JOURNAL OF QUATERNARY SCIENCE (2021) 1-22 ISSN 0267-8179. DOI: 10.1002/jgs.3370

JQS Journal of Quaternary Science QRA

Quaternary Research Association

Middle Pleistocene environments, landscapes and tephrostratigraphy of
the Armenian Highlands: evidence from Bird Farm 1, Hrazdan Valley

JENNI E. SHERRIFF,"** @ KEITH N. WILKINSON,*> POPPY HARDING," HAYLEY HAWKINS,' RHYS G. O. TIMMS," @ DANIEL
S. ADLER,* EMILY J. BEVERLY,> SIMON P. E. BLOCKLEY,' BORIS GASPARYAN,® CHRISTINA J. MANNING,” DARREN MARK,?
SAMVEL NAHAPETYAN? and KATIE ). PREECE'®

!Centre for Quaternary Research, Department of Geography, Royal Holloway, University of London, UK

“Department of Geography, King’s College London, UK

*Department of Archaeology, Anthropology and Geography, University of Winchester, Winchester, UK

“Department of Anthropology, University of Connecticut, Storrs, CT, USA

5Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX, USA

®Institute of Archaeology and Ethnography, National Academy of Sciences of the Republic of Armenia, Yerevan, Armenia
"Department of Earth Sciences, Royal Holloway, University of London, UK

SNERC Argon Isotope Facility, SUERC, East Kilbride, UK

9Yerevan State University, Yerevan, Armenia

'“Department of Geography, Faculty of Science and Engineering, Swansea University, Swansea, UK

Received 17 May 2021; Revised 15 August 2021; Accepted 18 August 2021

ABSTRACT: The significance of the southern Caucasus in understanding Pleistocene hominin expansions is well
established. However, the palaeoenvironments in which Palaeolithic occupation of the region took place are
presently poorly defined. The Hrazdan river valley, Armenian Highlands, contains a rich Palaeolithic record
alongside Middle Pleistocene volcanic, fluvial and lacustrine strata, and thus offer exciting potential for
palaeoenvironmental reconstruction. We present the first results of sedimentological, geochemical, tephrostrati-
graphical and biological (diatoms) study of the sequence of Bird Farm 1, located in the central part of the valley.
These data show six phases of landscape development during the interval 440-200 ka. The sequence represents the
first quantitative Pleistocene diatom record from the Armenian Highlands and the southern Caucasus, and indicates
the persistence of a deep, stratified lacustrine system, with evidence for changing lake productivity that is tentatively
linked to climate. Furthermore, major element chemical characterization of visible and crypto-tephra horizons in the
sequence enables the first stages of the development of a regional tephrostratigraphy. Together, the evidence from
Bird Farm 1 demonstrates the importance of lacustrine archives in the region for palaeoenvironmental reconstruction
and highlights the potential for linkages between archives on both a local and regional scale.

Copyright © 2021 John Wiley & Sons, Ltd.
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Introduction 2020a; Cullen et al., 2021; Malinsky-Buller et al., 2021). The

archaeological record of the region is particularly significant
The last three decades of archaeological research have given the southern Caucasus’ contrasting topography, bedrock
established the southern Caucasus [defined here as the area of geology, climate and, hence, vegetation — factors that must have
the Caucasus ecoregion (sensu Bailey, 1989) lying south of the provided both constraints and opportunities for the exploitation
Greater Caucasus ridge] as an important region for the study of of the area by past hominin populations. Indeed, such
hominin evolution and expansion. Not only have hominin limitations and possibilities would have been exaggerated in
fossils dating to c. 1.8 Ma been found at Dmanisi, Georgia the Pleistocene given the magnitude and frequency of climate
(Gabunia et al., 2000; Ferring et al., 2011; Lordkipanidze et al., change, and the intensity of regional seismicity and volcanism.
2013), the oldest known outside Africa, but at c. 320 ka, the Nevertheless, despite the importance that climate and environ-
earliest evidence of stone tool technology and hence cognitive ment must have played in hominin occupation of the region —
developments  that marked the beginning of the Middle for example in determining the sub-regions that could be
Palaeolithic are evidenced at Nor Geghi 1 (NG1), Armenia occupied, the seasonality of activity, resources available for
(Adler et al., 2014). Furthermore, sites in the region document subsistence — few palacoenvironmental or palaeoclimate
Neanderthal and Homo sapiens occupations in a range of archives have been investigated beyond the level of the
topographic and environmental settings before, during and after individual archaeological site [e.g. palynology at Hovk 1,
the Middle to Upper Palaeolithic transition (e.g. Adler et al., Armenia and Dzudzuana, Georgia (Pinhasi et al., 2008, 2011b;
2006, 2008; Bar-Yosef et al., 2006; Golovanova et al., 2010; Bar-Yosef et al., 2011)]. In recent years, several studies focusing
Pinhasi et al., 2011a, 2012; Tushabramishvili et al., 2012; on landscape dynamics recorded by fluvial archives (e.g.
Gasparyan et al., 2014; Moncel et al., 2015; Frahm et al., 2016; Ollivier et al., 2016; Suchodoletz et al., 2016) and loess-
Pleurdeau et al., 2016; Kandel et al., 2017; Glauberman et al., palaeosol sequences (e.g. Wolf et al., 2016) have allowed

inferences to be made regarding glacial-interglacial palaeoen-
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sequences has been derived from the study of n-alkane
biomarkers (Trigui et al., 2019; Glauberman et al,, 2020b)
and molluscan assemblages (Richter et al., 2020). However,
except for Early Pleistocene palaeobotanical remains from
lacustrine sequences from the Syunik region of southern
Armenia (Joannin et al., 2010; Ollivier et al., 2010), data of
regional palaeoenvironmental and palaeoclimate relevance are
only presently available from areas adjacent to the southern
Caucasus, i.e. from Lake Van in eastern Turkey (e.g. Litt et al.,
2014; Litt and Anselmetti, 2014; Pickarski et al., 2015; Pickarski
and Litt, 2017) and Lake Urmia in north-west Iran (Djamali
et al., 2008). Given the heterogeneous geography of the area, it
is debatable how far these Turkish and lIranian records are
applicable to the southern Caucasus.

The Hrazdan valley, in central Armenia, has been a
particular focus of Pleistocene geoarchaeological research, in
part because its Palaeolithic record has been well documented
since the Soviet era (see Gasparyan et al., 2014). In the central
part of the valley the river has incised a gorge that exposes
volcanic, fluvial and lacustrine strata. This suite of deposits is a
product of the flow of mafic lavas along the valley from
sources in the Aragats and Gegham volcanic massifs during the
Early and Middle Pleistocene, respectively. These lavas
dammed the river leading to the formation of lakes in their
lea, while subsequent downcutting of the River Hrazdan led to
the breach of the dams and deposition of alluvium in the
newly formed floodplain (Sherriff et al., 2019). A series of such
volcanic—lacustrine-alluvial phases have been identified and
dated from before c. 440 to c. 200 ka. Indeed, the association
of terrigenous sediment, archaeological material and volcanic
strata offers the possibility of preservation of palaeoenviron-
mental and palaeoclimate proxies in lacustrine deposits,
precise dating of the archaeological and geological record
by *°Ar/>?Ar, and tephrostratigraphic correlation between sites
and sequences (Sherriff et al., 2019). Key among the sites
demonstrating such potential is NG1, a locale from which >15
000 obsidian artefacts were recovered during excavations in
2008-2017, and which document the change from Lower to
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Middle Palaeolithic technologies (Adler et al., 2014; Frahm
et al., 2020). NG1 is associated with alluvium and multiple
palaeosols lying beneath both the youngest lava in the
Hrazdan gorge (HGW-VI of Sherriff et al.,, 2019) and an
underlying tephra *°Ar/*°Ar dated to c. 308 ka (Adler et al.,
2014), but biological proxies have not been preserved.
However, a fossiliferous lacustrine and fluvial sequence
beneath the same upper lava as found at NG1 exposure is
located 1.35km to the south-west of NG1 at ‘Bird Farm 1’
(BF1). Here we report combined litho-, bio-, tephro- and
chronostratigraphic data from BF1. Our aims in so doing are to
(i) develop a model of climate and landscape change in the
Hrzadan valley, (ii) provide palaesoenvironmental context for
hominin occupation at NG1 and (iii) demonstrate the
applicability of fragmentary lacustrine archives for improving
our understanding of Middle Pleistocene environmental
change in the Armenian Highlands and broader Caucasus
region.

Geological and site context

BF1 (40°20'9.4”N, 44°34'53.1”E, 1388 m asl) is located c.
17 km north of Yerevan and is situated on the western side of
the Hrazdan gorge, in the north-eastern Armenian Highlands
(Fig. 1). The surrounding mountains of the Gegham range
reach elevations of 2304 m asl (Mt. Gutansar, 9.3 km north-
east of BF1) and 2506 m asl (Mt. Hatis, 12.5 km east), while
14 km west of BF1, Mt. Arailer rises to 2604 m as| (Karapetyan
and Adamyan, 1973). The large altitudinal variations mean
that although characterized by a continental climate regime,
average annual temperatures range from —4°C to +21°C, while
there is a mean 400 mm of annual rainfall (Acopian Centre for
the Environment, 2019).

