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ARTICLE INFO ABSTRACT

Article history: The post-collisional Syunik and Vardenis volcanic highlands, located in the southern Lesser Caucasus mountains
Received 13 September 2020 (part of the Arabia-Eurasia collision zone) are host to over 200 monogenetic volcanoes, as well as 2 large Quater-
Received in revised form 18 January 2021 nary polygenetic volcanoes in the Syunik highland. The latter are overlain by lavas from the monogenetic volca-
Accepted 25 January 2021

noes, suggesting there was a transition in the style of volcanic activity from large-volume central vent eruptions
to dispersed small-volume eruptions. 12 new high quality “°Ar/>°Ar ages are presented here, with 11 ages calcu-
Keywords: lated by step-heating experiments on groundmass separates, and the final age obtained from total fusions of a
739+ dating population of sanidines. All the ages were younger than 1.5 Ma, except for one ignimbrite deposit whose
Post-collisional volcanism sanidines gave an age of 6 Ma. While the bulk of the exposed products of post-collisional volcanism relate to Pleis-
Monogenetic volcanoes tocene activity, it is clear there has been active volcanism in the region since at least the late Miocene. All ages for
Lesser Caucasus monogenetic volcanoes in the Syunik highland are younger than 1 Ma, but to the north in Vardenis there is geo-
chronological evidence of monogenetic volcanism at 1.4 and 1.3 Ma. An age of 1.3 Ma is determined for a lava
flow from one of the polygenetic volcanoes- Tskhouk, and when combined with other ages helps constrain the
timing of the polygenetic to monogenetic transition to around 1 Ma. The new ages illustrate a degree of spatio-
temporal coupling in the formation of new vents, which could be related to pull-apart basins focussing ascending
magmas. This coupling means that future eruptions are particularly likely to occur close to the sites of the most
recent Holocene activity. The polygenetic to monogenetic transition is argued to be the result of a decreasing
magma supply based on: (i) volume estimates for Holocene eruptions and for all monogenetic volcanoes and
their lava flows in Syunik; and (ii) the volcanic stratigraphy of the Lesser Caucasus region which shows late
Pliocene- early Pleistocene continental flood basalts being succeeded by a few large andesite-dacite volcanoes
and then the most recent deposits consisting of small-volume scoria cones. The Syunik highland has the highest
density of monogenetic centres in the Lesser Caucasus, which is taken to indicate this region has the highest
magma flux, and was therefore the last location to transition to monogenetic volcanism, which is why the tran-
sition is most clearly seen there. There is no evidence from Sr-Nd-B isotope measurements for the exhaustion
of fusible slab components in the mantle source, showing that an inherited slab signature can survive for millions
of years after the end of subduction. Although volcanism in the Lesser Caucasus is currently waning, a future pulse

of activity is possible.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction successive eruptions through a stable central conduit. The resulting vol-
canic stratigraphy includes clear breaks in the geological record between

The most fundamental classification of volcanoes is the distinction deposits of multiple eruptive cycles (e.g. Luhr et al., 2010). In contrast,
between polygenetic and monogenetic edifices (Rittmann, 1962; monogenetic volcanoes are defined as only having one eruptive episode,
Nakamura, 1977;). Polygenetic volcanoes are constructed from which can last anything from hours to decades (Smith and Németh,
2017).Monogenetic volcanoes are distinguished from polygenetic volca-

"+ Corresponding author. noes based on their geomorphology, being usually much smaller volume
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(e.g. Yokoyama, 2019). Despite not representing the archetypal image of
avolcano, monogenetic volcanoes are found at every plate boundary and
intraplate setting at which polygenetic volcanoes form (Hildreth, 2007;
Thordarson and Larsen, 2007; Kiyosugi et al., 2010; Mazzarini and Isola,
2010; Déniz-Paez, 2015; Muirhead et al., 2016; Reynolds et al., 2018;
Bertin et al., 2019; Gomez-Vasconcelos et al., 2020). Although the erup-
tive lifetime of a single monogenetic volcano is relatively short, they nor-
mally form part of a larger structure of multiple monogenetic volcanoes
known as a volcanic field. Such fields can have lifespans as long as, if not
longer than polygenetic volcanoes. The mode of volcanic activity which
leads to the formation of these structures is sometimes referred to as “dis-
tributed volcanism” (Valentine and Connor, 2015).

