-Pleistocene Kura

fold-thrust belt, which is actively forming along the

southeastern margin of the Greater Caucasus Mountains

(Forte et al., 2010, 2013). Previous coarse resolution map-

ping (1 : 200 000–1 : 1 000 000 scale) indicates that the

sediments exposed in this fold-thrust belt are predomi-

nantly late Cenozoic strata (e.g. Abdullaev et al., 1957;
Nalivkin, 1976; Gudjabidze, 2003; Ali-Zade, 2005) depos-

ited coevally with many of the extreme variations in Cas-

pian base level (e.g. Zubakov, 2001; Popov et al., 2010;
Forte & Cowgill, 2013). Because regional stage boundaries

in the Caspian region are primarily based on the variations

of Caspian base level (e.g. Zubakov & Borzenkova, 1990;

Jones & Simmons, 1996; Forte & Cowgill, 2013) they are

analogous to sequence boundaries defined on the basis of

eustatic sea level variations. Thus, correlating strata and

regional stages boundaries between the Kura Basin and

the South Caspian should help quantify the absolute

amounts of time represented in some diachronous

sequence stratigraphic surfaces.

Although the late Cenozoic stratigraphy of the South

Caspian basin is relatively well described, (e.g. Inan et al.,
1997; Reynolds et al., 1998; Devlin et al., 1999; Hinds

et al., 2004; Aliyeva, 2005; Kroonenberg et al., 2005;

Abreu & Nummedal, 2007; Green et al., 2009; Vincent
et al., 2010; van Baak et al., 2013) the Miocene-Pliocene

stratigraphy of the Kura Basin is only described in

general summary works (e.g. Shirinov & Bajenov, 1962;
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Mamedov, 1973; Nalivkin, 1973). Detailed local descrip-

tions within the Kura Basin are generally lacking, as are

clear assessments of the absolute age of the stratigraphy,

largely precluding the use of this prior work in better

understanding the extent to which sequence stratigraphic

and regional stage boundaries are diachronous. To

address this problem, we present two new measured sec-

tions in the interior of the Kura Basin, the Vashlovani and

Sarica sections, which are located in the Kura fold-thrust

belt and expose late Cenozoic stratigraphy deposited

coevally with many of the extremely large base-level vari-

ations within the Caspian Sea and growth of the Greater

Caucasus Mountains (Fig. 1a). Here, we provide descrip-

tions of these sections and focus on correlating them to

the regional Caspian stages in a sequence stratigraphic

framework, however it should be emphasized that the

analysis presented here is largely of a reconnaissance nat-

ure and represents some of the first stratigraphic work to

be published within this interior portion of the Greater

Caucasus foreland basin. Where possible, we also incor-

porate our new biostratigraphic results and U-Pb ages of

detrital zircons to constrain maximum depositional ages

to explore both the late Cenozoic stratigraphic architec-

ture of the northern Kura Basin and the potential diachro-

neity of stage boundaries between the Kura subbasin and

main South Caspian Basin.

KURABASIN CHRONOSTRATIGRAPHIC
FRAMEWORK

Previous work investigating the Cenozoic stratigraphy of

the Kura Basin was done within the chronostratigraphic

framework constructed from fluctuations in the base level

of the Caspian and related changes in biostratigraphic

assemblages (e.g. Shirinov & Bajenov, 1962; Mamedov,

1973; Nalivkin, 1973; Zubakov & Borzenkova, 1990; Jones

& Simmons, 1996; Forte & Cowgill, 2013). In detail, the

definition of the absolute age of stage boundaries, the geo-

logical significance of the stages, and their correlation

with the global geologic time scale have all proven prob-

lematic. The controversial nature of these stages stem

from several key factors, including: (1) The endemic nat-

ure of nearly all organisms used for biostratigraphic divi-

sions (e.g. Menabde et al., 1993; Jones & Simmons, 1996;

Dumont, 1998; Boomer et al., 2010); (2) A complicated

history of variable interconnection of the Caspian with

other Paratethyan basins, the Mediterranean and the

41°N

42°N

44°N

49°E47°E46°E45°E44°E43°E

Armenia
Turkey

Georgia

Russia

Azerbaijan

Iran

Greater Caucasus

Lesser Caucasus

Kura Fold- 
Thrust Belt

Kura Basin

Ku
ra

 D
elt

a

Kura River

Lake Sevan

Mingachevir 

Adjinour Playa

Ara
xes R

iver

Alazani Basin

Vashlovani
Fig. 4 Sarica

Fig. 7

Lokbatan

Kvabebi

0 50 100

kilometers

Anatolian Plateau

Dinarides

Carpathians

Alps

Lesser Caucasus

Alborz 

Manych 
Strait

Black Sea 

Mediterranean

Aral BasinDacian Basin

Pannonian 
Basin

Caspian 
Sea

SCB

MCB

NCB

KBG
RB

Azov

Kura 
Basin

Greater Caucasus

Dneiper
Dniester

Danube

Don

Volga

Amu Darya

Paleo Amu Darya

Syr Darya

Ural

AS

Extent of Caspian 
Sea during Akchagyl

Extent of Caspian Sea 
during Productive Series

30°E25°E20°E15°E 35°E 40°E 45°E 50°E 55°E 60°E 65°E

35°N

40°N

45°N

50°N

0 250 500
kilometers

(a)(b)

Fig. 1. (a) Map showing the distribution of Paratethyan Basins and highlighting some of the main physiographic regions discussed in

the text. Short dashed black lines show the estimated shorelines for the Caspian during the Productive Series regression (Reynolds

et al., 1998) and long dashed lines outline the Akchagylian transgression (Popov et al., 2006). Thick white lines show approximate
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global ocean (e.g. Zubakov, 1992; Svitoch, 1999; Svitoch

et al., 2000; Popov et al., 2006; Vasiliev et al., 2010); (3)
The potential for large variations in Caspian base level

that are in the order of magnitude larger than those

observed in the global ocean (Fig. 2, see reviews by Zuba-

kov, 2001; Popov et al., 2010; Forte & Cowgill, 2013); (4)

The rapid and chaotic variations of Caspian base level

during periods of isolation (e.g. Kroonenberg et al., 1997;
Mamedov, 1997; Rychagov, 1997; Sedletskii & Baikov,

1997; Kozhevnikova & Shveikina, 2008; Rumyantsev

et al., 2008); and (5) An unclear primary driving mecha-

nism for the hydrology of the Caspian Basin (e.g. Kvasov,

1983; Zubakov, 1988; Kizlov & Toropov, 2007; Forte &

Cowgill, 2013).

In detail, the history of Caspian base level variations

upon which the regional time scale is based, have been

variably reported, with attempts to relate changes in the

Caspian to variations in the global ocean (Jones & Sim-

mons, 1996), the Mediterranean Sea (Zubakov, 2001) or

the Black Sea (Popov et al., 2010). The geologic record of

variation in Caspian base level is relatively well preserved

into the early Miocene in the architecture of deltaic strata

(e.g. Kroonenberg et al., 1997; Overeem et al., 2003a,b;
Hoogendoorn et al., 2005; Kroonenberg et al., 2005), dis-
tribution of lacustrine deposits (e.g. Zubakov, 1992;

Mamedov, 1997) and flights of river terraces and palaeo-

shorelines extending more than 500 km into northern

Eurasia (e.g. Svitoch, 1999; Matoshko et al., 2004).

Recently, Forte & Cowgill (2013) synthesized these dispa-

rate primary data sources and previous estimates of Cas-

pian base level in an attempt to present a more complete

view of the late Miocene to present Caspian base level his-

tory and the uncertainty associated with that history

(Fig. 2). Here, we use that new regional synthesis to facil-

itate stratigraphic correlation within the Kura Basin.

Ongoing efforts to better constrain the absolute ages of

the stage boundaries throughout the former Paratethyan

basins integrate detailed magnetostratigraphic, biostrati-

graphic and geochronologic studies to correlate these

boundaries to the global geologic time scale (e.g. Vasiliev

et al., 2004, 2005; Krijgsman et al., 2010; van Baak et al.,
2013). These recent studies indicate that some of the stage

boundaries are nonsynchronous in the various Parateth-

yan basins and in some cases may not track the same

hydrological event between different basins (e.g. Vasiliev

et al., 2004; Krijgsman et al., 2010; Stoica et al., 2013).
Here, we primarily use the ages of regional stage bound-

aries from the Lokbatan section on the Apsheron Penin-

sula of eastern Azerbaijan, which were determined by a

combination of magnetostratigraphic, biostratigraphic

and geochronologic data (Fig. 1, van Baak et al., 2013).
Because this section is located adjacent to the modern day

Caspian Sea coast, the ages of the stage boundaries here

are good first-order approximations for the Caspian Sea

region. However, it is important to note that the ages for

the stage boundaries used here are the preferred options

presented by van Baak et al. (2013), although as described

in the original publication, significant uncertainty remains

in these correlations. Additionally, although the Lokbatan

section is generally a high fidelity record, it does contain

hiatuses, such as an ca. 0.9-Myr-long gap between the Ak-

chagyl and the overlying Apsheron stage, attributed to

initiation of deformation in the Lokbatan area (Fig. 2, e.g.

van Baak et al., 2013).
For the Vashlovani and Sarica sections, we are princi-

pally concerned with the Meotian, Pontian, Productive

Series (considered correlative with the Eoakchagylian

stage in the Caspian Sea and the Kimmerian stage in the

Black Sea), Akchagyl and Apsheron regional stages

(Fig. 2). During the Meotian and Pontian stages, the Cas-

pian was intermittently connected to the Black and Medi-

terranean Sea and Caspian base level generally fluctuated

within 100 m of the modern base level (Fig 2., e.g. Popov

et al., 2006; Forte & Cowgill, 2013). Deposition of the

Productive Series corresponds to an extremely low period

of base level, with estimates ranging from 600 to 1500 m

below the modern level (Fig 2, e.g. Forte & Cowgill, 2013

and references therein). This dramatic drop in base level

drove incision and formation of large palaeo-canyons

exceeding 600 m in depth along the Kura, Volga and pal-

aeo-Amu-Darya rivers (Fig. 1, e.g. Kroonenberg et al.,
2005). Deposition of the Productive Series ended with the

Akchagyl regional stage, corresponding to an apparently

abrupt rise in Caspian base level, reaching a maximum of

200 m above the modern level (Fig 2, e.g. Forte & Cowg-

ill, 2013 and references therein). The younger Apsheron

regional stage represents a return to lower, but signifi-

cantly more variable Caspian base level (Fig 2., e.g. Forte

& Cowgill, 2013 and references therein).

FIELDAND CORRELATIONMETHODS

For the two measured sections, we logged grain size, sort-

ing, sedimentary structures and changes in lithology at

the decimetre scale over the course of two field seasons.