The Armenian Highlands and the Caucasus (Greater and
Lesser) mountain ranges mark the juncture of the Near East and
Eurasia. Covering an area over 300000 km?, the Armenian
Highlands is the southernmost of the mountain chains and
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Figure 1. Location map. (A) Regional map showing location of the southern Caucasus (as defined by Bailey, 1989) and positions of main volcanic
regions and major lakes in the region. Blue box represents the location of B. (B) Map of the Hrazdan basin. Extent of the Quaternary volcanic deposits
and main volcanic centres are highlighted. Blue box represents the location of C. (C) Satellite image showing the locations of BF1 and NG1 (imagery

from Google Earth, 2021).
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borders the Iranian Plateau to the east, the Anatolian Plateau to
the west and the Mesopotamian Plain to the south (Abich,
1845), while at its northern margin, the Armenia Highlands
merge with the Lesser Caucasus. Both ranges were formed
because of continental collision of the Arabian and Eurasian
plates from the Miocene onwards (Sosson et al., 2010). This
tectonic activity also caused significant volcanic activity
during the late Neogene and Quaternary, forming a range of
volcanic landforms and strata which are clearly expressed
across the region today (Sherriff et al., 2019; Halama et al.,
2020, and references therein). BF1 lies within the NW margin
of the Gegham volcanic massive (GVM) and close to the
eastern margin of the Aragats volcanic massive (AVM). Locally,
the AVM is represented by the Mt. Arailer stratovolcano, while
Gutansar, Hatis and Mensakar, together with smaller features
at Alapars (12.5 km north-west of BF1) and Fantan (11 km
north-west), are the main volcanic centres of the western part
of the GVM. Together, the edifices and associated volcanic
deposits of Gutansar, Alapars and Fantan form the Gutansar
Volcanic Complex (GVC).

The AVM and GVM are separated by the River Hrazdan,
which flows NE-SW from Lake Sevan across the
Hrazdan—Kotayk Plateau before draining into the River Araxes
18 km south of Yerevan. BF1 lies c. 0.6 km to west of the
Hrazdan river and coincides with a lava plateau representing
the western margin of the GVM. Lava flows emanating from
Arailer terminate c. 0.7 km to the west of the site and at a 50 m
higher elevation. The mode and chronology of GVM and AVM
volcanism have been described in detail elsewhere (Lebedev
etal.,, 2011, 2013; Sherriff et al., 2019; Gevorgyan et al., 2020)
and are only briefly reviewed here.

Previously published stratigraphies and chronologies of lava
flows and pyroclastic deposits in the Hrazdan valley indicate
that the area was subjected to several phases of volcanism
during the Early and Middle Pleistocene. The earliest phase is
associated with Arailer and the AVM between 1.40 and
0.65 Ma based on K-Ar and *°Ar/>?Ar dating of lava flows and
pyroclastic deposits near the Arailer edifice (Lebedev et al.,
2011; Gevorgyan et al, 2020). A combination of
K-Ar, “°Ar/2°Ar and fission track (FT) dating of volcanic
formations associated with the NW sector of the GVM
indicates a least four phases of volcanic activity between
700 and 200 ka (Karapetian et al., 2001; Lebedev et al., 2013;
Sherriff et al., 2019). After 200 ka, the Hrazdan incised through

the Lower-Middle Pleistocene volcanic strata, producing a c.
90-m-deep gorge and exposing in section the lava flows
associated with the GVM and, more rarely, sediment
sequences interbedded between successive lava flows (Sherriff
et al., 2019). These sequences have revealed a consistent
pattern of lacustrine sedimentation succeeded by alluvial
activity and then floodplain soil development (Frahm et al.,
2017; Sherriff et al., 2019). BF1 is one such sequence.

BF1 directly underlies HGW-VI (Basalt 1; Adler et al., 2014;
Sherriff et al., 2019), which is one of the youngest lava flows
exposed in the Hrazdan gorge. This lava has a clear surface
expression and is traceable along the western side of the
Hrazdan valley, where it directly overlies HGW-IV (Fig. 1),
while chronological data for both lavas have been published
from NG1 (Adler et al., 2014). Here a series of alluvial
sediments incorporating several phases of pedogenesis are
interbedded between HGW-1V and HGW-VI, while “°Ar/*°Ar
dating has produced ages of 441 + 6 and 197 + 7 ka for HGW-
IV and HGW-VI, respectively. “°Ar/>*Ar dating of a volcanic
ash unit in the uppermost stratum of the NG1 sequence
(Unit 1) yielded an age of 308 +3 ka (Adler et al., 2014).
Although HGW-IV is not visible in the locality of BF1, it is
likely that BF1 and NG1 are at least broadly contemporary
given (i) a similar association with HGW-VI, (ii) both contain a
comparable alluvial sequence overlying a lacustrine deposits
(see below), and (iii) the two sites have a similar outcrop
elevation (1402 m asl at NG1 and 1388 m asl at BF1).

Materials and methods
Fieldwork

The BF1 exposure was initially identified during a 2009
geomorphological survey. It comprises a 9 m high and 100 m
long upstanding section exposed in the northern wall of a
‘borrow pit’ and is located immediately south of a chicken
rearing facility (hence our ‘Bird Farm’ name for the site — the
locale has no local toponym). The site has been revisited on
several occasions (2011, 2013, 2015, 2017 and 2018) to
excavate a test pit through to the base of the sequence, clean
and describe the section, construct a formal log, and to sample
the sequence for biostratigraphic and chronometric studies
(Fig. 2). The analyses reported below were carried out on
contiguous 2-cm-thick blocks of sediment taken through
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Figure 2. Site photographs. (A) Overview of the BF1 section. Blue box indicates the position of B. (B) Detail of BF1-1 to BF1-8. Shown is the location
of the contiguous sampling column for sedimentology, geochemistry, diatom analysis and tephrostratigraphy. Positions of micromorphology samples

are shown in Fig. 3.

Copyright © 2021 John Wiley & Sons, Ltd.
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fine-grained strata and micromorphological study was con-
ducted on 12 monolith samples collected in 120 x 60 mm
stainless steel tins.

Bulk sedimentology, micromorphology and
sediment geochemistry

Before laboratory analysis, the sediment subsamples were
divided for separate bulk sedimentology/geochemical and
tephrostratigraphic analyses. The sedimentology fraction was
oven dried at 40°C and then disaggregated. The dried samples
were sieved at 2 mm and the <2 mm fraction was retained for
bulk sedimentological and geochemical analysis.

Mass-specific magnetic susceptibility (MS) was determined
using a Bartington MS2 meter with MS2c dual frequency sensor
at low (0.46 kHz) frequency (X") following the protocol outlined
by Dearing (1999). Percentage organic content (%OC) and
calcium carbonate content (%CaCQO3) were estimated from loss-
on-ignition at 550 and 1000°C, respectively (Heiri et al., 2001).
%CaCOs values were very low throughout the sequence (<2 %)
and so are not considered further. Particle size analysis (PSA)
was undertaken using a Malvern Mastersizer 3000 laser
granulometer with a Hydro UM accessory following the
protocol described by Glauberman et al. (2020b).

Micromorphology samples were prepared using standard
impregnation techniques developed in the Centre for Micro-
morphology at Royal Holloway, University of London (Palmer
et al., 2008). Thin sections were analysed using an Olympus
BX-50 microscope with magnifications from 20x to 200x and
photomicrographs were captured with a Pixera Penguin 600es
camera. Thin section description followed terminology out-
lined in Bullock et al. (1985) and Stoops et al. (2018).

Major and trace elemental concentrations of the <2 mm
bulk sediment samples were measured using a Thermo
Scientific Niton XL3 portable X-ray fluorescence analyser
(pXRF) using the approach outlined by Glauberman
et al. (2020b). The pXRF data in this study are used
semi-quantitatively; however, note that several studies have
demonstrated that measured elemental concentrations of bulk
sediment samples using pXRF closely correspond to elemental
concentrations derived from conventional XRF analysis (Roy
et al.,, 2012, 2013).