Polygenetic volcanism from a single central vent and monogenetic
volcanism in a distributed volcanic field are actually end members of a
spectrum of volcanic activity and landforms. Transitional styles include
large volcanic complexes with polygenetic eruptive vents and numer-
ous parasitic cones, often extending tens of kilometers away from the
base of the larger volcano. This is an extremely common style of activity,
as the recent eruptions of monogenetic vents in the Tolbachik volcano
group (Kamchatka) demonstrate (Belousov et al., 2015). As such,
some researchers have argued for a second petrogenetic criterion,
whereby a monogenetic volcano is fed by a discrete mantle-derived
batch of magma, and not a mature interconnected plumbing system
(Smith and Németh, 2017). However, the complex interconnected rela-
tionship between dykes and monogenetic volcanoes in volcanic fields
such as San Rafael (Utah, USA) and Hopi Buttes (Arizona, USA) suggests
this criterion is problematic (Kiyosugi et al., 2012; Muirhead et al.,
2016). For simplicity, in this contribution we use the term monogenetic
only in the volcanological sense.

Why do these differences occur in the distribution of volcano land-
forms and their types? A low magma supply rate, a high rate of crustal
extension or a combination of the two are the most commonly cited ex-
planations for distributed volcanism (Nakamura, 1977; Fedotov, 1981;
Walker, 1993; Takada, 1994a). Low magma supply has been suggested
to prevent the continued existence of a “hot pathway” for magmas to
propagate to the surface (Fedotov, 1981; Walker, 1993). Most volcanic
fields have eruption recurrence rates on the order of 107> to 10~ erup-
tions/year (Valentine and Connor, 2015), which is a low rate of activity
in comparison to typical stratovolcanoes (Luhr et al., 2010). The cause of
the link between monogenetic volcanism and high rates of crustal ex-
tension is less clear. It has been suggested that high rates of crustal ex-
tension prevent dyke coalescence and magma mixing (Takada,
1994b), or else they promote lateral transport and retard magma focus-
sing (Nakamura, 1977). Whatever the cause, it is clear that distributed
volcanism is favoured in regions of high extension (e.g. Takada, 1994a;
Bucchi et al,, 2015).

Despite requiring different magma supply rates or local tectonic
stress regimes, monogenetic and polygenetic volcanoes are often
found in surprisingly close proximity (within a few km; Nakamura,
1977; Settle, 1979; Bucchi et al., 2015; Germa et al., 2019; Riggs et al.,
2019; Sieron et al., 2019a). The Lesser Caucasus, located largely in the
country of Armenia and within the Arabia-Eurasia collision zone, is
one such region that hosts both polygenetic and monogenetic volcanoes
(Fig. 1). Polygenetic volcanoes include Aragats (> 3 km tall with a 42 km
basal diameter; 1.8-0.5 Ma; Gevorgyan et al., 2018), Ararat (~4 km tall
with a 40 km basal diameter; 1.5-0.02 Ma; Yilmaz et al., 1998), Tskhouk
and Ishkhanasar (Fig. 1). Across the Lesser Caucasus region (Fig. 1),
there are 772 mapped monogenetic volcanoes in Armenia, easternmost
Turkey and southern Georgia, all of which formed since 11 Ma, with the
vast majority produced in the last few million years (Keskin et al., 2006;
Arutyunyan et al., 2007; Connor et al., 2011; Lebedev et al,, 2013). This
gives an average density of vents for the Lesser Caucasus of ~0.016 per
km?. For comparison, the Baja California field, NW Mexico, which is con-
sidered to be one of the densest clusters of volcanoes on earth, contains
900 vents, formed between 12.5 and < 1 Ma, with a density of 0.013
vents per km? (Germa et al., 2013). Many of these monogenetic
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volcanoes are found in volcanic highlands such as the Erzurum-Kars Pla-
teau and the Gegham, Vardenis and Syunik highlands, or on the flanks of
large polygenetic volcanoes such as Aragats and Ararat (Fig. 1).