Generally, observations were limited to the line of section,

but some strata of particular interest were traced laterally

in the field. In addition, when possible, large (>100 m

thick) and distinctive lithologic packages were traced in

Google Earth imagery using colour and outcrop style to

further assess the lateral continuity of the strata. In the

Sarica section, palaeocurrents were estimated by measur-

ing the orientation of imbricated clasts within conglomer-

ate. In all sections, sandstone samples were collected for

reconnaissance provenance analysis, utilizing petrogra-

phy, geochemistry and U-Pb dating of detrital zircons.

The majority of these provenance results are presented in

a preliminary form elsewhere (Forte, 2012). We use lim-

ited results from the geochemical and petrographic data

aid in the interpretation of depositional environments of

one unit within Vashlovani (Unit V2), and subsets of

U-Pb ages of detrital zircons to constrain maximum depo-

sitional ages for one unit within Sarica (Unit S1) and one

unit within Vashlovani (Unit V3). The sampling strategy

for these sandstones emphasized collecting samples from

© 2014 The Authors
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distinct lithologic packages at the expense of evenly

spaced samples. Because of the poor induration of most

outcrops and to assure collection of an uncontaminated

or relatively unweathered sample, preference was given

for well-indurated units during sample collection. In this

work, we only present partial detrital zircon results from

two samples, as the full datasets will be presented in a

forthcoming publication. We also collected mudstone

samples for micropalaeontological analyses. The micro-

palaeontological assessment focuses on ostracods, with

additional data derived from forams, mollusks and gas-

tropods. Methods employed for the preparation of mic-

ropalaeontology samples and the correlation between

specific faunal assemblages and regional stages are

described in detail by van Baak et al. (2013) and Stoica

et al. (2013).
We defined and described four litho-facies (e.g. Miall,

1977), and then assigned one to each stratigraphic inter-

val. The defined litho-facies are unlaminated silt and

clay, massive silt, cross-stratified sand and gravel, and

massive gravel facies (Table 1 and Fig. 3). Detailed

descriptions of litho-facies characteristics are included

in the supplemental material (Appendix S1). We used

the distributions of these facies to define stratigraphic

units within each section. We then used the litho-facies

and micropalaeontological results to interpret the broad

depositional setting for each stratigraphic unit. Finally,

we interpreted these long-term trends in environments

in the context of changes in regional base level and corre-

lated these inferred changes to the newly assembled Cas-

pian base level curve (Fig. 2, Forte & Cowgill, 2013).

For a more complete description of Caspian base level

history, the data supporting this reconstruction, driving

mechanisms behind the variations, and an assessment of

the uncertainties, see Forte & Cowgill (2013).

RESULTS: KURABASIN
STRATIGRAPHY

The two new stratigraphic sections, Vashlovani and Sa-

rica, are exposed within the Kura fold-thrust belt along

the northern margin of the Kura Basin in Georgia and

Azerbaijan (Fig. 1b; Table 2). In the following descrip-

tions, positions within the measured sections are given

in metres relative to the base of the section.

Vashlovani

The Vashlovani section is 1475 m thick and is located in

the Vashlovani Nature Reserve in southeastern Georgia

(Figs 1 and 4; Table 2). The section was measured

within the southern portion of the Pantishara Gorge,

which was previously mapped as Meotian-Pontian sedi-

ments unconformably overlain by Akchagyl- and Apsh-

eron-aged strata (Fig. 4, Abdullaev et al., 1957;

Gudjabidze, 2003). We divide this section into three

stratigraphic units, V1, V2 and V3 (Fig. 5). T
a
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Lithostratigraphy and facies

The lower 850 m of the Vashlovani section comprise the

V1 stratigraphic unit and are dominated by interleaving

of 10–50 m-thick intervals of unlaminated silt and clay

facies with 5–10 m-thick packages of cross-stratified sand

and gravel facies and massive silt facies (Fig. 5). Trough

and planar cross-stratification are common in the cross-

stratified sand and gravel facies and some horizons exhibit

limited pebble- to cobble-sized mud-clast conglomerate.

Individual cross-stratified sand and gravel facies intervals

are generally laterally traceable over hundreds of metres,

but vary in thickness and coarseness. Silt content gener-

ally increases up-section, with unlaminated silt and clay

facies intervals dominated by mottled clayey-silt at the

base of the section and silty clay facies towards the top.

Pedogenic carbonate nodules are present within the unla-

minated silt and clay facies between 480 and 640 m

(Fig. 5). The top 100 m of the V1 unit is dominated by

unlaminated silt and clay facies.

The relatively fine-grained V1 interval is overlain by

unit V2, which consists of a 155-m-thick succession of

imbricated, clast-supported cobble to boulder conglomer-

ate classified as massive gravel facies (Fig. 6). With the

exception of sparse lenticular sandy-clay horizons, unit

V2 is completely composed of coarse conglomerate. Both

the lower and upper contacts of this interval are covered

along the line of section. The V2 horizon, however, can

be traced in satellite imagery due to its distinctive dark
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Fig. 3. Field photos highlighting examples of the litho-facies used in this study. (a) View northwest at the top of the Vashlovani sec-

tion at a large package of unlaminated silt and clay facies (SCF) with a several metre thick package of cross-stratified sand gravel facies

(CSGF). The north-dipping thrust represents the end of this section. (b) Contact between massive gravel facies (MGF) and massive

silt facies (MSF) in the Sarica section. Note the lack of any major sedimentary structures in either package except limited graded bed-

ding at the base of the massive gravel facies. (c) and (d) are both examples of cross-stratified sand and gravel facies illustrating the vari-

ability within this facies. Both exhibit cross-stratification, but the sand dominated version of this facies contains abundant centimetre-

scale structures as in (c), where as the coarser grained versions tend to have decimetre to metre scale cross beds as seen in (d). (e) Mas-

sive gravel facies near the base of the Sarica section.

Table 2. Location of measured sections

Section Coordinates of base Coordinates of top

Vashlovani 46.360˚E, 41.214˚N 46.365˚E, 41.237˚N

Sarica 46.951˚E, 41.052˚N 46.953˚E, 41.081˚N

© 2014 The Authors
Basin Research © 2014 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 7

Akchagyl stage boundary in the Kura Basin



brown colour and tendency to form cliffs (Fig. 4a). In the

satellite imagery, the V2 horizon appears to be relatively

continuous over > 5 km, though the outcrop belt is in

places obscured by landslides composed mostly of the

overlying V3 unit. Additionally, in the imagery, continu-

ous strata within V1 appear to truncate against the lower

boundary of the V2 unit (Fig. 4a). The nature of the

upper contact between V2 and V3 is more obscure, but

we consider it conformable based on available evidence.

In the measured section the V3 unit overlies the coarse

succession of unit V2 and comprises ca. 475 m of mixed

unlaminated silt and clay facies, massive silt facies and

cross-stratified sand and gravel facies. Within unit V3, the

unlaminated silt and clay facies deposits are typically

15–30 m thick whereas the massive silt facies deposits

range from 10 to 30 m thick and contain abundant

intervals of cm-scale interlayers of clay and silt. The

cross-stratified sand and gravel facies deposits in this

upper succession are 5–10 m thick and are characterized

by abundant fossil concentrations and planar cross-strati-

fication. Plant material, including leaf impressions and

remains of woody plants, are common within the upper

portions of the finer-grained unlaminated silt and clay

facies deposits. The top of the section is truncated by a

north-dipping, south directed thrust fault (Fig. 3a).

Micropalaeontology

We collected and analysed four biostratigraphic samples

from the Vashlovani section, including sample V-510

from unit V1 and samples V-1040, V-1260 and V-1465

from unit V3 (Figs 5, S1–S4; Appendix S2). Although

unit V1 is characterized primarily by freshwater ostrac-

ods, mostly from the candonidae family, the assemblages

do not constrain the age of this unit because these species

are common in Paratethyan-related sediments from the

Upper Miocene to present (Fig. S1). The three samples

from unit V3 all indicate a change to brackish water con-

ditions, being dominated by the foram Ammonia beccarii
(Linn�e) and various different brackish water ostracod spe-

cies (Figs S2–S4). The presence of Ammonia beccarii
(Linn�e) suggests a salinity similar to the modern day
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Black Sea, which is fresher than the open ocean, with a

mean salinity of 17& in surface waters and up to 23& at

depth (e.g. Boomer et al., 2010). Assemblages similar to

those found in unit V3 are most common in Apsheron-

aged sediments of the Black and Caspian Seas, but the

assemblages do not restrict the depositional age of this

unit to the Apsheron because all of these fauna are present

in older and younger sediments.

Interpreted depositional environments

Unit V1 is 850 m thick and records a predominantly flu-

vial environment with either meandering or anastomosing

river networks. In this setting, unlaminated silt and clay

facies represent flood plain deposition and the isolated

massive silt facies likely record overbank deposits. The

prevalence of soil carbonate concretions within the unla-

minated silt and clay facies indicates that the floodplains

were unoccupied long enough for soil to develop. These

soil carbonates may further suggest a relatively arid envi-

ronment. The cross-stratified sand and gravel facies

deposits are interpreted as mainly channel deposits, con-

sistent with the prevalence of trough cross-stratification.

The lateral continuity of the cross-stratified sand and

gravel facies deposits is consistent with deposition in

meandering or anastomosing channels (e.g. Fielding

et al., 2012). The mud-clast conglomerate intervals likely

record lateral erosion of fine-grained floodplain deposits.

Within the overlying unit V2, the absence of distinctive

sedimentary features makes it difficult to infer details of

the depositional environmental. However, the poor sort-

ing of the conglomerates and lack of intervening sand sug-

gests deposition in an alluvial fan or proximal distributary

channel network (e.g. Nichols & Fisher, 2007; Fielding

et al., 2012). The nature of the lower and upper contacts

of the V2 facies unit with the V1 and V3 units, respec-

tively, were not well constrained in the field. Tracing of

these contacts in Google Earth imagery and the truncation

of beds in V1 against the lower contact of V2, suggests V2

is unconformable with respect to V1 (Fig. 4). The upper

contact between V2 and V3 could also be unconformable

based on the imagery, but this is less conclusive as this

contact is often obscured by landslides formed from V3

material, thus we consider it conformable. The dramati-

cally coarser average grain size in V2 suggests a more

proximal source of sediment delivered across a steeper

landscape, which if the pattern continued up-section

could possibly reflect uplift of the watershed relative to

the location of the measured section. However, the abrupt

facies change represented by Unit V2 is likely more con-

sistent with a temporary increase in sediment supply (e.g.

Allen et al., 2013; Ballato & Strecker, 2013).