Tephrostratigraphy

Sediment subsamples from the BF1 sequence were prepared
for crypto-tephrostratigraphic analysis following standard
density separation procedures (e.g. Blockley et al., 2015) and
peaks in glass shard concentration were quantified following
Gehrels et al. (2008), using Lycopodium spiking to aid
counting of high shard concentrations. Peaks in glass shard
concentration were subsequently prepared for major and
minor element chemical characterization using density separa-
tion, but with the omission of the combustion stage to avoid
thermal alteration (Pilcher and Hall, 1992; Van den Bogaard
and Schmincke, 2002). Individual volcanic glass shards were
hand-picked onto silicon sheets and impregnated in an epoxy
resin ready for chemical analysis (see Hall and Hayward,
2014). In addition to the sediment samples, three visible tephra
layers identified in the BF1 sequence (BF1-3, BF1-5 and BF1-7)
were sampled as part of the contiguous sampling column and
prepared following the methodology outlined above. Owing to
the thickness and composition of BF1-3, a larger bulk sample
from the unit was taken in addition to those from the sediment
sampling column. This was processed by wet sieving a
subsample of c. 2 g™' through 250- and 125-um meshes. The

Copyright © 2021 John Wiley & Sons, Ltd.

intermediary fraction was retained and prepared for chemical
analysis in the same manner as the other glass shard samples.

Chemical analysis was undertaken on the three visible
tephra layers identified in the field [BF1-3 (BF 142-144), BF1-5
(BF 122-124 and BF 124-126), BF1-7 (BF 46-48)] and on six
peaks in glass shard concentrations as determined from the
cryptotephra investigation (BF 154-156, BF 146-148, BF
116-118, BF 112-114, BF 104-106, BF 82-84) (Fig. 3). Resin
stubs containing cryptotephras and visible ashes were carbon
coated and analysed for major and minor elements using the
WDS-EPMA (Cameca SX-100) facility at the University of
Edinburgh. Probe conditions were guided by Hayward (2012).
Calibration, precision and drift were assessed by the analysis of
internal Lipari and BCR-2G secondary standards (Supporting
Information 1).

Diatom analysis

Thirty-one sub-samples were prepared for diatom analyses
from units BF1-6, BF1-7 and BF1-8 following the digestion
procedure of Battarbee et al. (2001). Samples were studied at a
maghnification of 1000x using a Lecia DMBL. Identifications
followed Krammer and Lange-Bertalot (1986, 1988, 1991a, b),
supplemented with Lange-Bertalot (2001) and Krammer (2002)
and were complemented by web-based resources (Spaulding
et al., 2020) and Algaebase (Guiry and Guiry, 2018).

Stratigraphy, sedimentology and
geochemistry

Site stratigraphy

Ten stratigraphic units (BF1-1 to BF1-10) were identified in the
BF1 sequence (Fig. 3; Table 1). Evident in the sequence is a
mixture of volcanic (BF1-3, BF1-5, BF1-7, BF1-10), volcani-
clastic (BF1-2, BF1-4) and siliciclastic (BF1-6, BF1-8, BF1-9a-b)
deposits while there is also evidence of the development of at
least one palaeosol within BF1-9 (BF1-9b).

The lowermost unit (BF1-1) comprises massive poorly sorted
sand-silt, but its base lies beneath the borrow pit floor and
could not be found in the 2011 test pit. BF1-1 is overlain by
horizontally laminated medium sand-silt and sand-silt-sized
volcanic ash (BF1-2), which in turn is capped by massive,
granular scoria lapilli (BF1-3). The overlying stratum comprises
horizontally bedded coarse—fine sand with occasional granule-
grade scoria lapilli (BF1-4), which in turn is capped by normally
graded granule to coarse silt-grade scoria lapilli and ash (BF1-5).
There is a sharp contact between BF1-5 and BF1-6, while the
latter consists of well-sorted massive-laminated medium silt.
BF1-6 is overlain by a massive, well-sorted very coarse silt-sized
volcanic ash (BF1-7) which in turn is capped by a well-sorted
massive-laminated medium silt (BF1-8). An unconformity
represented by a sharp, undulating contact separates the fine-
grained sequence outlined above from predominantly coarse-
grained clastic sediments. These are represented first in BF1-9a,
which comprises matrix-supported, trough cross- and planar-
bedded, gravels of subrounded-rounded pebble- and cobble-
sized clasts in a coarse sand matrix. Within this unit are
lenticular beds of laminated granules—coarse sands, and clasts
are primarily of mafic lava, with lower frequencies of obsidian,
intrusive igneous, metamorphic and sedimentary lithologies
(Table 1). Also present within BF1-9 are intraclasts consisting of
material derived from BF1-6 and/or BF1-8. BF1-9b conformably
overlies BF1-9a and comprises clast- and matrix-supported
gravels as described for the latter. However, the matrix of
BF1-9b exhibits normal grading from coarse sand to sandy clay

J. Quaternary Sci., 1-22 (2021)
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and is also formed of sub-angular aggregates with Fe/Mn oxide
coatings and carbonate rhizoliths. Stage Ill carbonate coatings
(sensu Gile, 1961) are present on gravel clasts. The BF1
sequence outlined above is capped by mafic lava (BF1-10)
which thins to the east of the BF1 outcrop. BF1-10 has a blocky
structure and rubbly base, while its upper surface is weathered
and has developed a stage Il carbonate crust. BF1-10 represents
the local outcrop of HGW-VI in the Hrazdan valley stratigraphy
and has been dated by *°Ar/*°Ar at BF1 to 195 + 8 and 198 + 7
ka (Sherriff et al., 2019).

Bulk sedimentology

The results of the bulk sedimentological analyses under-
taken on the <2 mm sediment size fraction indicate that the
BF1-1 to BF1-8 deposits are moderately to poorly sorted
and range in grain size from fine silt to very fine sand
(Fig. 4). X" values range from 0.34 to 94.69 x 10™° kg~ m?
through the sequence, while organic carbon content
(%0OC) is low (<15%). However, there are clear trends in
particle size distribution, X'" and organic carbon content
both between, but also within stratigraphic units (%OC,

Copyright © 2021 John Wiley & Sons, Ltd.

Fig. 3). BF1-1 has a moderately sorted medium silt grain
size, low %OC and a relatively high X'". BF1-2 is
characterized by lower X" compared to BF1-1, a low
%OC and a slightly coarser grain size than the underlying
unit. A shift to higher X'"than that seen in BF1-1 and BF1-2
characterize BF1-3 to BF1-5, while these strata are also
characterized by low %OC. Variation in particle size
distribution is evident through BF1-3 to BF1-5, with the
<2-mm fraction of BF1-3 principally comprising medium
sand to granular ash and lapilli, while BF1-4 and BF1-5 are
principally composed of coarse silt to very fine sand
particles. A clear shift in all sedimentological parameters is
observed at the BF1-5 to BF1-6 boundary, with BF1-6
characterized by relatively high %OC, low X' values and a
generally finer particle size distribution than the underlying
strata. There is also an observable increase in %OC in
BF1-6 through the interval 7.92-7.62 m accompanied by a
decrease in X'". BF1-7 marks a return to relatively high X'f
and low %OC, while grain size parameters indicate that the
unit is a well-sorted very coarse silt. BF1-9 has comparable
sedimentological properties to BF1-6, with elevated %OC,
low X'" and a fine-medium silt grain size.

J. Quaternary Sci., 1-22 (2021)
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Figure 4. Particle size distribution of BF1- to BF1-8. (A) Cumulative
frequency distribution for average particle size for each unit. (B) XY
plot showing mean particle size against sorting (calculated following
method of Folk and Ward, 1957).

Thin section micromorphology

The main micromorphological properties of the BF1 deposits
are presented in Table 1. Overall, the sequence is character-
ized by a high abundance of volcanic and siliclastic mineral
fractions, with variations in the lithological and microstructural
properties of these fractions evident between individual units.

At the microscale, BF1-1 has a massive microstructure, with
equal proportions of fine silt and volcanic ash matrix (Fig. 5A).
Mafic/felsic lithic fragments and feldspar mineral grains are
present, while Fe/Mn oxide mottling of the matrix and Fe/Mn
hypocoatings of voids are common. BF1-2 comprises grain-
and matrix-supported, grain-rich, normally graded laminae
with sharp upper and lower boundaries (Fig. 5B). The matrix is
principally of volcanic ash with some silt-grade clastic
material, while grains are principally of volcanic lithologies.
A loaded contact and enrichment of the matrix with clay is
evident at the contact with BF1-3 (Fig. 5C) and then the latter is
characterized by a massive, grain-supported microstructure.
Grains are exclusively of volcanic lithologies and comprise
coarse silt to granular-sized scoria fragments, many of which
have Fn/Mn hypocoatings. The same high frequency of
volcanic material is observable at the microscale in the
overlying BF1-4. This latter unit comprises alternations at

Copyright © 2021 John Wiley & Sons, Ltd.

irregular thicknesses of grain- and matrix-rich silt-sand
particles with frequent volcanic ash and outsized mafic lithic
fragments (Fig. 5D). Evident in the matrix are centric and
pennate diatom frustules and amorphous organic material.
BF1-5 has comparable textural and lithological properties to
BF1-3 at the microscale, but evident towards the top of the
former stratum is an increased abundance of clay in the
micromorphology samples. This is expressed as the occur-
rence of stipple-striated B-fabric and clay coatings around
grains (Fig. 5E). The upper boundary of BF1-5 is sharp and
loaded, and also characterized by a high abundance of clay,
with a clay-rich matrix and clear horizontal parallel B-fabric.
Clay infillings of scoria vesicles are also evident. Associated
with the upper part of BF1-5 are frequent occurrences of
organic matter (Fig. 5F). This is represented by elongate
fragments of organic material which are generally orientated
sub-parallel to the unit bounding surface. Many fragments are
Fe/Mn mottled.