Both types of volcano present their own distinct hazards to local
populations and infrastructures. Polygenetic volcanoes have the poten-
tial to produce larger (in volume) and more explosive eruptions, whose
effects will cover the widest areas. Eruptions from monogenetic volca-
noes are likely to affect a smaller area but are much more unpredictable
in terms of their location. Within the Lesser Caucasus region, the
Armenian nuclear power plant (Karakhanian et al., 2003; Connor
et al,, 2011, 2012; IAEA-TECDOC-1795, 2016), the city of Yerevan
with a population of over 1.2 million (Lebedev et al., 2013; Gevorgyan
et al.,, 2018), and the M2 road link between Iran and the Caucasus
(Karakhanian et al., 2002; Sugden et al., 2019) are all located within a
few km of both monogenetic and polygenetic volcanoes. This means un-
derstanding the nature of the volcanic hazard in this region is of sub-
stantial geopolitical significance for Armenia and the surrounding
countries.

An area of particular interest is the Syunik volcanic highland (Fig. 1),
which is host to 160 monogenetic volcanic centres, and two polygenetic
volcanoes- Tskhouk and Ishkhanasar. The most recent Holocene activity
in Syunik involved a cluster of monogenetic cones (Karakhanian et al.,
2002), while Tskhouk and Ishkhanasar appear to be inactive. This
leads one to the hypothesis that there has been a shift over time from
polygenetic to monogenetic volcanism in Syunik.

We test this hypothesis by presenting a new set of high quality
4OAr/39Ar ages for key volcanic units from Syunik. These ages are used in
conjunction with previous K—Ar (Karapetian et al., 2001; Ollivier et al.,
2010),*°Ar/*°Ar (Joannin etal., 2010; Meliksetian et al., 2020) and apatite
fission track ages (Karapetian et al.,2001) to make some conservative es-
timates of the recurrence interval of eruptions; and to constrain the
timing of the polygenetic to monogenetic transition. The age data are
combined with geochemical and geospatial data for Syunik in order to in-
vestigate the origin of the transition, i.e. whether it was related to a de-
creasing magma supply or increased crustal extension. Two samples
from Vardenis (just to the north of Syunik; Fig. 1) were also “°Ar/>°Ar
dated to test the geographical extent of any polygenetic- monogenetic
transition and whether or not it occurs contemporaneously.

2. Geological setting and previous age constraints

Syunik volcanic highland is located on the Anatolian-Armenian-
Iranian plateau, a broad uplifted region formed by the northward inden-
tation of the Arabian plate into the Eurasian plate. The ~500 km wide
plateau is the only continent-continent collision setting on Earth
which hosts widespread and volumetrically significant Quaternary
post-collisional volcanism (Fig. 1), although there are a couple of rare
cases of Quaternary volcanism on the Tibetan plateau as well (Zou
et al., 2020a, 2020b). Volcanism appears to have initiated in the late
Miocene (Keskin et al., 1998; Keskin, 2003; Arutyunyan et al., 2007;
Sengor et al., 2008), although perhaps not until <5 Ma in the south of
the plateau (Keskin, 2003). Volcanism has been variously attributed to
slab break-off (Keskin, 2003), small-scale lithospheric delamination
(Kaislaniemi et al., 2014), amphibole dehydration melting (Allen et al.,
2013), or various combinations of these factors (Neill et al., 2015;
Sugden et al., 2019).

Post-collisional volcanism is not a minor feature of the plateau, with
eastern Anatolia alone being covered by ~15,000 km® of post-Miocene
lavas, ignimbrites and other eruptive products (Sengor et al., 2008).
Across the plateau, there are examples of both polygenetic and monoge-
netic volcanism. Polygenetic volcanoes include those surrounding Lake
Van (Nemrut, Suphan and Tendurek), as well as volcanoes such as
Sabalan in NW Iran (Yilmaz et al., 1998; Ghalamghash et al., 2016). Ex-
amples of monogenetic centres include the Erzurum-Kars plateau in
eastern Anatolia, and the small volcanoes of the Kurdistan province of
NW Iran (Keskin et al., 1998; Allen et al., 2013).
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Fig. 1. Distribution of Quaternary volcanoes in the central part of the Anatolian-Armenian-Iranian plateau. The large brown coloured regions give the locations of polygenetic volcanoes,
while the clusters of smaller spots show the locations of volcanic fields. The southern Lesser Caucasus volcanic field is outlined by the black dashed line. The area covered by the map of the
Syunik highland shown in Fig. 2 is shown by the black box, with the Vardenis highland just to the north-west, labelled by the black box as “VD". Volcano name abbreviations: AG - Aragats;
AL - Aladag; ALR - Arailer; AR- Ararat; AH- Ahar volcanic field; BN - Bingol; ET - Etrusk; GM - Gegham volcanic highland; KEP - Kars-Erzerum volcanic plateau; JV- Kechut - Javakhk
volcanic plateau; KP- Kapan volcanic highland; MD - Meydan Dag; NM - Nemrut; SB - Sabalan; SH - Sahand; SM - Samsari volcanic field; SN - Syunik volcanic highland; SP - Sipan
(Stiphan); SR- Saray; TN - Tondrak (Tendurek); VC - Van caldera. Active faults after Karakhanyan et al. (2016). The outlined area labelled “NKR” refers to the disputed Nargorno-Karabakh
region, while the area labelled “Nak” is Nakhichevan is an autonomous region that is part of Azerbaijan. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