The upper V3 unit contains primarily unlaminated silt

and clay facies, massive silt facies, and cross-stratified

sand and gravel facies deposits. This interval was likely

deposited in a fluvial environment, which is supported by

the presence of terrestrial fossils suggestive of sub-aerial

deposition within unlaminated silt and clay facies in this

interval. The generally thicker packages of cross-stratified

sand and gravel facies deposits within unit V3 compared

to unit V1 is most simply explained by an increase in sedi-

ment supply overtime (e.g. Blum & T€ornqvist, 2000;

Allen et al., 2013). The cross-stratified sand and gravel

facies strata within V3 are also predominantly finer

grained and lacking the mud-clast conglomerate seen in

the lower V1 unit, but still contain abundant shell
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Fig. 6. Weighted average of 47 single-grain U-Pb zircons dates from sample V-1240, collected 1240 m above the base of the Vashlo-

vani section. Error bars represent 2-sigma error, which was used to calculate the weighted average. The grey shaded zone represents

the uncertainty on the weighted average. Ages of stage boundaries are from van Baak et al. (2013) as determined in the Lokbatan sec-

tion on the Apsheron peninsular (Fig. 1) and are the same as in Figs. 2 and 10. Maximum depositional age for this sample corresponds

to the depositional hiatus between the Akchagyl and Apsheron periods recognized by van Baak et al. (2013) on the Apsheron
peninsula.
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fragments. The lack of mud-clast conglomerates could

indicate a lower carrying capacity during this time (i.e.

less ability to erode and transport), which could be an

indicator of higher accommodation space with less erosion

of nearby flood plain deposits, or again consistent with

increased sediment input. We favour the latter hypothe-

sis, an increase in sediment input, as this is consistent

with the general coarser nature of unit V3 with respect to

V1. The abundant planar cross-stratification within the

sand of V3 likely records lateral accretion and migration

of channels in a broad flood plain, represented by the fine-

grained material, within a meandering fluvial network

(e.g. Fielding et al., 2012).

U-Pb geochronology

The maximum depositional age of unit V3 is constrained

by the youngest population of detrital zircons from sand-

stone collected 1240 m above the base, near the centre of

unit V3 (Sample V-1240). The weighted mean average

206Pb/238U age from the 47 youngest grains (of 96 total

zircons) yields a maximum depositional age of

2.66 � 0.05 Ma (Fig. 6; Table S1). Additional results

from detrital U-Pb ages of zircons from within the Kura

Basin are discussed in detail by Forte (2012).

Sarica

The Sarica section is 2045 m thick and is located north of

the Adjinour Playa in central Azerbaijan (Figs 1 and 7;

Table 2). The section is located within the backlimb of

the Sarica fold and was previously mapped as exposures

of the Productive Series (Balakhany Suite), Akchagyl and

Apsheron strata (Fig. 7, Ali-Zade, 2005). We divide the

Sarica section into five stratigraphic units denoted S1–S5
(Fig. 8).

Lithostratigraphy

Interbeds of coarse sandstone and pebble to boulder con-

glomerate of the massive gravel facies characterize S1,

which forms the basal 215 m of the Sarica section

(Fig. 8). The succession is composed of a series of 15–
25 m thick, fining upward intervals, starting with basal

scours overlain by conglomerate, which grade upward

into coarse to medium grained sand with isolated pebbles

(e.g. Fig. 3d). Additionally, within unit S1 as a whole,

conglomerate clast size decreases upwards, with cobble to

boulder conglomerate near the base and pebble to cobble-

conglomerate near the top of the succession. Although

most conglomerate strata are clast-supported, some

matrix-supported deposits are present (Fig. 9b). Planar

cross-stratification is common in the coarse sand horizons,

typically defined by strings of pebbles. Two palaeocurrent

estimates within this interval suggest south-southwest

flow (Fig. 8).

The S2 and S3 intervals consist of a 690-m-thick suc-

cession characterized by 50–100-m thick, coarsening-

upward sequences composed of unlaminated silt and clay

facies, massive silt facies, and cross-stratified sand and

gravel facies. The basal 300 m of this succession defines

unit S2 and contains 25–100 m thick intervals of grey

clayey-silt that grade upwards to yellow-buff silty clay

(both classified as unlaminated silt and clay facies) and are

then capped by dark brown to red sand and conglomerate

(classified as cross-stratified sand and gravel and isolated

massive gravel facies). The sand in the S2 interval is

generally coarse, occasionally trough cross-bedded, and
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assignment of facies. Note that the short break in section just above 400 m represents the point where the major jog in the measured

section occurs visible in Fig. 7. This jog occurs along the top of the S2-C horizon marked in Fig. 9.
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contains abundant fossil concentrations and isolated

coquina beds a few centimetres thick. In unit S3, between

525 and 910 m in the section, the thickness of the coarsen-

ing-upward sequences decreases, the percentage of unla-

minated silt and clay facies drops significantly and

deposits are instead dominated by massive silt facies and

cross-stratified sand and gravel facies. The unlaminated

silt and clay facies present are generally fossil rich with

both gastropod and bivalve fauna. The sand within the

cross-stratified sand and gravel facies is generally brownish

grey and massive but contains abundant fossil concentra-

tions and occasional small mud-clasts near the base. One

palaeocurrent estimate (N = 20 measurements) within

this interval indicates southeast-directed flow (Fig. 8).

The upper 1135-m-thick portion of the Sarica section

is defined by units S4 and S5, which are generally much

coarser sediment than the underlying strata. Unit S4 con-

tains primarily cross-stratified sand and gravel facies and

massive gravel facies with very rare horizons of massive

silt facies. Both the sand and conglomerate in this interval

contain few primary sedimentary structures, although this

section is poorly exposed. Strata within S4 are generally

coarse and laterally discontinuous, though the quality of

exposure within the unit precludes detailed analysis of

larger scale stratal geometries. Palaeocurrents within S4

conglomerate are dominated by west-directed flow

(Fig. 8).

The upper 590 m of the section represent unit S5

and are almost exclusively massive gravel facies. Some

internal coarsening-upward sequences are present, with

coarse sand grading up to conglomerate. Conglomerate

packages contain numerous internal scour planes, but

the lithologies and grain sizes on either side of the

scours are typically similar. Some scours are also associ-

ated with elongate, centimetre-scale mud clasts. Three

palaeocurrent estimates within the S4–S5 interval show

west-directed flow near the base that transitions to

more southwest oriented flow up-section (Fig. 8).

Micropalaeontology

We do not have detailed micropalaeontology results from

most of the Sarica section. Two samples collected from

465 m in Unit S2 and 1090 m in unit S4 generally con-

tained highly fragmented shell materials or were other-

wise poorly preserved. The sample from unit S2 did

contain some examples of the foram Ammonia beccarii
(Linn�e), which suggests a palaeosalinity similar to the

modern day Black Sea.

Interpreted depositional environments

Unit S1, consisting of the basal 215 m of the section

dominated by massive gravel facies, is interpreted as a

braided fluvial system (e.g. Fielding et al., 2012). The
series of fining upward intervals within this unit likely

represent migration of channels and bars within a braid

plain. The conglomeratic deposits have scours at their

bases, suggesting erosion into pre-existing bars with

avulsion and channel migration leading to the deposition

of the medium to coarse sand as a new bar is established.

The relatively consistent south- to southwest-directed

palaeocurrent data from both the top and bottom of the

unit are consistent with a south flowing series of braided

channels. Isolated matrix supported, poorly sorted con-

glomerate suggest occasional deposition from debris

flows, indicating that the braid plain was relatively proxi-

mal to a steep slope. This suggests unit S1 was sourced

from the Greater Caucasus Mountains and is consistent

with a high sediment yield during a period of relatively

low base level (e.g. Blum & T€ornqvist, 2000; Allen et al.,
2013).

(a)

Unit S1

Unit S1

Unit S2

Unit S3
S2-A

S2-B
S2-C

S2-D

Unit S3

CSGF

CSGF

MSF

M
SF

Matrix SupportedClast Supported

“Akchagyl Flooding Surface”

Detrital Zircon Sample S-210 
U-Pb: 2.50±0.24  Ma

(b) (c)

Fig. 9. Field photos from the Sarica measured section. (a) View west along the contact between the basal S1 and S2 units that repre-

sents the Akchagyl flooding surface in the interior of the Kura Basin. The horizons labelled S2-A, -B, -C and -D are laterally continu-

ous within unit S2 over several kilometres and are labelled in the measured section (Fig. 8). Location of detrital zircon sample S-210 is

shown along with maximum depositional age (Fig. 10). (b) Example of a matrix-supported interval within unit S1. (c) View northeast

within unit S3 of preserved channel geometries within isolated bodies of cross-stratified sand and gravel facies.

© 2014 The Authors
Basin Research © 2014 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 13

Akchagyl stage boundary in the Kura Basin



The boundary between unit S1 and S2 records a dra-

matic change to a more distal depositional environment,

e.g. a marginal lacustrine to fluvial environment, repre-

sented by the silt and clay facies (Figs 8 and 9a). The

presence of forams indicates that the fine-grained unlami-

nated silt and clay facies deposits record periods of sub-

aqueous deposition in a semi-saline environment, requir-

ing a standing body of water potentially connected to the

Caspian Sea. The sand and conglomeratic horizons may

record either sub-aqueous deposition at the lake margin

as Gilbert-delta deposits, or in a meandering or braided

fluvial setting. However, the lateral continuity of cross-

stratified sand and gravel strata suggests periods of rela-

tive stability in base level, generation of accommodation

space and sediment supply (e.g. Blum & T€ornqvist,
2000). We hypothesize that small, coarse grained Gilbert

deltas are the most likely depositional environment for

this succession given the presence of forams.

The decrease in the abundance of unlaminated silt and

clay facies in the overlying unit S3 suggests that this inter-

val records a more proximal meandering or anastomosing

fluvial network than S2, suggesting progradation between

S2 and S3. The presence of mud rip-up clasts and shell

concentration suggest erosion of surrounding finer-

grained intervals, consistent with a fluvial environment.

Additionally, both in the field and in satellite imagery,

individual cross-stratified sand and gravel facies packages

are not laterally continuous, with some preserving chan-

nel morphologies (Fig. 9c). The massive silt facies are

interpreted to represent overbank and floodplain deposits

with the unlaminated silt and clay facies likely indicating

deposition in a more distal portion of the floodplain. The

unlaminated silt and clay facies in this interval are very

fine grained but lack clear laminations. They are rich in

bivalve and gastropod shells, which is consistent with

floodplain deposits but may also indicate periodic inunda-

tion by a shallow lake.

Taken together, the succession of environments we

interpret for units S1, S2 and S3 may represent flooding

of a relatively high sediment yield fluvial system by base-

level rise followed by deltaic deposition. In this scenario,

the basal S1 unit represents either a fluvial or distal allu-

vial fan and the S1–S2 transition suggests a sudden rise in

base level. A supply of coarse sediment is still available

leading to accumulation of Gilbert-type deltas during the

deposition of S2.