A clear change in lithological components is recorded in the
BF1-6 micromorphology samples. At the microscale, volcanic
material is rare. The unit has a massive to weakly matrix rich
microstructure comprising fine-medium silt-grade siliclastic
material. Laminations are diffuse and represent irregular
alternations of massive matrix-rich fine and medium silt.
Mineral grains are rare and comprise medium silt-sized rounded
quartz and feldspar (Fig. 5G). Evident in the matrix are abundant
diatom frustules which are a mixture of pennate, centric and
acicular forms (Fig. 5H). Also evident are amorphous algal
filaments and organic fragments. Microstructural properties
similar to BF1-6 are observed through BF1-8, albeit that the
latter stratum is more grain-rich than BF1-6, while Fe/Mn
mottling of the matrix is evident towards the top of BF1-8.

Bulk sediment geochemistry

Figure 6 presents principal components analysis (PCA) results
for selected major and minor elements (Al, Si, P, S, K, Ca, Ti,
Fe, V, Cr Zn, Rb, Sr, Zr and Ba) in BF1-1 to BF1-8. PC1
represents 38.1% of variation in the bulk geochemical data,
whilst PC2 accounts for 23.4%. Evident in the PCA are
differential clustering of elements, while these are presented
against select bulk sedimentological parameters (X", %OC,
and Dso PSA) in Fig. 6A. Four groups of elements and
sedimentological properties are identifiable: (i) Group A,
characterized by high values of Si and %OC, (ii) Group B,
identified by high K, Rb and Nb values, (iii) Group C,
characterized by high values of V, Zr, Cr, Fe and Ti, and (iv)
Group D, defined by Al, Sr, Ca, Zr and Ba and associated with
high X'"and Dsg values.

Sample scores for PC1 and PC2 are presented in Fig. 6B,
which makes clear the clustering by stratigraphic unit in this
dataset. The diatom-rich strata, BF1-6 and BF1-8, plot
separately from the other units and are associated with
elevated Group A element concentrations, whilst BF1-2,
BF1-4, BF1-5 and BF1-7 are associated with the high Group
B element concentrations. BF1-1 is associated with high values
of Group C elements, while the scoria-rich unit, BF1-3, is
associated with both high values of Group C and Group D
elements, X" and Dso. These trends clearly show a strong
lithological control on the geochemical signature on the BF1
deposits, with the clear differentiation of units consisting of
volcanic and volcaniclastic particles (BF1-2, BF1-3, BF1-4
BF1-5, BF1-7) from those composed mostly of siliclastic
material (BF1-1, BF1-6, BF1-8), while there is further
differentiation of the volcanic and volcanoclastic units by
broad geochemical composition.

J. Quaternary Sci., 1-22 (2021)
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Si/Al, Si/Ti, Si/K, Zr/Al and V/Cr ratios are plotted against
stratigraphy in Fig. 7. These ratios were selected as they give an
indication of provenance (Midiller et al., 2001; Kylander et al.,
2013), the relative frequency of volcanic and siliclastic
material (Martin-Puertas et al., 2011; Peti et al., 2020), and
potential changes in biological productivity (Gill et al., 2011)
within a single sedimentary sequence. Si/Al shows a clear
pattern of relatively low ratios in units BF1-1 to BF1-5 and
BF1-7, and elevated values in BF1-6 and BF1-8. In respect of
the last it is further evident that there is an increase in the Si/Al
ratio in the interval 7.85-7.62-m within BF1-6. A comparable
trend to that seen in Si/Al is also observed in Si/K and Si/Ti,
with the exception being BF1-3, which exhibits high Si/Ti
values throughout the stratum. Zr/Al shows the converse trend,
i.e. elevated ratios are found in association with BF1-1 to
BF1-5 and BF1-7, with lower values occurring in BF1-6 and

Copyright © 2021 John Wiley & Sons, Ltd.

BF1-8. The lowest Zr/Al ratio is found in association with the
interval 7.85-7.62 m. Although the dataset is characterized by
a high degree of variability, especially in the lower strata, V/Cr
ratios show a pattern of lower values associated with BF1-1,
higher values in BF1-2 to BF1-5, and a shift back to lower
values through BF1-6 to BF1-8. Elevated values of V/Cr are
also recorded in the interval 7.85-7.62 m.

Sedimentological interpretation

Combined, the lithostratigraphical, bulk sedimentological,
micromorphological and geochemical datasets from BF1
demonstrate clear shifts in depositional process through the
sequence.

The fine and generally poorly sorted particle size distribu-
tion of BF1-1 is consistent with subaqueous sedimentation in a

J. Quaternary Sci., 1-22 (2021)
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shallow water setting. Impregnative Fe/Mn features represen-
tative of leaching of Fe/Mn oxides under waterlogged
conditions support such an interpretation (Lindbo et al,
2010). A high proportion of both siliclastic and pyroclastic
relative to biological material is consistent with high
allochthonous inputs into the shallow-water setting, and is
reflected in the high X" (Dearing, 1999). The sedimentological
properties of BF1-2 are consistent with volcaniclastic deposi-
tion, while the occurrence of laminations of principally
volcanic ash probably reflect the reworking as a primary
tephra fall deposit. Lower X' values in this unit compared to
BF1-1 are consistent with the high proportion of felsic igneous
material evident at the microscale in this unit (Dearing et al.,
1996). The presence of normally graded and massive lamina-
tions indicates subaqueous sediment delivery via sediment
gravity flows into a shallow water body, with relative
differences in particle size of the lamina reflecting variations
in sediment supply and/or energy regime of these inwashing
events (Stow and Bowen, 1980). The absence of significant
alteration, breakage or rounding of the ash and lapilli
fragments implies relatively local erosion and re-deposition
of pyroclastic material.

The earliest primary tephra fall deposit in BF1 is represented
by BF1-3. Elevated X" values in this unit reflect the high
proportion of ferrimagnetic igneous material (scoria and mafic
lithic fragments), the absence of siliclastic material and a
homogeneous microstructure. The relatively coarse and poorly
sorted particle size distribution of BF1-3 may imply deposition
from a proximal rather than distal volcanic source (Pyle, 1989),
while rapid sedimentation is suggested by load structures
associated with the BF1-2 contact. A shift back to principally
siliclastic sedimentation is recorded in BF1-4, where the
presence of normally graded and massive laminations in-
dicates the resumption of allochthonous sediment delivery via
sediment gravity flows into a shallow lacustrine system (Lowe,
1982). The unit contains a high proportion of volcanic
material, as indicated by high X" values through the unit and
which is interpreted as reworking of BF1-3 tephra. The
occurrence of diatom frustules in this unit indicates the first
evidence of in situ biological productivity at BF1.

A second primary tephra fall is represented by BF1-5, while
the occurrence of clay in this part of the stratum indicates that
the upper surface of the tephra has been weathered (Zehetner
etal., 2003). Rapid in situ weathering and clay development is
common in tephra that that been subaerially exposed (Bakker
et al.,, 1996), and is associated with the alteration of lithic
fragments and fragmentation of glass shards (Sedov et al.,
2010). Clay enrichment in BF1-5 is therefore interpreted as
representing a shift from a subaqueous to subaerial setting and
subsequent exposure of the BF1-5 stratum to surface weath-
ering processes. This conclusion is supported by the presence
of organic fragments within BF1-5, which suggest that
vegetation development and associated pedogenesis occurred
at the former lake surface.

BF1-6 indicates the resumption of lacustrine sedimentation.
Collectively, BF1-6 and BF1-8 represent the occurrence of fine-
grained, diatomaceous clastic sediment deposition, while
laminations indicate accretion in a deep, stratified water body.
Allochthonous inputs are represented by the occurrence of silt-
grade clastic particles, while variation between laminations is
driven by shifts in the energy of input (Kemp, 1996). These
structures are consistent with sediment delivery via sediment
gravity flows, while rounded grains indicate the occurrence of
some aeolian inputs (Kalinska and Nartiss, 2014). A significant
autochthonous biogenic component is indicated by enhanced
organic content and the abundance of diatoms. The absence of
significant changes in lithological properties through BF1-6 and

Copyright © 2021 John Wiley & Sons, Ltd.