As can be seen in Fig. 1, the Syunik volcanic highland is located to-
wards the northern edge of the Anatolian-Armenian-Iranian plateau,
yet in a central position between the volcanoes of eastern Anatolia
and NW Iran. In terms of the monogenetic volcanism, it can be consid-
ered the south-eastern end of the southern Lesser Caucasus volcanic
field (Fig. 1). This field consists of the Gegham, Vardenis and Syunik vol-
canic highlands referred to in Sugden et al. (2019). In this contribution
we focus on the Syunik region because it hosts both polygenetic and
monogenetic volcanoes, the previous paucity of age data, and the poten-
tial for use of a geothermal energy source due to documented Holocene
activity (White et al., 2015). We also explore for evidence from the vol-
canic stratigraphy of the Vardenis highland to the north of Syunik
(Fig. 1), to determine whether a polygenetic to monogenetic transition
in Syunik extends to the north- towards the capital of Armenia, Yerevan
(Fig. 1; Connor et al., 2012; Gevorgyan et al., 2018).

Both Vardenis and Syunik host a large number of monogenetic vol-
canic centres. The size and morphology of these volcanic centres is typ-
ical of monogenetic volcanoes worldwide. The height, basal diameter,
and crater diameter of a selection of volcanoes from the studied region
are shown in Table 1. The examples of the southern Lesser Caucasus vol-
canoes include those that are both larger and smaller than the famous

Paricutin volcano, Mexico, which is known to have formed by a single
eruption from 1943 to 1952 (Foshag and Gonzalez Reyna, 1956). In con-
trast, one of the polygenetic volcanoes, Ishkhanasar, is an order of mag-
nitude larger (Table 1), and clearly must have formed through multiple
eruption cycles.

2.1. Syunik volcanic highland

Syunik hosts a minimum of 160 volcanic centres composed of mafic-
intermediate scoria cones and lavas, as well as rhyolite domes
(Meliksetian, 2013). A recently completed geological map indicates
that the polygenetic volcanoes are older than the monogenetic volca-
noes in Syunik (Fig. 2). Close to the base of the volcanic section is the
Goris strata debris avalanche volcaniclastic deposit, which formed due
to the collapse of a large (likely polygenetic) volcanic edifice. It is
thought to be upper Pliocene in age given that it lies directly below
the lower Pleistocene Sisian suite sediments in the Tatev Gorge (south-
ern boundary of the mapped region in Fig. 2). These lacustrine diatomite
sediments are in turn capped by lava flows from nearby monogenetic
volcanoes (Fig. 2; Ollivier et al., 2010). Two polygenetic edifices are
still observable in Syunik: Ishkhanasar (in the SE) and Tskhouk (to the
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Table 1
Morphological characteristics for several of the best-preserved volcanoes in the southern Lesser Caucasus. Also shown for comparison is one of the best known monogenetic volcanoes,
Paricutin.
Volcano Name, and highland Coordinates, WGS-84, Diameter of the Diameter of the Altitude, Relative
Decimal Degrees base, m crater, m asl.m elevation, m
Lat Long
Karkar, Syunik 39.749824° N 45.953640° E 2100 - 3208 308
Tsakkar, Syunik 39.717606° N 46.002000° E 1220 340 3197 174
Nazeli, Syunik 39.715842° N 46.008595° E 330 110 3154 51
Paytasar, Syunik 39.722585° N 46.008059° E 490 160 3119 37
Mets Erkvoryak, Syunik 39.637170° N 46.120621° E 1491 470 2838 190
Merkasar, somma volcano in caldera of Ishkhanasar, Syunik 39.579161° N 46.234376° E 3250 - 3233 523
Ishkhanasar stratovolcano, 39.579905° N 46.180706° E 23,000 7100 (caldera) 3550 1527
Syunik
Porak, Vardenis 40.029096° N 45.739295° E 1230 310 3046 246
Torgomayir, Vardenis 39.987532° N 45.612497° E 1363 - 3451 140
Karmravor, Vardenis 40.118624° N 45.561915°E 1460 300 2377 158
Vayotsar, Vardenis 39.798051° N 45.499641° E 1587 510 2586 589
Paricutin, Trans-Mexican volcanic belt- erupted in 1943 19.49306° N 102.2514° W 870 275 2800 208