Unit S4 records a renewed influx of coarse sediment

relative to unit S3 (Fig. 8), and likely represents an anas-

tomosing or braided fluvial network. The significance of

the west-directed palaeocurrent measurement in S4 is

unclear. On the basis of the dominance of poorly sorted

coarse conglomerate in unit S5, we interpret this unit as

representing deposition in an alluvial fan or proximal dis-

tributary fluvial network (e.g. Fielding et al., 2012). The
upward coarsening suggests progradation of the fan com-

plex. In general, the transition from deltaic deposition in

unit S3 to the coarse clastic, alluvial fan deposition in S5

requires uplift of the watershed and a proximal source for

the conglomerate, perhaps related to propagation of struc-

tural systems southward into the Kura Basin and Kura

fold-thrust belt (e.g. Forte et al., 2013).

U-Pb geochronology

The maximum depositional age of the base of this succes-

sion is constrained by the youngest population of detrital

zircons from sandstone collected 210 m above the base,

near the top of unit S1 (Sample S-210). The weighted

mean average of four 206Pb/238U ages from the three

youngest grains (one grain was sufficiently large to analyse

twice) yields a maximum depositional age of

2.5 � 0.2 Ma (Fig. 10; Table S1). The three zircons

analysed are part of a population of 100 detrital U-Pb ages

of zircons discussed in detail by Forte (2012).

DISCUSSION

Correlations to regional stagesand Caspian
base level

To correlate the Vashlovani and Sarica sections to each

other and the regional time scale, we use a sequence strati-

graphic approach (e.g. van Hinte, 1978; Steenwinkel,

1990; Van Wagoner & Bertram, 1995) and rely primarily

on apparent changes in base level interpreted from

changes in depositional environments within each section.

It is important to note that our estimates of relative

changes in base level are based on a balance between

accommodation space relative to sediment supply result-

ing in the changes in depositional environment. We do

not have independent evidence of actual water depth

within these sections (e.g. Immenhauser, 2009), thus

these are inferred changes in base level. These inferred

Productive 
Series

Akchagyl

Apsheron

Hiatus in 
Lokbatan

g32

g46 -spot 1

g46 -spot 2 g48

Weighted Mean Age 2.50±0.24  Ma
N = 3 grains, MSWD = 0.84

1.0

1.5

2.0

2.5

3.0

3.5

A
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 (M
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Fig. 10. Weighted average of 4 U-Pb dates from three detrital

zircon grains from sample S-210, collected 210 m above the base

of the Sarica section. All symbols are the same as in Fig. 4. Max-

imum depositional age for this sample corresponds to the depo-

sitional hiatus between the Akchagyl and Apsheron periods

recognized by van Baak et al. (2013) on the Apsheron peninsula.
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base-level changes are then used to correlate the sections

to each other and then ultimately to variations in Caspian

base level and the regional time scale (Forte & Cowgill,

2013). Additional constraint for the presented correlations

also comes from previous mapping efforts (Abdullaev

et al., 1957; Nalivkin, 1976; Gudjabidze, 2003; Ali-Zade,

2005). Although our correlation methodology is largely

similar to a traditional sequence stratigraphic approach

and the Caspian regional stages generally can be charac-

terized in a sequence stratigraphic framework, we do not

formally define sequences and systems tracts. Where pos-

sible, we do use additional temporal constraints from the

available micropalaeontology and U-Pb geochronology of

detrital zircons as described above.

The Sarica and Vashlovani sections have previously

been interpreted as representing the late Miocene through

Pleistocene, with Vashlovani exposing the Meotian-Pon-

tian through Apsheron (Fig. 4) and Sarica exposing Pro-

ductive Series through Apsheron-aged strata (Fig. 7,

Gudjabidze, 2003; Ali-Zade, 2005). Our proposed corre-

lations do not substantially differ from these previous

assignments. In the Sarica section, we correlate the basal

conglomeratic unit, S1, to the Productive Series, and the

abrupt up-section change to finer-grained sediment

within unit S2 as representing the large transgression at

the Productive-Akchagyl stage boundary (Fig. 11). We

favour this correlation because it is both easily explained

with changes in relative base level predicted by the Cas-

pian base level curve and largely consistent with recent

published mapping of this area (e.g. Ali-Zade, 2005) and

our own mapping (Fig. 7). The transition in depositional

environments inferred for units S2 and S3 suggests a fall

in base level, and may suggest S3 is largely correlative to

the lower Apsheron. Units S4 and S5 generally record a

progressive coarsening, which could be interpreted either

in terms of a steady base-level fall or tectonic uplift of the

watershed and increase in sediment supply. We favour a

tectonic explanation because a large-scale and long-term

coarsening-upward succession generally does not corre-

spond to the Caspian base level record. This coarsening-

upward trend precludes any detailed correlation between

these upper packages and the regional stages, because of

the relatively monotonous nature of units S4 and S5, the

absence of clear signatures of changes in base level, and

the absence of any material allowing absolute dating, such

as ash horizons.

The above correlation scheme for the Sarica section is

consistent with more recent work (2005), but is somewhat

at odds with older work from 1957 to 1976. In particular,

the 1 : 500 000 scale geologic map of Azerbaijan

(Ali-Zade, 2005) shows the base of Sarica as exposures of

the Productive Series, specifically the Balakhany suite.

Contrastingly, both the older 1 : 1 000 000 scale regional

map (Nalivkin, 1976) and a 1 : 200 000 scale geologic

map (Abdullaev et al., 1957) show the measured expo-

sures of unit S1 as Akchagyl in age. However, these maps

do illustrate an exposure of the Productive Series due east

of the location of the measured section, within strata that

are correlative with the overlying S2 unit on the basis of

field evidence and satellite imagery (Fig. 7b). Addition-

ally, the lithologic description of the Productive Series

sediments for the 1 : 200 000 scale map is the most con-

sistent with the observations of unit S1. Thus, we hypoth-

esize that this discrepancy may be due to errors in the

location of contacts on the older map series. Our new field

mapping of the area surrounding the Sarica section clari-

fies the location of the Productive Series rocks (Fig. 7a)

and is generally consistent with recent geologic map of

Azerbaijan (Ali-Zade, 2005), though is more detailed in

terms of structures, geomorphic and neotectonic features

and lithologic differences within the Apsheron strata.

The Productive Series is typically presumed to extend

from ca. 5.6 to 3.2 Ma (Fig. 2). Thus, it is essential to

note that correlation of unit S1 to the Productive Series

appears to conflict with the maximum depositional age of

2.5 � 0.2 Ma reported above from the youngest popula-

tion of detrital zircons found in a sample from this unit

(Fig. 10). The most reasonable explanations for this dis-

crepancy are that (1) the Akchagyl transgression was

younger at the more distal location of the Sarica section in

the interior of the Kura Basin than at the Caspian coast,

as expected for a diachronous flooding surface, (2) the

correlation is wrong and unit S1 is not correlative to the

Productive Series or (3) the constraint on the depositional

age of S1 from the detrital zircons is erroneous. The fol-

low section explores these scenarios in more detail and

concludes that the first explanation is the most likely

because it is consistent with pre-existing data and the

population of detrital zircons meets all the criteria for a

statistically significant maximum depositional age.

The Vashlovani section seems to record only first-order

changes in base level. We correlate the basal, fluvially

dominated unit V1 to the Meotian and Pontian regional

stages, conglomeratic unit V2 to the Productive Series,

and fluvial unit V3 to the Akchagyl and Apsheron

(Fig. 11). This is largely consistent with previous maps,

except the prior work shows an unconformity between

the Meotian-Pontian stage and the Akchagyl, with the

Productive Series missing (Fig. 4b, Abdullaev et al.,
1957; Gudjabidze, 2003). Previous descriptions suggest

that the Akchagyl locally contains a basal conglomerate

horizon, but they do not discuss the thickness of this con-

glomerate (e.g. Azizbekov, 1972; Isaneva & Sadngova,

1999). However, the total thickness of the Akchagyl in

this region has been described as not exceeding ca. 200 m

(e.g. Azizbekov, 1972), which would suggest that the ca.
150 m conglomeratic V2 horizon is too large to be a por-

tion of the Akchagyl as previously described. In addition,

based on satellite imagery, unit V2 is unconformable with

respect to the underlying strata and while continuous

within the ca. 5 km area surrounding the measured sec-

tion, this horizon does not appear to continue much

beyond this region (Fig. 4a). Although this deposit could

reflect a palaeo-Kura river (e.g. Isaneva & Sadngova,

1999), we instead favour the interpretation that the con-

glomeratic V2 horizon represents the whole Productive
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Series, representing a period of increased sediment yield

and primarily deposition of coarse material during a low-

stand in Caspian base level, consistent with previous mod-

els of expected responses to low base levels (e.g. Shanley

& McCabe, 1994; Blum & T€ornqvist, 2000). This unit

may thus represent a broad distributary fluvial network
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Fig. 11. Correlations between the Sarica and Vashlovani measured sections and Caspian regional timescale based primarily on varia-

tions in base level inferred from depositional facies. Caspian base level curve used for correlation is modified from Forte & Cowgill

(2013). Maximum depositional ages from the two samples described in the text are shown in their stratigraphic location. Maximum

depositional age for Unit S1 is assumed to be close to the true depositional age of the unit because this maximum depositional age is

younger than the presumed age of the Productive Series. Maximum depositional age for Unit V3 is not useful for constraining the true

depositional age of the unit, and thus not useful for correlation, because the presumed age is younger than that determined from the
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by van Baak et al. (2013). Correlations between the Lokbatan section and regional stages are taken directly from van Baak et al. (2013).
See text for discussion of correlation scheme for Vashlovani and Sarica.
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that existed at this time (e.g. Nichols & Hirst, 1998; Nic-

hols & Fisher, 2007; Fielding et al., 2012). Pairing this

interpretation with preliminary results of provenance

work from a sample within unit V2, which suggests a

source of sediment virtually devoid of lithic clasts (Forte,

2012), portrays an environment with extensive local

reworking of sediment. This local reworking suggests

minimal generation of accommodation space and thus rel-

atively low basin subsidence.