BF1-8 indicates an interval of quiescent conditions that is in
contrast to the underlying lacustrine strata. The only discernible
changes through BF1-6 and BF1-8 are an increase in organic
content and corresponding reduction in X". These latter are
interpreted as reflecting an increase in the autochthonous
biogenic input associated with enhanced productivity and/or
decreased catchment erosion and therefore clastic input. BF1-6
and BF1-8 are separated by the third primary volcanic unit in
the BF1 sequence (BF1-7). The fine-grained and well-sorted
nature of BF1-7 suggests a primary ash deposited via suspension
through the lake water column.

BF1-9 is separated from the underlying strata by an
unconformity, the latter marking the shift from fine- to
coarse-grained clastic sedimentation. The trough and planar
bedforms of the gravels and sands of BF1-9 are consistent with
deposition in a moderate-energy fluvial system and probably
represent lateral accretion of a braided river system (Reineck
and Singh, 1980; Miall, 1996). Clast lithologies are diverse,
reflecting the wide range of geological strata present in the
Hrazdan valley (Kharazyan, 2005; Sherriff et al, 2019).
BF1-9b represents the pedogenic modification of the fluvial
gravels, with the presence of carbonate and textural pedofea-
tures representing compound Bk1, Bk2, Bk3, BCk and Ck
horizons forming within the alluvial parent material after the
cessation of fluvial activity at the site. The absence of a defined
A-horizon suggests that BF1-9b was truncated by the passage
of the mafic lava (BF1-10) that caps the BF1 sequence.

Variations in the sedimentological properties of the BF1-1
sequence are evident in the bulk geochemistry of the deposits
(Fig. 6). The clustering of strata by elemental groups (A-D)
indicates a strong lithological control on the sequence. The
diatomaceous units, BF1-6 and BF1-8, are found in association
with elevated values of Si and high organic content (Group A),
both of which are indicators of autochthonous biogenic content.
Variations between elemental groups B and C probably reflect
the different contributions of felsic (characterized by higher
values of Rb, K and Nb) and mafic (high values of V, Zn, Fe, Cr
and Ti) volcanic material in the BF1 sequence. BF1-7 and BF1-2
closely plot with Group B elements, representing a high
abundance of felsic volcanic ash in these units, while the
fine-grained lacustrine unit BF1-4 also plots with Group B
elements, indicating the reworked volcanic component evident
in thin section. The scoria-rich volcanic deposits (BF1-3 and
BF1-5) are associated with elevated values of Group C
elements, reflecting their mafic origin. BF1-3 and BF1-5 also
occur in association with high values of Group D elements.
Interpretation of a single origin of Group D is problematic, given
that it contains a suite of elements associated with clastic and
volcanic inputs. Nevertheless, elevated values of Group D
elements in BF1-3 and BF1-5 probably reflect the elemental
composition of the felsic and mafic volcanic material that
comprise these units. Conversely, elevated concentrations of
Group D elements in the fine-grained siliclastic unit BF1-1 are
probably a product of the allochthonous inputs of detrital clastic
and volcanic material within this stratum.

Lithological variations are also clearly expressed in the Si/Al, Si/
Ti, Si/K, Zr/Al and V/Cr ratios (Fig. 7). Evident from these latter,
however, are also changes within strata, specifically BF1-6, where
an increase in Si relative to Ti, K and K is observed at
7.85-7.62 m, with an associated increase in V/Cr ratio values
and decrease in Zr/Al ratio values. The interpretation of the Si
profile through BF1-6 and BF1-8 is that it reflects a predominately
autochthonous biogenic signal, whilst Al, K and Ti reflect
contributions of detrital clastic and volcanic material. Conse-
quently, the peak in Si relative to Al, K and Ti probably reflects
either increased diatom productivity or a change in diatom
composition in this interval, resulting in higher biogenic silica
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loadings (Martin-Puertas et al., 2011). Zr/Al ratios are frequently
used for a proxy for aeolian sedimentation in lacustrine settings,
given Zr is concentrated in the more mobile sand-silt fraction of
clastic sediment in respect to Al (Huang et al., 2003; Roy et al.,
2006, 2009). Although the Zr/Al relationship is complicated by
the concentration of Zr in mafic volcanic minerals (Roy et al.,
2009, and as demonstrated by high Zr/Al ratio in BF1-3), evident
in the interval 7.85-7.62m is a decrease in Zr relative to Al in
comparison to both the lower part of BF1-6 and BF1-8. This could
tentatively be interpreted as a reduction in aeolian input into the
lake system, occurring contemporaneously with increased
biological activity. V/Cr is used as an indicator for lake anoxia,
as V preferentially precipitates under anoxic conditions, whilst Cr
remains relatively immobile in both anoxic and oxic settings
(Schaller et al., 1997; Das et al., 2009). Higher V/Cr ratios values
therefore may imply the persistence of anoxic conditions, possibly
associated with enhanced thermal stratification or more eutrophic
conditions. These shifts occur at the same interval as an increase
in organic content and increased concentrations of benthic
diatoms, suggesting that these geochemical signals are represent-
ing changes in lake productivity.

Tephrostratigraphy
Tephrostratigraphy results

Volcanic glass shard concentrations are high throughout the
BF1 sequence, ranging from a few thousand to several million
shards g™' (Fig. 3; Supporting Information S1). Most of the glass
shards extracted from the BF1 record are colourless, blocky
and amorphous with numerous flutes and some open and
closed vesicles. The surface texture on some specimens,
particularly the cryptotephra, is pitted and uneven, while some
specimens also exhibit cracking, all features suggestive of post-
depositional alteration and hydration (Blockley et al., 2005).
Samples from BF1-3 comprise blocky glass shards of a distinct
greenish-yellow/brown colour and rich in mineral inclusions.
Alongside these were colourless shards similar to those found
throughout the rest of the sequence (described above).

Tephra chemistry and correlation

Chemical classification diagrams for the visible tephra layers
[BF1-3 (BF 142-144), BF1-5 (BF 122-124 and BF 124-126),
BF1-7 (BF 46-48)] and peaks in glass shard concentrations as
determined from the cryptotephra investigation (BF 154-156,
BF 146-148, BF 116-118, BF 112-114, BF 104-106, BF
82-84) are presented in Fig. 8. The full major and minor
element dataset is available and summary data are presented
in Supporting Information S1. The colourless shards identified
in BF1-3 (BF 142-144_b) as well as the glass shards recovered
from the visible tephra BF1-5 (BF 122-124_a and BF
124-126_a) and BF1-7 (BF 46-48), and the cryptotephra
intervals (BF 154-156_a, BF 146-148, BF 116-118, BF
112-114, BF 104-106, BF 82-84), all exhibit a high-K calc-
alkaline rhyolitic signature that based on TAS classification
alone are chemically indistinguishable (Fig. 8). These tephra
show considerable overlap with other calc-alkaline centres
from central Turkish volcanic sources, e.g. Acigol, Erciyes
Dag, Gollu Dag, and Hasan Dag [commonly referred to as the
Central Anatolian Volcanic Province (CAVP)]. However, the
BF1 rhyolites may be tentatively distinguished from these, with
plots of Al,O; and TiO, wt.% proving particularly useful
(Fig. 8). Single grain glass chemistry available from Armenian
volcanic centres is limited, but analyses obtained as part of
wider investigations by the authors suggest that the most
consistent chemical overlap with the BF1 rhyolites are those

Copyright © 2021 John Wiley & Sons, Ltd.

obtained from volcanic deposits mapped to the GVC (Fig. 8).
Given the proximity of Gutansar to BF1 (Fig. 1A) and the
abundance of glass shards identified within the studied
sequence, it is most probable that the BF1 rhyolitic shards
correlate to an eruptive episode(s) from this centre. However,
the present limited knowledge with regard to the geochemistry
of regional eruptive products precludes any firmer proposals
regarding an exact source or timing of eruption(s) at present.

Alongside the primary population in BF1-5 (BF 124-126_a)
are two further data clusters, denoted here as populations b
and c. Population b has marginally higher TiO, values
(c. 0.29 wt%), whereas population c has lower SiO, values
(65-69 wt%) and higher Al,O5 (c. 17.7 wt%) compared to the
primary population. It has not been possible to identify a
chemical correlative of these analyses, which probably reflects
the incompleteness of the regional glass chemical dataset.