NW; Fig. 3a). Lava flows associated with these polygenetic volcanoes
are sometimes covered by the volcanic deposits of monogenetic volca-
noes. For example, the Sherepasar monogenetic volcano clearly formed
on top of the pre-existing lava flows from Tskhouk polygenetic volcano
(Fig. 3b). Similarly, the calderas of Ishkhanasar and Tskhouk are host to
younger monogenetic somma volcanoes. Merkasar is a 3 km diameter,
500 m high somma dated to 0.7 + 0.1' Ma (K—Ar), nested in the
south-east facing caldera of Ishkhanasar (Karapetian et al., 2001).

40Ar/29Ar ages of 1.16 4 0.02 and 1.24 + 0.03 Ma have been ob-
tained for volcanic tephra layers interbedded with diatomite sediments
in the Sisian suite (Joannin et al., 2010). The large clast size (described as
“conglomeritic” with cm-sized pumice clasts) and the thickness of these
deposits (1-2.5 m), suggests the volcanic material could be derived
from a proximal source (Joannin et al., 2010). A significant magma
chamber, with a sufficient magma volume to force a mass eruption
rate high enough to drive a Plinian eruption would usually require a
local polygenetic volcano to erupt this tephra deposit.

Ages from monogenetic volcanoes in Syunik are exclusively younger
than 1 Ma. Several lava flows from monogenetic volcanoes that cap
these sedimentary sequences have all been dated at <1 Ma using the
K—Ar technique (Ollivier et al., 2010). Several monogenetic rhyolite
domes and lava flows have been dated to 0.9-0.3 Ma using apatite fis-
sion track (AFT) and K—Ar methods (Fig. 2; Karapetian et al., 2001).
The Karkar group of volcanoes, located to the north of Tskhouk volcano
in a pull-apart basin at the southern termination of the Pambak-Sevan-
Syunik fault (Fig. 2) were active into the Holocene (Fig. 3d). Archaeolog-
ical evidence suggests the most recent eruptions occurred around 5 ka
(Karakhanian et al., 2002). Four new “°Ar/*°Ar ages from the Karkar
group give ages of 14-9 ka (Meliksetian et al., 2020).

2.2. Vardenis volcanic highland

The volcanic stratigraphy discussed here is based on fieldwork
conducted for this study and radiometric ages from the literature.
Large ignimbrites form the base of the volcanic sequence (Fig. 3c),
attesting to the presence of large, likely caldera-forming, volcanoes
early in the volcanic history of the region. Above the ignimbrites
are a succession of lava flow units which are mafic at the base, but
grade into trachydacites up-section. A trachydacite from one of
these volcanic peaks (Sandukhansar) has a K—Ar age of 3.7 +
0.4 Ma (Karapetian et al., 2001). The substantial size of these edifices

! Uncertainty not reported, but it is estimated here and for other ages from this publica-
tion as ~ 4- 10% based on the average for those uncertanities which are reported for other
K—Ar ages.

(up to 10 km across, ~700 m relative elevation) might suggest they
were polygenetic volcanoes.