In the overlying V3 unit, there are no significant litho-

logic changes to suggest a transition from the Akchagyl

to the Apsheron (Fig. 11). Although, previous maps

(Abdullaev et al., 1957; Gudjabidze, 2003) place this

boundary roughly coincident with the dated detrital zir-

con sample from the Vashlovani section (Fig. 5), the

map resolution is such that the sample is equally likely

to come from Akchagyl- or Apsheron-aged sediments. If

the sample is from Akchagyl-aged deposits, which are

dated ca. 3.2 to 3.0 Ma in the Lokbatan section (Fig. 2),

then the maximum depositional age of 2.66 � 0.05 Ma

reported above would be anomalously young relative to

the South Caspian chronostratigraphic timescale similar

to the case for unit S1 above. However, if the detrital

zircon sample is from Apsheron-aged deposits, which

are dated to ca. 2.1 to ca. 0.9 Ma (Fig. 2), then it does

not require a change to the time scale, considering that

the detrital zircon age provides only a maximum age for

the timing of deposition. Because of the ambiguity

regarding the location of the Akchagyl-Apsheron stage

boundary within unit V3 in the Vashlovani section, we

have elected to not choose between these competing sce-

narios. The relative increase in coarse sediment between

V1 and V3, which we interpret as a potential increase in

sediment supply, is most simply explained within the

context of initiation of rapid uplift of the Greater Cauca-

sus that began at ca. 5 Ma (e.g. Avdeev & Niemi, 2011).

Implications for the diachroneityof the
Productive Series –Akchagyl Stage
Boundary

The preferred correlation between the stratigraphy of the

northern Kura Basin and the Caspian base level curve

(Fig. 11) implies that the Akchagyl transgression was dia-

chronous and occurred later in the interior of the Kura

Basin than on the margin of the Caspian, ca. 250 km to

the east. Within the Sarica section, the previous mapping,

new U-Pb ages of detrital zircons, and the interpreted

depositional environments are not consistent with the

ages of the Caspian regional stage boundaries determined

in the Lokbatan section. Both previous mapping (Abdul-

laev et al., 1957; Nalivkin, 1976; Ali-Zade, 2005) and our

preferred sequence stratigraphic correlation (Fig. 11)

assign unit S1 in the Sarica section to the Productive Ser-

ies. However, the zircon ages from near the top of the

basal S1 unit indicate a maximum depositional age of

2.5 � 0.2 Ma (Fig. 10), which is too young for the ca.
5.6 to 3.2 Ma age of the Productive Series stage as

determined at Lokbatan, near the Caspian Sea coast

(Figs 2 and 11, van Baak et al., 2013). According to the

dates of regional stage boundaries from Lokbatan, an age

of 2.5 � 0.2 Ma should correspond to a depositional hia-

tus between the Akchagyl and Apsheron stages, however

this hiatus is likely a local effect related to initiation of

deformation in this region (Fig. 2, van Baak et al., 2013).
Even at the maximum limit of the uncertainty in the U-

Pb age (i.e. 2.7 Ma), the sample from S1 is still too young

to have been deposited during the Productive Series as

described at Lokbatan (van Baak et al., 2013). It is impor-

tant to note that such discrepancies are only exacerbated,

if the true depositional age of the dated sample in S1 is

actually younger than the maximum depositional age of

2.5 � 0.2 Ma.

The anomalously young maximum depositional age of

unit S1 is easily reconciled with the ages of stage bound-

aries at Lokbatan if the boundary between the Productive

Series and Akchagyl stages is at least 0.5 Myr younger in

the interior of the Kura Basin than in the Lokbatan sec-

tion to the east. In this case, the transgression that defines

the boundary between the Productive Series and Ak-

chagyl stages reached the interior of the Kura subbasin

later than in the Caspian Basin proper. Differences

between the ages of stage boundaries at Lokbatan and

those from the interior of the Kura Basin are not unex-

pected. The Lokbatan section is ca. 250 km east of the Sa-

rica section. During the deposition of much of the

Productive Series, Lokbatan was located on the palaeo-

Volga Delta, likely on a broad ramp similar to the modern

Volga Delta (e.g. Reynolds et al., 1998; Vincent et al.,
2010). In addition, Lokbatan is now ca. 250 m below the

topographical base of the Sarica section. The relative pal-

aeo-elevations of these two sites are not constrained, but

given the relatively high sedimentation rates recorded in

Lokbatan during accumulation of the Productive Series

(e.g. van Baak, 2010), we hypothesize that subsidence

rates at Lokbatan were higher than at Sarica and thus pos-

sibly an even larger elevation differential existed between

the two locations (Fig. 12a).

Based on the maximum depositional age of unit S1

from the detrital zircons, coarse sediment continued to

accumulate at Sarica during the transition from the upper

Productive Series (Surakhany Suite) to the Akchagyl

Stage that occurred at ca. 3.2 Ma in Lokbatan (van Baak

et al., 2013). These age relationships suggest that Caspian
waters did not reach the interior of the Kura Basin until at

least after ca. 2.7 Ma (using the lower boundary of the

error associated with the U-Pb detrital zircon age) due to

the difference in palaeo-elevation between the two loca-

tions (Fig. 12). This interpretation is consistent with

more general results that indicate basin topography can

cause transgressions to appear later in the interior, higher

elevation portions of subbasins (e.g. Catuneanu et al.,
1998; Liu et al., 1998). We have no constraint for what

subdivision of the Productive Series (typically referred to

as ‘suites’) is represented by the coarse grained material at

the base of the Sarica section, though previous mapping
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indicates that these conglomerates are part of the Balakh-

any Suite (Ali-Zade, 2005). It is possible that the basal

conglomeratic package represented by S1 in Sarica is sim-

ilar to the V2 unit in Vashlovani, namely an interval rep-

resenting the whole of the Productive Series deposition in

the northern Kura Basin, however this interpretation

remains speculative because the base of the Productive

Series is not exposed in the Sarica area.

It is important to note that these results suggesting a

diachronous Akchagyl flooding event are inconsistent

with previous dating of the Kvabebi stratigraphic section

further to the west in Georgia (Fig. 1, e.g. Agust�ı et al.,
2009). The Kvabebi section is a ca. 170 m long siliciclas-

tic, coarsening-upward section also located within the

Kura fold-thrust belt, in a generally similar position

within the Kura basin (e.g. distance from the modern

Greater Caucasus rangefront) as Sarica and Vashlovani.

The base of the Kvabebi section is characterized by a

distinctive dark blue clay horizon that contains mollusks

and ostracods associated with the Akchagyl regional stage

(Agust�ı et al., 2009). The main goal of the study pre-

sented by Agust�ı et al. (2009) was to date a mammalian

faunal site within this finer-grained interval and as such,

the authors do not extensively discuss the correlations to

the regional Caspian stratigraphy. Agust�ı et al. (2009) use
a combination of magnetostratigraphy and Eurasian mam-

malian biostratigraphy to date the lower, ca. 100 m thick,

fine-grained portion of this section that contains the

reported Akchagylian fauna, and find that it spans

between ca. 3.3–2.7 Ma (Agust�ı et al., 2009). Though

based on the data presented by Agust�ı et al. (2009) the
base of the Akchagyl is not exposed, these dates, however,

are more consistent with the age of the Productive Series

– Akchagyl stage boundary as determined in the Lokbatan

section. This is problematic because our model would

predict that sections further to the west and in the same
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Fig. 12. Schematic cross section through the Kura and South Caspian Basins during transition from Productive Series to Akchagyl.

(a) During the deposition of the Productive Series, base level was generally low and restricted to the deep part of the South Caspian

basin. The Lokbatan section, from which the constraint for the regional time scale is derived, was deposited in the Volga Delta at a pal-

aeo-elevation likely significantly below the Sarica section. Deposition in the interior of the Kura Basin was likely facilitated by local

subsidence related to the growth of the Greater Caucasus. (b) During the latter half of the Productive Series (Sabunchi and Surakhani

Suites) base level within the Caspian began to slowly rise and Lokbatan was submerged (projection of delta beneath water not shown).

As Caspian base level rose and the Volga delta migrated north (as indicated by the circled x). (c) The Akchagyl transgression began in

the South Caspian Basin at ca. 3.2 Ma and was marked by a rise in base level and a potential connection to the global ocean or Mediter-

ranean, indicated by a change to darker blue water in the cartoon, which contributed to the distinctive microfauna which defines the

stage biostratigraphically (e.g. Zubakov, 2001; Popov et al., 2006). The rise in base level also began the process of filling in the canyon
carved into the Kura Basin during the Productive Series (e.g. Kroonenberg et al., 2005). (d) As the Akchagyl transgression continued,
Caspian base level eventually increased sufficiently to reach the Sarica section and end deposition of the facies which define the Pro-

ductive Series in this location sometime after ca. 2.7 Ma (based on the lower bound of the maximum depositional age).
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general basin location (e.g. Kvabebi) would exhibit a simi-

lar diachroneity in the Productive Series – Akchagyl

boundary as documented in Sarica.

Although our preferred interpretation is that the Ak-

chagyl flooding surface is diachronous, as noted above,

two alternative explanations for the anomalously young

depositional age for unit S1 at Sarica can be posited. The

first is that correlations of S1 to the Productive Series and

S2 to the Akchagyl are incorrect. This is a tenable alterna-

tive, especially given that we do not have detailed bio-

stratigraphic results for the Sarica section and the

apparent inconsistency with the Kvabebi results. A rapid

local increase in subsidence, local damming of rivers by

growth of folds to the south of the Sarica area, or a sudden

decrease in the availability and/or transport of coarse sed-

iment could cause an apparent base-level rise, leading to

the abrupt transition between the conglomerate and

coarse sands of unit S1 and the clays and silts at the base

of S2. However, there is no clear evidence for any of these

processes and thus a large increase in Caspian base level

associated with the Akchagyl transgression remains the

simplest explanation for these particular observations at

present.

Another possibility is that units S1 and S2 do correlate

to the Productive Series and Akchagyl, respectively, but

that the maximum depositional age constrained from the

U-Pb ages of detrital zircons from sample S-210 is erro-

neous. The use of detrital zircon U-Pb geochronology to

constrain maximum depositional age can be problematic,

however, problems with this method mostly relate to the

probability that the youngest grains will not be present in

a given sample (e.g. Andersen, 2005). This is not of par-

ticular concern in this case, because even if a significant

population of zircon grains younger than 2.5 � 0.2 Ma

was missed, the implication would be the same and

instead imply an even larger diachroneity in the Produc-

tive Series – Akchagyl stage boundary. An additional rele-
vant concern with detrital zircon geochronologic datasets

is the statistical significance of a particular group of ages

(e.g. Vermeesch, 2004; Andersen, 2005; Gehrels, 2012).

Although there is some disagreement on the number of

dated grains required to accurately constrain all of the age

populations within a detrital zircon population, 100

grains, the number analysed in sample S-210 (Forte,

2012), is typically considered the standard for a robust,

initial analysis (e.g. Gehrels, 2012). With a total popula-

tion size of 100 grains, the three youngest grains from

S-210 do define a statistically significant age population

and there are no apparent reasons to exclude these

analyses based on standard data filtering procedures (e.g.