Glass shards comprising population a in BF1-3 (BF 142-144_a)
and a single analysis from BF1-5 (BF 124-126_d) can be
classified as trachyandesite (Fig. 8). Volcanic centres in the GVM
are known to have produced trachyandesitic volcanic products
during the Pleistocene (Arutyunyan et al., 2007; Lebedev et al.,
2013), as have centres located in eastern Turkey [commonly
referred to as the Eastern Anatolian Volcanic Province (EAVP) in
recent scientific literature, e.g. Pearce et al., 1990; Yilmaz et al.,
1998; Sumita and Schmincke, 2013a,b; Lebedev et al., 2016a,b)
and possibly the Syunik Highlands in southern Armenia (Kandel
etal., 2017). Given their relative proximity to BF1, these volcanic
regions are among the most probable sources for BF1-3 (BF
142-144_a) and BF1-5 (BF 124-126_d). Single grain glass shard
analyses are either not yet available from the intermediate
products of the aforementioned regions, or are available in very
low quantities, and while data are available from what is
hypothesized to represent volcanic products from the Syunik
Highlands (Kandel et al., 2017), this link has not been proven
chemically. At present, the greatest chemical similarity to BF1-3
(BF 142-144_a) and BF1-5 (BF 124-126_d) is exhibited by a
tephra identified within Kalavan-2, a Middle Palaeolithic site c.
60 km NE of BF1 (Malinsky-Buller et al., 2021). However, the age
of the Kalavan-2 site means that it is too young to be a correlative
of BF1, and it has not yet been possible to directly provenance
the Kalavan tephra. Given the thickness of the BF1-3 and BF1-5
tephra horizons, their relatively coarse grain size, and the
probable correlation of the rhyolitic tephra at BF1 to Gutansar,
we argue it is most likely that BF1-3 (BF 142-144_a) and BF1-5
(BF 124-126_d) also originated from the proximal GVC.

Diatom analysis
Diatom results

A summary of the diatom assemblage is presented in Fig. 9 and
the full dataset is included in Supporting Information S2. BF1-6
at 8.29-8.00 m is dominated by fluctuating levels of Stephano-
discus medius Hakansson and Aulacoseira granulata (Ehrenberg)
Simonsen, with low but persistent occurrences of Narviculoid
taxa. At 8.00m, diatom concentrations fall, and thereafter
remain low, with limited species diversity, until c. 7.85m at
which point concentrations of all diatom taxa rise notably. A.
granulata initially dominates at 7.85m, S. medius peaks at
7.70-7.65 m, there are first appearances of Staurosirella pinnata
(Ehrenberg) Williams and Round, Cocconeis placentula spp.
Ehrenberg and Pseudostaurosira species at 7.85m, while
Narviculoid taxa also increase in concentration. In BF1-7
(7.60-7.56m) all diatom concentrations are reduced because
of the dilution of the sediment by volcanic ash discussed above.
However, concentrations return to higher levels above 7.55 m,
with S. medius dominating the assemblage between 7.54 and
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Figure 8. Selected chemical plots illustrating non-normalized major element glass chemistry of Bird Farm visible ashes and cryptotephra. The Bird Farm
sequence is dominated by glass shards of an indistinguishable high-K calc-alkaline rhyolitic signature. These are probably of local origin and can be tentatively
correlated to the Gutansar volcano located within the proximal GVC, despite some similarities to centres in the CAVP. (A) Total alkali silica classification
based on normalized data (Le Bas et al., 1986). Biplots B-G show selected major element glass chemistry from BF1 comapred to selected sequence and
volcanic centres in the region. (B) SiO, vs. KO (wt. %) based on non-normalized data (Peccerillo and Taylor, 1976). (C) FeO vs. CaO (wt. %). (D) SiO; vs.
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2 SD of replicate analyses of Lipari (n=47; plots A-E) and BCR2g (n=53; plots F and G) glass standards.

7.33m (BF1-8), while A. granulata occurs at lower, but
consistent levels. Pseudostaurosira species are also present in
consistent but low quantities, while S. pinnata and C. placentula
spp. initially occur in lower concentrations than at 7.85-7.65 m
before increasing above 7.32 m.

Diatom interpretation

The diatom record indicates that the strata formed in a deep,
temperate, alkaline lake, with high nutrient availability (Rioual
et al., 2007), the latter probably linked to a high concentration
of incorporated silicic tephra shards. Variations in the
dominance between the two key species, S. medius and A.
granulata, are probably linked to variations in the length and
timing of spring and autumn lake overturning, with S. medius
thriving during episodes of intense and prolonged springtime
mixing (Bradbury et al., 2002; Rioual et al., 2007). In contrast,
the heavily silicified A. granulata requires higher temperatures,
alongside deep mixing, to keep the heavily silicified taxa in the
photic zone and is thus often found in lakes with strong
autumn overturning. Both species require nutrient-rich waters

Copyright © 2021 John Wiley & Sons, Ltd.

(Kilham et al.,, 1986; O’Farrell et al.,, 2001), and they often
appear to track one another, with high concentrations
indicating periods of intensified spring and autumn over-
turning, both of which allow nutrient resuspension (Winder
and Hunter, 2008), and hence a reduced period of summer
stratification. Evident through the lower part of BF1-6 is a
relatively consistent diatom assemblage indicating lake stabi-
lity, with limited changes in lake stratification regime and/or
physico-chemical properties of the water column. A notable
shift in the diatom assemblage is evident at 7.85m, repre-
sented by a significant increase in the occurrence of benthic
taxa above this depth. Two possible mechanisms could
explain the change: (i) an extension of the euphotic zone,
favouring benthic diatom production (Wolin and Duthie,
1999), or (ii) a change in lake productivity or biodiversity,
resulting in an increase in benthic diatom productivity
(Althouse et al., 2014; Leira et al., 2015). The continued
presence of a relatively high proportion of benthic taxa
through the upper part of BF1-6 and BF1-8 represents the
continuation of relative lake stability, albeit associated with
differing lake conditions.

J. Quaternary Sci., 1-22 (2021)



14 JOURNAL OF QUATERNARY SCIENCE

Planktonic taxa

/— Benthic taxa

*
: % £
S ¥
& P § s
& S N @ * o
3 S N & &
o § Q & N &
& < )
¥ & » o o 2
) S & & & O
§ g> S & s >
N 5 $ & & g
GJQ :.,q‘ ,@Q o"’ \0 f?
& < S U <
| MY R N N N M TJS | [ [ L | I I I T IS A I I Y Y A |
) | ~ = -
- e n - = [
7.2 - _ _ - =
h = - p— =
T E=— n = &
7.3 4BF1-8 —_— - i -
- —_— ] = p
7.4 ] . [ p—
-_ e | - =5 | =
L3 )
7.5 = - = . -
§  eFi-7 »
g 76 b= == h S e e ] - ————— g —————— b———————
: - = " = p—
5.77_ - p— j— B =
27
a = ] = "
m A [
7.8 ] = ] =
- 8 EE— | W
7A9_BF|-6'::... = "
=
T =
8.0 - =
-1 = | =1
8.1 =
] =
7 [
82 -
T =3
T T T T T 1

T 1T T 1 T | T 1
500000 1000000 500000 1000000 500000 1000000 500000 1000000
Diatom Concentration (x10°ml')

3000000 0.0
Axis | Scores

— T T 1 —T1 T 1 1|
500000 1000000 500000 1000000 500000 1000000 1000000 20 40

Figure 9. Summary diatom assemblage data for BF1-6 to BF1-8. Shown are the principal planktonic and benthic data, diatom concentration and

axis 1 scores of the PCA.

Landscape and environmental change at Bird
Farm 1 and in the Hrazdan valley

The sequence at BF1 provides evidence for changes in both
lacustrine sedimentation and depositional environment in the
Hrazdan gorge during the Middle Pleistocene. Broadly, the
sequence represents two phases of deposition during which
there were three primary tephra falls, the basal two separated
from the upper by an interval of subaerial exposure. The
second phase of lacustrine sedimentation is followed by a
period of alluvial activity and pedogenesis before capping of
the sequence by lava emplacement (Table 2). As outlined in
‘Geological and site context’, a broad chronology for land-
scape development at BF1 is provided by *°Ar/*°Ar age
estimates derived from the lava flow (BF1-11) that caps the
deposits and lava flows HGW-VI and HGW-IV outcropping at
NGT1. It is important to note that attempts were made
to “°Ar/*°Ar date the visible tephras BF1-3 and BF1-7 as part
of this study. Extraction of minerals (feldspar) followed the
protocol outlined in Adler et al. (2014); however, it was not
possible to obtain the required number of crystals of an
appropriate size for accurate *°Ar/>’Ar dating. However, the
age of the BF1 sequence can be further refined by correlation
of the deposits with those at NG1 (Fig. 10). “°Ar/*°Ar dating of
sanidines derived from the upper sediment stratum (Unit 1) at
NG1 has yielded an age of 308 ka, while that layer in turn
directly overlies a series of pedogenically modified alluvial
deposits (NG1 Units 2-5). We argue that the latter are
floodplain and levee facies of the same stream that deposited
the BF1-9 channel sediments. Accepting this hypothesis would
imply that the BF1 sequence accumulated in the interval
440-308-ka, with pedogenic development at BF1 occurring

Copyright © 2021 John Wiley & Sons, Ltd.

contemporaneously with NG1 during Marine Istope Stage
(MIS) 9e. Given the correlation of the upper alluvial strata at
BF1 to MIS 9e we hypothesize lake persistence at BF1 is
associated with an earlier interval of warmer conditions,
possibly during MIS 11.