Choraphor is a rhyolite dome (~2 km diameter) on the northern
slopes of the Vardenis ridge; obsidians from this dome give a K—Ar
age of 1.75 Ma (Karapetian et al., 2001). Its reduced size when com-
pared to the Pliocene dacites is an indication of comparatively short-
lived eruptive activity. While investigating the long term slip rate on
the Pambak-Sevan-Syunik strike-slip fault, Philip et al. (2001) deter-
mined the age of the Khonarhasar scoria cone, which is dissected by
the fault, leading to one half of the cone being offset along the fault
from the other. Using the K—Ar technique, an age of 1.40 4 0.03 Ma
was established, showing definitively that Vardenis was host to some
monogenetic volcanism by this date.

To the south of Khonarhasar, Porak (Fig. 3g) is a Holocene volcanic
complex which has been interpreted as the youngest volcanic structure
in Vardenis, and was the site of the most recent eruption in Armenia (~
3 ka; Karakhanian et al., 2002). Porak is interpreted to have an eruptive
history dating back to the middle Pleistocene, but which includes mul-
tiple generations of Holocene lava flows (Karakhanian et al., 2002).
The co-incidence of widespread forest fires, a large earthquake, and
local rock carvings (petroglyphs) depicting volcanic eruptions, all
dated to ~6500 yrs. BP, suggests an eruption at this time (Karakhanian
et al.,, 2002). A later eruption at ~2800 yrs. BP is indicated on the basis
of historical accounts of a military campaign, as well as radiocarbon dat-
ing of the walls of a town cross-cut by the youngest generation of lava
(Karakhanian et al,, 2002). The Porak volcanic system has clearly hosted
multiple eruptions. However, rather than being a single, central volcanic
cone, Porak can also be interpreted as a group of monogenetic volca-
noes. The Holocene eruptions were fed from cones on the flank of
Porak rather than the summit (Karakhanian et al., 2002). There are 10
cones mapped in the Porak region, and similar to the Karkar volcanoes
in Syunik, this region is bounded by strike-slip faults that form a pull-
apart basin. Although the volcanoes of the Porak and Karkar groups
are monogenetic, these clusters are both supplied by long-lived mag-
matic systems.

Two of the other youngest volcanoes in Vardenis are Vayots Sar
(Fig. 3f) and Smbatassar (late Pleistocene to Holocene based on under-
lying river terraces; Karakhanian et al., 2002). These volcanoes are lo-
cated in the south-west of the Vardenis highland, 17 km apart from
each other. They are relatively isolated from other recent activity and
quite clearly represent monogenetic activity. Their isolation also illus-
trates the unpredictability of the hazard posed by monogenetic volca-
nism, in terms of considering where the next eruption is most likely to
occur.

The evidence available suggests that early volcanism in Vardenis pro-
duced caldera-collapse ignimbrite-forming eruptions from polygenetic
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Fig. 2. Geological map of the Syunik volcanic highland, with the area of the map shown in Fig. 5.1b. Map modified from that shown in Sugden et al. (2019) and Meliksetian (2013). Samples
are colour coded according to their composition and the shapes denote the method by which an age was obtained: “°Ar/3°Ar, K—Ar, apatite fission tracks (AFT). 4°Ar/>°Ar age
determinations for this study are shown by the large triangles with 20 error. Also note the Sisian suite of lacustrine sediments shown in yellow, within which 2 tephra layers have
been dated (1.24 + 0.03 and 1.16 4 0.02 Ma; Joannin et al., 2010), with several of the lava flows capping the sediment sequence also being dated (1-0.1 Ma; Ollivier et al., 2010). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

volcanoes. The youngest volcanic activity has produced several monoge-
netic volcanoes around Porak, as well as the more isolated Vayots Sar and
Smbatassar. Although the evidence is less clear than for Syunik to the
south, it does appear that there was a polygenetic to monogenetic transi-
tionin Vardenis. Unlike in Syunik, where evidence for monogenetic volca-
nism is confined to the last 1 Ma, there is evidence of monogenetic
volcanism stretching back to 1.4 Ma, and possibly 1.75 Ma (Karapetian
etal., 2001; Philip et al., 2001).

3. Sample selection

Sample selection focussed predominantly on the Syunik volcanic
highland for several reasons: (i) the evidence that this is a region

where a transition from polygenetic to monogenetic volcanism oc-
curred; (ii) the large number of mafic eruptive centres, which when
age constrained can be used to look at the potential exhaustion of fus-
ible components in the mantle source over time; (iii) the detailed geo-
logical map (Fig. 2) which allows “°Ar/3°Ar ages to be related to the
number of mapped monogenetic centres, such that recurrence intervals
of volcanism can be investigated. Two samples from the Vardenis high-
land were also dated, to look at how constraints on the timing of any
polygenetic to monogenetic transition compare with what is observed
in Syunik.