Gehrels et al., 2008). In addition, the presence of these

particular aged young zircons is not surprising, given that

the youngest age population from S-210 overlaps in error

with the extremely large (defined by 47 of 96 grains)

youngest age peak of 2.66 � 0.05 Ma in sample V-1240

(Fig. 6), indicating that there was a source terrain con-

tributing sediment to the northern Kura Basin containing

zircons with ages between 2.7 and 2.5 Ma.

If our preferred correlations of the lower parts of the Sa-

rica section and maximum depositional age for unit S1 are

correct, then it follows that the Akchagyl transgression was

much more diachronous than previously suggested, at least

as recorded in the area near Sarica. This result implies that

the absolute ages of units mapped as Productive Series or

Akchagyl in the interior Kura Basin have the potential to

be in the order of 0.5 Myr younger than units similarly

mapped near the Caspian Sea, which has important impli-

cations for the structural history of the Kura fold-thrust

belt, considering that unconformities have been used to

bracket the initiation age of structures (e.g. Forte et al.,
2010), which we discuss in the following section.

Using 3.2 and 2.7 Ma as the beginning of the Akchagyl

in the Lokbatan and Sarica sections, respectively, and the

current elevations of the bases of these sections implies a

ca. 0.5 mm yr�1 rate of base-level rise, in the orders of

magnitude smaller than the ca. 10 cm yr�1 rate of Cas-

pian Sea level change observed during the Holocene (e.g.

Karpytchiev, 1993; Kroonenberg et al., 1997; Rychagov,
1997; Sedletskii & Baikov, 1997; Li et al., 2004; Kozhev-

nikova & Shveikina, 2008; Rumyantsev et al., 2008). This
is also an overestimation of the rate of base-level change

because the Lokbatan section was already inundated prior

to the initiation of the Akchagyl stage (Fig. 12, van Baak

et al., 2013). However, in addition to the poorly con-

strained palaeo-elevations of these two locations, it is

important to consider that by the time the interior of the

Kura Basin was flooded with Caspian waters during the

Akchagyl, very large increases in the total volume of the

Caspian Sea would have been required to continue base-

level rise, due to the large areal extent of the Caspian Sea

during the peak of the Akchagyl stage (Fig. 1a).

Although the current lack of palaeo-elevations for

the Sarica and Lokbatan sites make the previous analy-

sis of base-level rise rate likely erroneous, we are able

to estimate a rate of shoreline advance with slightly

more confidence. Regional and local investigations of

the tectonics of the eastern Greater Caucasus and Kura

fold-thrust belt show no clear evidence of significant

strike-slip structures capable of translating Sarica or

Lokbatan in an east-west direction (e.g. Jackson et al.,
2002; Allen et al., 2003; Forte et al., 2010), thus the

distance currently between the two sites has likely not

changed significantly. Again using 3.2 and 2.7 Ma as

the initiation of the Akchagyl stage in Lokbatan and

Sarica, respectively, and an approximate distance of

250 km between the two sites, yields a rate of ca.
5 m yr�1. This estimate is again, however, is likely an

overestimate because the Lokbatan section was already

inundated at the beginning of the Akchagyl.

At present, there is also not abundant evidence for a

shift in the location of the depocentre from the South

Caspian to the Kura basin during the Akchagyl transgres-

sion, as has been observed in other sub- and main basin

pairs (e.g. Munteanu et al., 2012). As noted earlier, there

is a depositional hiatus observed between the Akchagyl

and Apsheron stages in the Lokbatan section, which
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would be consistent with a shift in depocentre location,

but coincidence of this hiatus with an angular unconfor-

mity in the field points to a structural, rather than strati-

graphic, explanation (van Baak et al., 2013). However, it

remains possible depocentre migration and sediment star-

vation in the South Caspian during the latter half of the

Akchagyl stage may have, at least in part, contributed to

this hiatus, but this remains speculative.

Finally, these results serve to further highlight poten-

tial problems stemming from inconsistent definition of

the Akchagyl in either sequence or biostratigraphic terms,

which is more thoroughly discussed by van Baak et al.
(2013) and Forte & Cowgill (2013). For the Sarica section,

we have defined the Akchagyl in a sequence stratigraphic

sense, consistent with prior work (e.g. Abreu & Nummed-

al, 2007; Green et al., 2009), whereas in the Lokbatan and

Kvabebi sections, the Akchagyl is defined biostratigraphi-

cally (Agust�ı et al., 2009; van Baak et al., 2013), also con-
sistent with prior work (e.g. Zubakov, 1992; Jones &

Simmons, 1996). The extent to which this hybrid defini-

tion contributes to the potential diachroneity remains

unclear, but it introduces additional uncertainty into the

results.

It is however important to emphasize that these results

are based on a reconnaissance scale dataset and that signif-

icant inconsistencies remain to be fully explained (e.g. the

disagreement between the Kvabebi and Sarica sections).

The results nonetheless strongly highlight the necessity

of establishing local time scales in multiple locations

within systems of interconnected basins, as previously

suggested by prior work in the Paratethyan region (Vasi-

liev et al., 2004; Krijgsman et al., 2010; van Baak et al.,
2013) and more general results from basin and subbasin

pairs (Brown et al., 2005). It is indeed possible that the

disparity between the previous results from Kvabebi to

those presented here for Sarica may be the product of

extremely local effects, a hypothesis that can only be

tested with continued, rigorous dating of sections within

the Kura-Caspian system.

Our results do not directly suggest that other Caspian

regional stage boundaries besides the Productive Series –
Akchagyl are diachronous, but it reasonable that other

stage boundaries could be similarly diachronous between

the interior of the Kura Basin and the margins of the

South Caspian Basin. Because the Caspian regional stages

are dually defined biostratigraphically and in terms of

changes in Caspian base level, from a sequence strati-

graphic perspective, the stage boundary in any location is

commonly a potentially highly diachronous sequence

boundary or flooding surface (e.g. Mancini & Tew, 1997;

Strong & Paola, 2008; Bhattacharya, 2011).

Implications for theTectonic Evolutionof the
Greater Caucasus System

The new age constraints for the Productive Series-Ak-

chagyl stage boundary also have implications for the pro-

posed tectonic evolution of the eastern Greater Caucasus.

Recent work suggests that during the Plio-Pleistocene,

accommodation of active shortening within the eastern

Greater Caucasus system shifted southward from the

main range into the foreland, forming the Kura fold-

thrust belt, within which the Vashlovani and Sarica sec-

tions are exposed (Fig 1., Forte et al., 2010, 2013). The
initiation ages for the Kura fold-thrust belt structures and

similar structures offshore in the South Caspian Basin,

and thus the timing of the structural reorganization

within the Greater Caucasus system, has primarily been

determined by assessing whether particular units were

deposited syn- or pretectonically (e.g. Devlin et al., 1999;
Forte et al., 2010, 2013). In detail, Forte et al. (2010)
used the observation that based on previous mapping, Ak-

chagyl-aged strata in the western portion of the Kura

fold-thrust belt appeared to be deposited syn-tectonically,

whereas in the eastern portion of the fold-thrust belt they

were likely deposited pretectonically, to argue for an east-

ward propagation of the fold-thrust belt through time.

However, the results of this work, implying a westward

younging of the Productive Series – Akchagyl stage

boundary, suggest that this along-strike change in the

pre- or syntectonic nature of the Akchagyl strata may be

consistent with nearly synchronous along-strike initiation

of the Kura fold-thrust belt, or at least, a less diachronous

initiation of deformation along strike than originally sug-

gested by Forte et al. (2010).
In addition, though not as striking as the changes in

depositional environment driven by variations in Caspian

base level, both the Sarica and Vashlovani sections record

a general coarsening upwards seemingly independent of

any trend in base level. We interpret this coarsening

upwards to be caused by an increase in sediment input

into these regions and likely increased gradients (i.e.

relief) facilitating the transport of coarser material into

the Kura Basin. The simplest explanation is that this

increase in sediment input into the foreland is related to

the growth of the Greater Caucasus Mountains, consis-

tent with models and examples of stratigraphic responses

to growing orogens (e.g. Burbank et al., 1988; Heller

et al., 1988; Brozovic & Burbank, 2000; Allen et al.,
2013). However, clearly attributing this trend to a tectonic

explanation requires detailed understanding of both the

deformational and climatic history of the region (e.g. Bal-

lato & Strecker, 2013). For example, a potentially impor-

tant additional consideration is the role of alpine style

glaciation in the Greater Caucasus, which began as earlier

as ca. 3 Ma and continued throughout the Plio-Pleisto-

cene (e.g. Milanovsky, 2000, 2008; Gobejishvili et al.,
2011), in influencing the sediment flux into the foreland.

Similarly, the extent to which the large base-level drop

during deposition of the Productive Series increased inci-

sion as previously suggested (e.g. Kvasov, 1964) and thus

drove increased sediment input into the Kura basin also

remains unclear. Unfortunately, the late Cenozoic defor-

mation within the interior of the Greater Caucasus, abso-

lute initiation age of structures within this portion of the

Kura fold-thrust belt, and potential changes in regional
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palaeo-climate all remain enigmatic, making detailed

analysis of patterns within the stratigraphic record diffi-

cult at this time.

Implications for Stratigraphic Records in
Subbasins

In general, our results suggest a potential for significant

diachroneity, in the order of 0.5 Myrs, between stage

boundary ages as measured in the interior of subbasins

and main basins. It is unclear the extent to which the rela-

tive magnitude of this diachroneity depends on whether

the sub- and main basin pair is internally or externally

drained. However, we hypothesize that large, internally

drained basins, like the Caspian, have the potential for

much larger magnitudes of diachroneity in stage bound-

aries, similar to what we document here, because they

have the potential for larger magnitudes of base-level

change than basins whose base level is set by eustatic sea

level (e.g. Fig. 2).

The potential for diachronous stage boundaries in

internally drained subbasins also has implications for

using the stratigraphic record to interpret structural or

tectonic evolution of regions. Although internally drained

basins can develop for many reasons, their formation is

commonly mediated by structural controls (e.g. Carroll

et al., 2010) and thus many foreland basins experience

periods of internal drainage. Similar to the case in the

Kura basin and fold-thrust belt, unit or stage boundaries

across which foreland strata are deposited pre- or syntec-

tonically represents crucial constraints on the timing of

deformation and initiation of structures (e.g. Burbank,

1983; Horton et al., 2002; Casas-Sainz et al., 2005). Sig-
nificant diachroneity in these important stratigraphic

boundaries in different regions of a foreland basin,

depending on proximity to the main depocentre, thus has

implications for understanding the relations between dif-

ferent structures, as we have suggested for the Kura fold-

thrust belt. In detail, the scale of the observations and

timeframe involved is of course crucial. For the Kura

fold-thrust belt, because all of the structures are likely

Plio-Pleistocene in age (Forte et al., 2010, 2013), a diach-
roneity of a key stage boundary in the order of 0.5 Myrs is

relevant, whereas with lower resolution and more pro-

tracted histories of fold-thrust belt formation, a diachro-

neity of this scale may not be important or recognizable.