The earliest phase of lacustrine sedimentation (BF1-1 to
BF1-5) is associated with the development of a shallow
lacustrine system after 440 ka. Lake formation probably
occurred as a response to impeded drainage in the Hrazdan
basin and due to damming of the palaeo-Hrazdan by lava flow
emplacement (Sherriff et al., 2019). Associated with this phase
were at least three intervals of volcanic activity, represented by
the two visible primary airfall deposits (BF1-3 and BF1-5) and
the reworked felsic ash within BF1-2. The particle size
distribution and close chemical similarity with proximal
deposits from the GVM suggest that a local volcanic centre
(e.g. Gutansar) is the probable source of the primary and
reworked tephra. Together, the presence of a high volume of
volcanic material and allochthonous siliclastic sediment in the
lower strata of the BF1 sequence indicates a highly dynamic
landscape in which large volumes of easily erodible material
lay on the land surface surrounding the basin. Consequently,
the lacustrine system was subject to a large amount of
inwashing and rapid sediment deposition.

The second phase of landscape evolution at BF1 is
represented by the weathered upper stratum of BF1-5,
indicating a reduction in water level in the lacustrine system,
subaerial weathering of the tephra, and with clay illuviation.
Formation of this surface represents a depositional hiatus in the
BF1 sequence. The cause of the change in water level is,
however, not clear from the sedimentary evidence alone. It
may in part be a consequence of infilling of the basin through
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Figure 10. Schematic showing hypothesized correlations of (A) the BF1 and NG1 (Adler et al., 2014) sequence, and (B) BF1 and NG1 with the
global marine isotope stratigraphy (LR04; Lisecki and Raymo, 2004) and Lake Van arboreal pollen record (Litt et al., 2014). Upper NG1 stratigraphy
(Units 1-4) is based primarily on that reported by Adler et al. (2014). The lower stratigraphy (Units 5g-9e) is based on more recent excavations at
NG1 (D. S. Adler and K. N. Wilkinson, unpublished data). Lava cobbles with silt-clay interstitial fill (Units 9a—e) in the NG1 sequence are interpreted
to represent the lacustrine facies. For both BF1 and NG1 the principal fluvial, lacustrine, pedogenic and volcanic facies are highlighted in A and
correlated to the regional stratigraphies in B. As described in the main text, we hypothesize that the upper fluvial and pedogenic facies in BF1 (BF1-9)
are lateral equivalents to the upper fluvial and pedogenic facies at NG1 (Units 2-5) and are probably correlated to MIS 9e. The underlying lacustrine,
volcanic and fluvial facies at both sites were therefore probably deposited during the interval 440-320 ka (MIS 11-10) on the basis of the **Ar/*°Ar
dating of the lava flow (HGW-1V) that forms the base of the NG1 sequence.

the rapid deposition of volcanic material. Alternatively, it
could represent a reduction in water level as a response to
climatic (aridity) or, more probably, geomorphic processes
related to damming of the lake elsewhere in the catchment
(Sherriff et al., 2019).

The third phase of landscape evolution recorded in the BF1
sequence is represented by a return to lacustrine sedimenta-
tion, albeit associated with a deeper, stratified water body. It is
likely that this new lake system formed because of the
damming of the palaeo-Hrazdan downstream of the BF1
locale. The formation of a deep lake system involves: (i) the
presence of a basin of a significant depth to contain the
waterbody (e.g. a valley) and (ii) a significant inflow of water.
By implication it was likely that there was not a barrier to
palaeo-Hrazdan flow upstream of the BF1 locale at this time.
Sedimentological, geochemical and diatom evidence indicate
the persistence of a deep, stratified lake with periodic seasonal
overturning in a warm climate. This indicates lake persistence
under relatively stable environmental conditions, with

Copyright © 2021 John Wiley & Sons, Ltd.

allochthonous inputs principally from aeolian sources and
periodic inwashing events. At least one primary pyroclastic
airfall event is recorded during the interval (BF1-7), which
given the chemical similarity of this ash unit to the tephra in
the rest of the sequence may indicate a GVM eruptive source,
although Turkish eruptive sources (e.g. the CAVP) cannot be
excluded.

The combined diatom and geochemical evidence from the
BF1 sequence indicates at least one interval of changing lake
conditions during this third phase. This change was manifested
by an increase in benthic diatom taxa occurring contempor-
aneously with enhanced organic content and Si production, a
relative reduction in allochthonous inputs and a greater level
of anoxia. Together, these lines of evidence suggest an
extension of the euphotic zone, resulting in enhanced lake
productivity and a shift in lake trophic status (Althouse et al.,
2014; Leira et al., 2015). There a several possible explanations
for this: (i) a reduction in lake level because of climatic change
(enhanced warming and/or aridity) or geomorphic processes
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resulting in the extension and development of aquatic
vegetation (e.g. Ruhland et al., 2015), (ii) a reduction in lake
turbulence because of falling wind strength, favouring the
development of benthic diatom communities (e.g. Wang et al.,
2012) or (iii) a reduction in the duration or change in timing of
ice-cover, enhancing light availability and nutrient availability.

The fourth phase of landscape evolution in the BF1 locale
represents the onset of alluvial deposition, characterized by
the moderate-energy in-channel fluvial sedimentation. Given
the unconformity between the alluvial sediments and under-
lying lacustrine strata, it is not clear when this activity
occurred. Nevertheless, we can hypothesize that the deposi-
tional shift to a fluvial style was probably a consequence of
breaching of the dam downstream of the BF1 locale, resulting
in drainage of the lake system and the commencement of
fluvial activity and floodplain development in the Hrazdan
valley. The gravels forming the BF1 fluvial deposits have a
diverse lithology, representing the wide range of Quaternary
and pre-Quaternary geologies outcropping in the modern
Upper Hrazdan valley (Sherriff et al., 2019), indicating that the
fluvial system (probably the palaeo-Hrazdan) had a compar-
able catchment to the modern Hrazdan. This interval of
alluvial activity was followed by soil development on the
palaeo-Hrazdan floodplain, which probably occurred along-
side the development of climax vegetation communities in MIS
9e. The final phase of Pleistocene landscape evolution
recorded at BF1 is lava emplacement, this latter representing
the final period of effusive volcanic activity affecting the
Hrazdan gorge at 200 ka (MIS 7). Previous mapping of this lava
flow indicates that it originated from either the Gutansar, Hatis
or Menaksar edifices located on the eastern side of the
Hrazdan valley (Sherriff et al., 2019).

Discussion

Palaeoenvironmental significance of the Bird Farm
sequence

The combined sedimentological, geochemical and diatom
evidence from BF1 provides a record of environmental
conditions during the Middle Pleistocene. There is evidence
for two phases of sediment accumulation under temperate
conditions, albeit associated with differing depositional
regimes, and at least four intervals of changing hydrological
conditions in the Hrazdan Basin around the BF1 locale.
Significantly, the BF1 record provides the first quantitative
diatom evidence for changing environmental conditions in the
Armenian Highlands (and the wider southern Caucasus) during
the Middle Pleistocene.

Given the chronology of the site, we hypothesize that the
temperate conditions recorded at BF1 represent separate
interglacial periods, MIS 9e and MIS 11c. The former is
represented by the development of mature Bk horizons,
indicating floodplain soil formation and probably associated
with the development of climax vegetation communities under
fully interglacial conditions, while the latter is represented by
the persistence of a deep lake system under warm conditions.
Significantly, shifts observed during this interval of lake
persistence may hint at changes in temperature or precipitation
regime within MIS 11. While we are keen to avoid over-
interpretation given ambiguities in elucidating the driver(s),
and timing of this shift, the evidence highlights the potential of
lacustrine systems for recording sub-Milankovitch environ-
mental changes in the southern Caucasus.

The prevalence of warm and humid interglacial conditions
in the Hrazdan valley during the Middle Pleistocene supports

Copyright © 2021 John Wiley & Sons, Ltd.

the limited palaeoenvironmental evidence from the region.
Malacological evidence from loess—palaeosol sequences in
northern Armenia indicates the development of forest steppe
during interglacials indicating increased humidity and warm
conditions in comparison with semi-arid to arid conditions
during glacial periods (Richter et al., 2020). These sites lie at a
much lower elevation (c. 400 m asl) than the Hrazdan valley.
However, pollen evidence from Lake Van, which is at a
comparable altitude to the Hrazdan valley (1647 m asl), albeit
180 km to the south-west and separated from BF1 by the
Armenian Highlands, also indicates enhanced warmth and
increased humidity during Middle Pleistocene interglacials, as
evidenced by the development of mixed-oak steppe (Litt
et al.,, 2014).