In Vardenis, one basaltic trachyandesite lava (sample 6.3.15) and
one ignimbrite (sample 5.1.15) were selected for dating. The lava is a
small volume mafic eruption that lies directly on top of massive
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trachydacite lavas (Fig. 3e). These trachydacites are thought to have
been erupted at ~3.7 Ma, based on a K—Ar age for a similar trachydacite
~3 km to the north (Karapetian et al., 2001). If this mafic lava is much
younger than the trachydacites underneath it, then it can be considered
monogenetic. If it formed at a similar time to the dacites then the case
for a polygenetic volcanic system (capable of erupting several batches
of magma of different compositions) at this time would be
strengthened. The precise age could further constrain the timing of
the poly- to monogenetic shift. The large ignimbrite unit at the base of
the volcanic section provides an age for the basement on which all
younger lava flows must have been built, and an age at which volcanic
activity must have been polygenetic.

In Syunik, one sample is from a lava flow erupted from the Tskhouk
polygenetic volcano (sample 5.5.12), while the other nine samples
come from monogenetic centres. The age of the Tskhouk lava shows de-
finitively when the polygenetic volcano must have been active. If the
age is similar to the tephra layers in the diatomite sediments this
would support the view that these tephra came from a local stratovol-
cano. It would also show that the polygenetic to monogenetic transition
occurred later here than to the north.

The bulk of new ages presented are for monogenetic volcanoes in
Syunik. Most of the samples have mafic compositions and have been
analysed for Sr-Nd-B isotopes. This means the ages can be used to look
at how the magma source may have changed over time, and whether
there are any signs of it being depleted, which is one way in which a de-
creased magma supply might be revealed. It is possible that the polyge-
netic to monogenetic transition in Syunik represents an exhaustion of
fusible subduction components in the mantle source. These mafic sam-
ples will be used to test this hypothesis.

4. Analytical methods

Samples were prepared for irradiation at the Scottish Universities
Environmental Research Centre (SUERC). The groundmass fraction of
most samples was used for “°Ar/3°Ar analysis to avoid inherited argon
and maximise the K content. Sample preparation followed a rigorous
procedure, whereby samples were crushed to the 250-500 um size frac-
tion and leached for 30 min in 3 M HNOs in an ultrasonic bath to remove
altered groundmass material. Following this, the grains were passed
through a barrier-type Franz magnetic separator to remove pheno-
crysts. Final hand-picking removed any residual phenocrysts and al-
tered groundmass to give 400 mg of purified separate.

For the ignimbrite sample (5.1.15), sanidine phenocrysts were used
instead to obtain an age via total fusions of a population of single grains.
Sanidine crystals were processed by crushing and magnetic separation,
in the same way as for the groundmass samples. Sanidine was then sep-
arated using heavy liquid density separation, followed by a final mag-
netic separation to minimise the presence of inclusions. The sanidine
crystals were leached in dilute HF to remove any pumice glass coating
the grains. Hand picking was then used to select the most appropriate
phenocrysts for analysis.