If diachroneity of stage boundaries are more extreme in

subbasins, then identifying whether a stratigraphic record

was deposited in a sub- or main basin is important for

interpreting these boundaries. While recognizing whether

particular stratigraphic packages were deposited in a sub-

or main basin environment is trivial in modern settings or

with extensive subsurface data, this is not always the case

in older stratigraphic environments. The example from

the Kura and South Caspian basins suggest that extreme

diversity in accumulation rates across a single unit may be

diagnostic for recognizing sub- and main basins in the

stratigraphic record. In this example, Productive Series

strata in the South Caspian Basin are estimated to be

6 km thick (e.g. Allen et al., 2002), which paired with a

duration of 2.4 Myr for the Productive Series from the

Lokbatan section (Fig. 2) suggests an average accumula-

tion rate, not accounting for compaction, of ca.
250 cm kyr�1. In contrast, based on our correlations, the

Productive Series is ca. 150 m thick in Vashlovani and a

minimum of ca. 210 m thick in Sarica. Using the duration

of Productive Series deposition in Lokbatan yields accu-

mulation rates ca. 6 and ca. 9 cm kyr�1 for Vashlovani

and Sarica respectively. Considering the proposed

extended duration of the Productive Series, we present

here for the interior of the Kura Basin and using 2.7 Ma

as the end of the Productive Series, lowers these accumu-

lation rates to 5 and ca. 7 cm kyr�1 respectively. Even

without the shorter duration of the Productive Series in

the interior of the Kura Basin, the accumulation rates in

the subbasin environment vs. the main basin are two

orders of magnitude lower.

Contrasting this with comparisons between the thick-

ness of the Akchagyl in the Kura and South Caspian

basins suggests a much less apparent variation between

these two locations. In the South Caspian basin, the Ak-

chagyl is estimated to be 450 m thick (Allen et al., 2002).
This is comparable to the ca. 250 m of Akchagyl present

at Vashlovani, using the base of unit V3 and the approxi-

mate location of the Akchagyl-Apsheron contact within

unit V3 from Abdullaev et al., (1957), and the ca. 300 m

of Akchagyl at Sarica. Calculating accumulation rates for

the Akchagyl is problematic as the age of the Akchagyl–
Apsheron contact remains unclear (e.g. van Baak et al.,
2013), but the similarity of the thicknesses between the

South Caspian and Kura basins suggests a relative simi-

larity in accumulation rates. Importantly, the Productive

Series represents deposition during a low-stand in the

Caspian system whereas the Akchagyl was deposited dur-

ing a high-stand, suggesting that for the purposes of iden-

tifying which portions of a stratigraphic section were

deposited in a sub- vs. main basin, low-stand deposits

may be more useful. Importantly though, these results

may be influenced by the sparseness of this dataset and

higher resolution studies utilizing seismic data across sub-

and main basin pairs document extremely complicated

and spatially variable patterns of deposition and nondepo-

sition during low-stands (e.g. Munteanu et al., 2012).

CONCLUSIONS

Our new stratigraphic results within the interior of the

Kura Basin indicates that in detail, the Akchagyl trans-

gression was likely a diachronous event with Akchagyl

strata appearing at minimum 0.5 Myr later in the western

Kura Basin than in the South Caspian Basin. This high-

lights the potential for significant local diachroneity in the

age of regional stage boundaries between subbasins and

main basins and the necessity of establishing local time

scales in various parts of sub- and main basin pairs.
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Regionally, the diachroneity of the Akchagyl transgres-

sion has important implications for the tectonic history of

the region, because the Akchagyl sediments are a distinc-

tive marker horizon and have previously been used to

constrain the initiation age of Plio-Pleistocene structures

within the Kura fold-thrust belt (e.g. Forte et al., 2010).
These results call into question the degree to which this

fold-thrust belt records an eastward propagation. Future

work should focus on more detailed, local chronologies of

key strata to better constrain potential along-strike pat-

terns in initiation ages to further evaluate the hypothesis

of an eastward propagating Kura fold-thrust belt. The

example of the Kura and South Caspian basins represent

an interesting analogue for studying the interplay of tec-

tonics and climatically mediated base level in a sub- and

main basin pair. Preliminary results suggest that high spa-

tial variability in low-stand deposits, as exemplified by the

Productive Series in this region, may be evidence of the

existence of sub and main basins in older stratigraphic

records where the first-order basin geometry is not as

clear as in modern examples or in areas with extensive

subsurface data.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Facies associations.

Appendix S2.Micropalaeontology results

Figure S1. 1–3. Candoniella formosa (Livental); 1, 2.

LV, external lateral view; 3. RV., internal view; 4. Cando-
na albicans (Brady) (possible to be considered now as juve-

nile of Pseudocandona sp.), RV, external lateral view; 5, 7.
Caspiocypris ex. gr. filona (Livental), juveniles, all RV.,

external lateral view; 8. Eucypris sp., lateral view of frag-

mented shells, possible juvenile of Eucypris crassa M€uller;
9. Ilyocypris sp., fragmented shell.

Figure S2. 1–4. Ammonia beccarii (Linn�e); 5, 6.Milioli-
na sp.; 7–13. Cyprideis torosa (Jones); 7,8. RV, external lat-
eral view; 9. Carapace, lateral view from the RV; 10. LV,

external lateral view; 11, 12. RV, external lateral view,

juveniles; 13. Carapace, dorsal view; 14, 15. Limnocythere
ex. gr. alveolata Suzin, RV. lateral external view; 16. Ilyo-
cypris bradyi Sars, LV, external lateral view; 17. Candona
sp., possible juvenile of Candona neglecta Sars, RV, exter-
nal lateral view; 18, 19.Hydrobia syrmicaNeumayr.

Figure S3. 1–4.Ammonia beccarii (Linn�e); 5–9.Cyprideis
torosa (Jones); 5, 6.LV, lateral external view; 7.RV, external
lateral view, male; 8, 9. RV, external lateral view, females;

10–14. Loxoconcha laevatula Livental; 10,11. RV, lateral

external view, males; 12, 13. RV, lateral external view,

femals; 14, RV, internal view, female; 15, 16. Amnicythere
gubkini Livental; 15. LV, external lateral view; 16. RV,
external lateral view; 17, 18.Hydrobia syrmicaNeumayr.

Figure S4. 1–7. Cyprideis torosa (Jones), with smooth

shell, forma littoralis; 1. LV, external lateral view, male; 2.

RV, external lateral view, male; 3, 5. Carapace, lateral

view from the RV, female; 4. LV, external lateral view,

female; 6. LV, internal view, female; 7. Crapace, dorsal

view; 8–15. Loxoconcha eichwaldi Livental var. tuberculata;
8. LV, external lateral view, male; 9. RV, external lateral

view, male; 10. Carapace, lateral view from RV, male; 11.

LV, external lateral view, female; 12. Carapace, lateral

view from RV, female; 13. LV, internal view, female; 14.

Carapace, dorsal view, female; 15. Carapace, ventral view,

female; 16–21. Loxoconcha petasus Livental; 16. LV, exter-
nal lateral view, male; 17, 18. RV, external lateral view,

male; 19. LV, extenal lateral view, female; 20. RV, exter-

nal alteral view, female; 21. RV, internal view, male; 22–
25. Loxoconcha ex. gr. eichwaldi Livental; 22. LV, external
lateral view, male; 23. RV, external lateral view, male; 24.

LV, external lateral view, female; 25. RV, external lateral

view, female; 26–31. Amnicythere ex. gr. gubkini Livental;
26, 28. LV, external lateral view; 27. RV, external lateral

view; 29. Carapace, view from the RV; 30. Carapace, dor-

sal view; 31, Carapace, ventral view; 32, 33. Candona ex.

gr. angulata G. W. M€uller; 32. Carapace, lateral view
from the LV, male; 33. Carapace, lateral view from the

RV, male; 34, 35.Hydrobia ex. gr syrmicaNeumayr.

Table S1.U-Pb geochronologic analyses.
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Appendix S1 - Facies Associations 

S1.1. Unlaminated Silt and Clay Facies 

 Unlaminated silt and clay facies is also predominantly fine grained with greater 

than 10% silt intermixed with clay. Two dominant lithologies are present within the 

unlaminated silt and clay facies, clayey-silt (defined as between 10 and 50% silt) and 

silty-clay (defined as between 50% and 90% silt). Fresh surfaces of clayey-silts 

commonly have a tan-grey mottled color, whereas silty clays are a more uniform tan to 

buff color. Both are typically unlaminated and relatively homogenous, but in some cases, 

the silty-clays consist of mm-scale interbeds of silts and clays. Both macro- and micro-

fauna are common in unlaminated silt and clay facies with mixtures of whole and 

fragmented skeletal grains, derived predominantly from bivalves and gastropods. Rare 

burrows are preserved. Fossil plant material is common, including leaf impressions and 

sections of semi-petrified wood ranging in size from a few millimeters to several 

centimeters long. Particular horizons composed of unlaminated silt and clay facies also 

contain abundant coal seams, coal roots in life position, and branches and fragments of 

coal. Preserved soil carbonate crusts and rhizoliths are also present in some unlaminated 

silt and clay facies and some strata preserve mud cracks. The unlaminated silt and clay 

facies contains abundant evidence for periodic subaerial exposure. The typical lack of 

lamination suggests extensive bioturbation, also consistent with the general abundance of 

macro fauna found in these deposits.  The predominance of fossil assemblages in 

unlaminated silt and clay facies and the lack of these fauna in fluvial dominated facies 

described below suggest that unlaminated silt and clay facies likely accumulated in 



shallow ephemeral ponds or lakes, however they could represent distal overbank and 

floodplain deposits. 

S1.2. Massive Silt Facies 

 The massive silt facies consists predominantly of silts and fine sand that may 

grade into clay and silty-clay. Massive silt facies commonly contains centimeter scale 

interbedding of laminated siltstones and more clay-rich horizons. The rest of the massive 

silt facies lacks sedimentary structures.  Fossils are rare to absent. The massive silt facies 

under- or overlies coarser sand or conglomeratic facies. Massive silt facies is interpreted 

as being deposited on the floodplain of fluvial systems, relatively proximal to river 

channels. 