The hydrological changes recorded in the BF1 sequence
cannot be interpreted on the basis of climate alone, given the
strong geomorphic and volcanic control on the Hrazdan valley
throughout the Pleistocene (Sherriff et al., 2019). Rather, these
hydrological changes are hypothesized to be linked to
changing sediment supply and impeded drainage of the
palaeo-Hrazdan upstream and downstream of the BF1 locale,
both of which are closely related to the volcanic history of the
basin. Indeed, the evidence from BF1 supports the broad
sediment succession recorded elsewhere in the Hrazdan valley
of lava emplacement damming the Hrazdan valley and lake
formation, a shift to fluvial deposition as a function of
breaching of the lava dam or base-level change, floodplain
development and subsequent lava emplacement. Evident in
the BF1 sequence, however, is more complexity in the pattern
of geomorphic change, with evidence for the occurrence of
two distinct lake systems in the Hrazdan gorge during the
interval 440-200 ka. While it is not possible from the
geomorphic evidence to account for the causes of these
changes, it does imply changes to the pattern of the drainage of
the palaeo-Hrazdan on at least two occasions before the onset
of fluvial deposition at the BF1 locale.

Tephrostratigraphical significance of the Bird Farm
sequence

The BF1 sequence records the first Middle Pleistocene
tephrostratigraphy to be published from the Armenian High-
lands. Evident in the sequence are three stratigraphically
distinct tephra layers each representing separate eruptive
events/phases, while there are also high concentrations of
cryptotephra throughout. Overlapping chemical signatures of
the cryptotephra, supported by micromorphology and sedi-
mentological evidence, suggests that the record represents the
local reworking of volcanic deposits derived from the GVM.
High background concentration of volcanic glass in the
sequence therefore acts to mask any primary tephra deposi-
tion, meaning distinct eruptive episodes are unlikely to be
identified in the cryptotephra record.

The visible tephra in the BF1 sequence therefore provides
the best means for tephrostratigraphic correlation. Major
element glass chemistry of these tephra indicates potential
eruptive sources in Turkey and the GVM. However, given the
thickness of the BF1-3, BF1-5 and BF1-7 tephra horizons, a
local source is favoured. Radiometric (K-Ar) and FT dating of
obsidian and other felsic deposits proximal to the edifice of
Gutansar provides an estimated interval of activity between
550 and 200 ka (Oddone et al., 2000; Badalian et al., 2001;
Karapetian et al., 2001; Lebedev et al., 2011, 2013), over-
lapping with the formation of the BF1 sequence (440-200 ka).
However, we cannot currently exclude other volcanic centres
in the western GVM (e.g. Hatis and Menaksar) given that they
also have eruptive phases spanning this Middle Pleistocene
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interval (Badalian et al., 2001; Karapetian et al, 20071;
Lebedev et al., 2013) while their glass chemistry is at present
incompletely resolved.

Potential correlations of the visible tephra in the BF1 sequence,
and indeed other Pleistocene sequences from the Armenian
Highlands and broader Caucasus region (e.g. Malinsky-Buller
et al., 2021), with known source areas is more problematic for
three reasons: (i) the chemical similarity of tephras derived from
different local and regional volcanic sources on the basis of their
major element chemistry; (ii) incomplete understanding of the
timing and chemical signature of eruptions from local volcanic
centres in Armenia, specifically those in the GVM and AVM,
which have chronologies indicating eruptive episodes during the
Pleistocene (Chernyshev et al, 2002; Lebedev et al, 2011;
Meliksetian et al., 2014); and (iii) the absence of single-shard glass
data from distal volcanic centres that also have eruptive histories
spanning the Middle Pleistocene [e.g. Elbrus (Greater Caucasus),
Damavand (Iranian Plateau) Nemrut, Suphan Tendurek (eastern
Turkey)]. Despite these uncertainties, the tephrostratigraphy at BF1
offers considerable potential for the correlation of sediment
sequences within the Hrazdan Valley and beyond. Indeed, such
isochrons will be of particular significance if they can be linked to
tephras associated with archaeological sites (e.g. Kagshi 1: Sherriff
et al., 2019; lower strata in NG1: Adler et al., 2014). Specifically,
the tephrostratigraphic correlation of archives that contain
palaeoenvironmental proxy evidence, such as BF1, will allow for
the future development of a framework linking landscape,
environmental and archaeological changes in the Armenian
Highlands and the southern Caucasus as a whole.

Bird Farm and the Hrazdan valley archaeological
record

The BF1 sequence cannot yet be firmly correlated with hominin
activity at NG1 or indeed elsewhere, a situation that will persist
until either tephra-derived isochrons can be established or
absolute ages are obtained for the BF1 tephras (either directly
by *°Ar/*°Ar or indirectly by chronologies derived elsewhere).
However, on the assumption that the fluvial channel strata at
BF1 (BF1-9) are facies equivalents of the floodplain deposits at
NG1 (Units 1-4), it can in turn be inferred that the lacustrine
beds at BF1 are lateral equivalents of lake sediment outcropping
beneath the alluvial layers at NG1 (Fig. 10) (D. S. Adler and K. N.
Wilkinson, unpublished data). Furthermore, acceptance of such
an inference would imply that the lake stretched at least 1.7 km
north-eastwards from the BF1 locale. It is also of note that the
earliest Palaeolithic artefacts at NG1 are associated with rubble
derived from the 440 ka HGW-IV lava, while lake sediments
have formed around the trachyandesite cobbles and boulders
(D. S. Adler and K. N. Wilkinson). These data have significant
implications for the interpretation of the initial hominin activity
at NG1 that will be considered elsewhere, but suffice to say that
lake margin settings were utilized by hominin groups throughout
the Early and Middle Pleistocene (e.g. Blumenschine et al.,
2012; Roach et al, 2016; Stewart et al, 2020). They are
recognized as ecotonal environments that allow both freshwater
and adjacent terrestrial settings to be exploited, while at the
same time being a location for the congregation of potential
prey. Indeed, the high nutrient status of the BF1 lake suggests that
it would have been a rich source of aquatic resources,
particularly during its deep-water phase. At a broader level,
the posited BF1-NG1 correlation would confirm previously
published suggestions that Lower and early Middle Palaeolithic
occupations in the Caucasus region are archaeologically most
visible during interglacials (Adler et al., 2014; Sherriff et al.,
2019), periods which, as discussed above, are argued to have
been warm and humid. Even so, excepting NG1 and Koudaro IlI

Copyright © 2021 John Wiley & Sons, Ltd.

in South Ossetia (Doronichev, 2011), Palaeolithic sites in the
region have yet to be chronometrically dated to the MIS 11-9
interval, albeit that several are known from the MIS 7 interglacial
(e.g. Azokh cave in Nagorno-Karabakh: Fernandez Yalvo et al.,
2010; Asryan et al., 2014; Djruchula, Georgia: Mercier et al.,
2010). The tephrostratigraphic approach outlined above may in
the future enable correlation of the BF1 stratigraphy with the
wider Middle Pleistocene archaeological record.

Conclusions

® The Bird Farm-1 sequence represents the first record for the
Armenian Highlands that combines sedimentological, te-
phrostratigraphical and diatom data to reconstruct Middle
Pleistocene environmental and landscape change in the
region.
¢ We have demonstrated six phases of landscape development
in the Hrazdan gorge between successive lava flow
emplacements at 440 and 197 ka and comprising the
development of at least two distinct lacustrine systems,
separated by an interval of subaerial weathering. Deposition
in a lacustrine setting was followed by an interval of fluvial
activity and subsequent land surface stability. Within the
sequence is evidence for at least two intervals of sediment
accumulation under warm conditions, which, on the basis of
the Hrazdan valley stratigraphy (Sherriff et al., 2019), we
hypothesize to be MIS 9e and MIS 11c.
e Diatom data from the sequence provide evidence for
fluctuating lake conditions during one of these intervals
and which might be linked to changing climate regimes
within a single warm phase. While further proxy evidence is
needed to fully understand these changes, the record
demonstrates the strong potential for fragmentary lake
sequences (such as BF1) in the Caucasus region to record
Middle Pleistocene climatic changes. This result is of
particular significance in a region where highly dynamic
tectonism means that the likelihood of finding long,
continuous lacustrine sequences spanning large parts of
the Pleistocene is low.
Major element chemical characterization of three visible
tephra and six cryptotephra horizons in the sequence
represents the first published stage in the development of a
regional tephrostratigraphy for the Middle Pleistocene. The
chemistry of the visible tephra horizons suggests derivation
from Armenian and Turkish sources. Combined stratigraphi-
cal, chronological and glass shard geochemical evidence
from two of these tephras allows for the tentative correlation
to proximal deposits of the GVM volcano, Gutansar, c.
10 km NE of the site.
Together, the diatom and tephra evidence demonstrate that
linkages can be established between palaeoenvironmental
archives at both a local (Hrazdan valley) and regional
(Armenian Highlands and Caucasus) scale. Such connec-
tions will enable us to better understand the environmental
backdrop of the expansion, behavioural change and evolu-
tion of Middle Pleistocene hominins in the region generally.
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Additional supporting information can be found in the online
version of this article.This article includes online-only Supple-
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