S1.3. Cross-stratified Sand and Gravel Facies 

 Cross-stratified sand and gravel facies are mostly composed of sands with isolated 

conglomerates. Cross-stratified sands and gravel facies commonly have erosive, scoured 

contacts with underlying strata and are normally graded with pebble-conglomerates or 

coarse sands grading upwards to fine sands and silts. In contrast, a small percentage of 

cross-stratified sands and gravel facies have conformable contacts at their base with 

relatively fine grained sand grading to coarser sand at the center of the deposit and then 

normal grading upwards, back to fine grained sand at their tops. Most cross-stratified 

sands and gravel facies are laterally continuous for at least several hundred meters, but 

commonly display thickness variations along strike. Rarely, cross-stratified sands and 

gravel facies occur as isolated meter-thick and 2-5 meter-wide deposits with preserved 

channel morphology.  



The most common sedimentary features within cross-stratified sands and gravel 

facies are trough cross bedding, planar cross-stratification, and lenses of fossil 

concentrations. The trough cross bedding is usually sub-meter to meter scale, with 

individual troughs defined by grain size variations such as strings of pebbles within 

coarse-grained sandstone. Spacing between sets of planar cross-stratification is usually on 

the sub-meter scale, but in isolated locations occurs on a meter-scale. Fossil 

concentrations within the cross-stratified sands and gravel facies occur as several 

centimeter-thick graded beds, with the size of fragmented fossil pieces relatively uniform 

throughout but with a higher concentration of shells near the base. The fossil 

concentrations also commonly have an overall wavy morphology with wavelengths of 

several centimeters and wave heights of centimeter to millimeters. Intact fossils are rare 

within cross-stratified sands and gravel facies deposits, but where they do occur, they are 

typically larger grains such as mammalian bones or large pieces of petrified wood. In 

some locations, cross-stratified sands and gravel facies contain abundant mud-clast 

conglomerates. The mud-clasts range in size from pebbles to cobbles and are typically 

rounded to ellipsoid in shape. These mud-clasts commonly occur together with the meter 

scale planar cross-stratification, with strings of mud-clasts defining cross-stratification 

planes. Some cross-stratified sands and gravel facies deposits are devoid of any of these 

features and instead are massive sands with no internal sedimentary features.  

Cross-stratified sands and gravel facies deposits are generally interpreted as 

fluvial channels, likely in meandering rivers or in a network of anastomosing or braided 

streams. Many of the sand and conglomerate bodies are extremely laterally continuous 

with only minimal change in thickness along their length suggestive of migration of 



broad, shallow channels. Other cross-stratified sands and gravel facies deposits have clear 

channel morphologies, more consistent with channels abandoned during avulsion events 

in braided streams. We do not distinguish between meandering and braided fluvial facies 

because lack of exposure precluded lateral tracing of many of the deposits classified as 

cross-stratified sands and gravel facies, making the division between meandering and 

braided environments difficult. 

S1.4. Massive Gravel Facies 

 The massive gravel facies is composed almost exclusively of conglomerate that 

locally contains isolated sand bodies. These deposits almost always have scoured bases, 

sometimes with upwards of a meter of relief over a few meters in along-strike distance. 

Most conglomerates are clast-supported, but isolated strata are matrix-supported. Clast 

sizes range from pebbles to boulders and are often poorly sorted. Clasts are typically, but 

not always, imbricated. Large packages of massive gravel facies contain isolated 

lenticular sand bodies, usually tens of centimeters in thickness and one to several meters 

in length. Massive gravel facies can also contain mud clasts near erosive bases, but unlike 

in the cross-stratified sands and gravel facies, these mud clasts typically have a very high 

axial-ratio and are generally millimeter to centimeter scale. Massive gravel facies also 

can contain meter-scale intervals of coarse sand horizons with occasional pebbles 

defining planar cross-stratification. Massive gravel facies are not typically graded (with 

some exceptions) and typically do not preserve channel geometries. Massive gravel facies 

are interpreted as being deposited in either braided fluvial systems or within alluvial fans. 

The matrix-supported horizons are likely debris flows deposits, more common in alluvial 



fan settings, but otherwise distinguishing between braided fluvial and alluvial fan 

environments is difficult in this setting. 



Appendix S2 – Micropaleontology Results 1 
Here we present detailed descriptions of the assemblages from the Vashlovani section.  2 

S2.1. Vashlovani 3 

S2.1.1. Sample V-510 (Figure S1) 4 
The sample contains only fresh water ostracods dominated by small sized candonidae 5 
species Candoniella formosa (Livental), now considered more likely as a juvenile of 6 
Candona neglecta, Candona albicans (Brady), possible also a juvenile of Pseudocandona 7 
sp., fragmented shells of Eucypris crassa Müller) and Ilyocypris sp., as well as a few 8 
juveniles of Caspiocypris ex. gr. filona (Livental). This ostracod assemblage suggests a 9 
fresh water environment. The age is difficult to define, because they are recorded in fresh 10 
water sediments from Upper Miocene of Paratethys and still alive in today fresh water 11 
lakes.  Similar forms have been describes in Pleistocene (Apsheronian) sediments from 12 
Caspian and Black Sea areas as well from the “Productive Series” of Azerbaijan. 13 
(Agalarova et al., 1961; Schornikov, 1964; Gofman, 1966; Vekua, 1975; Yassini, 1986; 14 
van Baak et al., 2013).  15 

S2.1.2. Sample V-1040 (Figure S2) 16 
The sample contains brackish water foraminifers and ostracods. The foraminifera 17 
assemblage is dominated by Ammonia beccarii (Linné) associated with rare specimens of 18 
Miliolina sp. Ostracods are represented especially by Cyprideis torosa (Jones) together 19 
with few specimens of Limnocythere ex. gr. alveolata Suzin, Ilyocypris bradyi Sars and 20 
Candona sp. Microgastropod shells of Hydrobia syrmica Neumayr are also common in 21 
this sample. As a whole, the assemblage strongly indicates a brackish water environment. 22 
Similar microfauna assemblages are found in Lower Pleistocene (Apsheron) age 23 
sediments in both the Black Sea and Caspian Seas. 24 

S2.1.3. Sample V-1260 (Figure S3) 25 
The microfauna in this sample is dominated by Ammonia beccarii (Linné) and brackish 26 
water ostracods such as Cyprideis torosa (Jones), Loxoconcha  laevatula Livental,  27 
Amnicythere  pediformis (Schornikov) as well the brackish water microgastropod 28 
Hydrobia syrmica Neumayr. These faunal assemblages are common in Lower 29 
Pleistocene (Apsheron) in both the Black and Caspian Seas. 30 

S2.1.4. Sample V-1465 (Figure S4) 31 
This sample is very rich in well preserved brackish ostracod fauna dominated by 32 
Cyprideis torosa (Jones), with smooth shells, forma littoralis. This species is asociated 33 
with Loxoconchidae species Loxoconcha  eichwaldi Livental,  L.  eichwaldi Livental var. 34 
tuberculata, L. petasus Livental and rare candonids like Candona ex. gr. angulata G. W. 35 
Müller. Hydrobiidae gastropods represented by Hydrobia ex. gr. syrmica Neumayr are 36 
also common as well some juvenile brackish water bivalves. These microfauna suggests a 37 
shallow brackish water environment, but the absence of foraminifers suggests that the 38 
water salinity was lower than in samples V-1040 and V-1260. These ostracod 39 



associations were common during the Upper Pliocene to Pleistocene (Akchagyl to 40 
Apsheron) sediments from the Black and Caspian Seas. 41 
 42 

Figure Captions 43 

Figure S1 44 
1-3. Candoniella formosa (Livental); 1, 2. LV, external lateral view; 3. RV., internal 45 
view; 4. Candona albicans (Brady) (possible to be considered now as juvenile of 46 
Pseudocandona sp.), RV, external lateral view; 5, 7. Caspiocypris ex. gr. filona 47 
(Livental), juveniles, all RV., external lateral view; 8. Eucypris sp., lateral view of 48 
fragmented shells, possible juvenile of Eucypris crassa Müller; 9. Ilyocypris sp., 49 
fragmented shell. 50 

Figure S2 51 
1-4. Ammonia beccarii (Linné); 5, 6. Miliolina sp.; 7-13. Cyprideis torosa (Jones); 7,8. 52 
RV, external lateral view; 9. Carapace, lateral view from the RV; 10. LV, external lateral 53 
view; 11, 12. RV, external lateral view, juveniles; 13. Carapace, dorsal view; 14. 15. 54 
Limnocythere ex. gr. alveolata Suzin, RV. lateral external view; 16. Ilyocypris bradyi 55 
Sars, LV, external lateral view; 17. Candona sp., possible juvenile of Candona neglecta 56 
Sars, RV, external lateral view;  18, 19. Hydrobia syrmica Neumayr. 57 

Figure S3 58 
1-4. Ammonia beccarii (Linné); 5-9. Cyprideis torosa (Jones); 5, 6. LV, lateral external 59 
view; 7. RV, external lateral view, male; 8, 9. RV, external lateral view, females; 10-14. 60 
Loxoconcha  laevatula Livental; 10,11. RV, lateral external view, males; 12, 13. RV, 61 
lateral external view, femals; 14, RV, internal view, female;  15, 16. Amnicythere  62 
gubkini Livental;  15. LV, external lateral view; 16. RV, external lateral view; 17, 18. 63 
Hydrobia syrmica Neumayr. 64 

Figure S4 65 
1-7. Cyprideis torosa (Jones),with smooth shell, forma littoralis; 1. LV, external lateral 66 
view, male; 2. RV, external lateral view, male; 3, 5. Carapace, lateral view from the RV, 67 
female; 4. LV, external lateral view, female; 6. LV, internal view, female; 7. Crapace, 68 
dorsal view; 8-15. Loxoconcha  eichwaldi Livental var. tuberculata; 8. LV, external 69 
lateral view, male; 9. RV, external lateral view, male; 10. Carapace, lateral view from 70 
RV, male; 11. LV, , external lateral view, female; 12. Carapace, lateral view from RV, 71 
female; 13. LV, internal view, female; 14. Carapace, dorsal view, female; 15. Carapace, 72 
ventral view, female; 16-21. Loxoconcha petasus Livental; 16. LV, external lateral view, 73 
male; 17, 18. RV, external lateral view, male; 19. LV, extenal lateral view, female; 20. 74 
RV, external alteral view, female; 21. RV, internal view, male; 22-25. Loxoconcha ex. gr. 75 
eichwaldi Livental; 22. LV, external lateral view, male; 23. RV, external lateral view, 76 
male; 24. LV, external lateral view, female; 25. RV, external lateral view, female; 26-31. 77 
Amnicythere ex. gr. gubkini Livental; 26, 28. LV, external lateral view; 27. RV, external 78 
lateral view; 29. Carapace, view from the RV; 30. Carapace, dorsal view; 31, Carapace, 79 
ventral view;   32, 33. Candona ex. gr. angulata G. W. Müller; 32.Carapace, lateral view 80 



from the LV, male; 33. Carapace, lateral view from the RV, male; 34, 35. Hydrobia ex. 81 
gr syrmica Neumayr. 82 
 83 
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