Samples and neutron flux monitors were packaged in copper foil
and stacked in quartz tubes with the relative positions of packets pre-
cisely measured for later reconstruction of neutron flux gradients. The
sample package was irradiated in the Oregon State University reactor,
Cd-shielded facility. Alder Creek sanidine (1.1891 4 0.0008 (10) Ma;
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Niespolo et al,, 2017) was used to monitor *°Ar production and establish
neutron flux values (]) for the samples. Gas was extracted from samples
via step-heating using a mid-infrared (10.6 pm) CO, laser with a non-
gaussian, uniform energy profile and a 3.5 mm beam diameter rastered
over a sample well. The samples were housed in a doubly-pumped ZnS-
window laser cell and loaded into a copper planchette containing four
square wells (1.6 cm?). Liberated argon was purified of active gases,
e.g., COy, Hy0, Hy, Ny, CHy, using three Zr—Al getters; one at 16 °C and
two at 400 °C. Data for 9 groundmass samples were collected on a GVi
instruments ARGUS V multi-collector mass spectrometer using a vari-
able sensitivity faraday collector array in static collection (non-peak
hopping) mode (Sparks et al., 2008; Mark et al., 2009). Data for samples
10.2.15 and 11.1.15 were collected on a Mass Analyser Products MAP-
215-50 single-collector mass spectrometer using an electron multiplier
collector in dynamic collection (peak hopping) mode. Time-intensity
data are regressed to inlet time with second-order polynomial fits to
the data. The average total system blank for laser extractions, measured
between each sample run, was 1.4 4+ 1.7 x 10> mol “°Ar, 2.8 +
35 x 107" mol °Ar, 9.0 + 74 x 107'® mol 3°Ar (2.75 +
0.09 x 107'3,3.0 + 0.5 x 1077 and 0.12 + 0.02 x 10~ '® respectively
for samples 10.2.15 and 11.1.15). Mass discrimination was monitored
on a daily basis, between and within sample runs by analysis of an air
standard aliquot delivered by an automated pipette system (see raw
data for D values applied to individual steps). All blank, interference
and mass discrimination calculations were performed with the
MassSpec software package (MassSpec, version 8.058, authored by Al
Deino, Berkeley Geochronology Center). Inverse-variance-weighted
plateau ages, or composite plateau ages for replicated samples, are cho-
sen as the best estimates of the emplacement ages. Plateau ages were
defined following these criteria:

Steps overlap in age within 20 uncertainty.

)

) Minimum 3°Ar content for a step is 20.1% of total >°Ar release.

) Minimum of three contiguous steps.

4) Minimum of 50% of >°Ar in the chosen steps.

5) Theinverse isochron formed by the plateau steps yields an age indis-
tinguishable from the plateau age at 20 uncertainty.

6) The trapped component composition, derived from this inverse iso-
chron, is indistinguishable from the composition of air at the 20 un-
certainty level.

7) Age and uncertainty were calculated using the mean weighted by

the inverse variance of each step.

Sanidine sample irradiation followed the same procedure as ground-
mass samples. Step-heated gas extraction used a narrower CO, laser
beam with a 1.5 mm diameter. The samples were housed in a
doubly-pumped ZnS-window laser cell and loaded into a stainless
steel planchette containing 208 2.0 mm diameter round wells. Data
were collected on a Mass Analyser Products MAP-215-50 single-
collector mass spectrometer using an electron multiplier collector in dy-
namic collection (peak hopping) mode. The average total system blank
for laser extractions, measured between each sample run, was 9.4 +
04 x 107'® mol “Ar, 9.6 + 2.6 x 107'® mol *°Ar, 7.3 +
2.0 x 10~ '8 mol 3®Ar. Other aspects of analysis were identical to those
of the groundmass samples. Ages are presented at 20 including uncer-
tainty in J; uncertainties with and without | are presented in Supple-
mentary material A.

1
2
3

Fig. 3. (previous page): Field photographs of aspects of the volcanic stratigraphy from both the Syunik and Vardenis volcanic highlands. (a) The summit area of Tskhouk polygenetic
volcano in Syunik, showing a part of the caldera rim. (b) Sherepasar monogenetic volcano on the flank of Tskhouk, Syunik. The broad grassy ridge is formed by lava flows from the
Tskhouk central volcano (P), while the monogenetic Sherepesar (M) is seen to overly these lava flows. Both Sherepasar and a sample from the Tskhouk lava flows were selected for
dating. (c) Shows the ignimbrite at the base of the Vardenis volcanic succession capped by a lava flow. This ignimbrite was selected for “°Ar/>°Ar dating. (d) Shows one part of the
Karkar lava flow field which contains the youngest Holocene volcanoes in Syunik, including Paytasar shown in this photograph. Two distinct lava flows can be seen- one from
Paytasar, and another probably younger lava flow from Nazelli volcano in front of it. In the background a sense of the scale of Karkar is apparant. (e) Torgomayr volcano in Vardenis.
The ridges which form the flank of the volcano are formed by dacite lava flows, while the summit is a cap of basaltic trachyandesite (Sugden et al.,, 2019). The mafic cap was selected
for “°Ar/>°Ar dating. (f) Aerial photograph of Vayotsar scoria cone in the Vardenis highlands, showing the dimensions of its basal diameter and height. (g) Aerial photograph of Porak,
a Holocene volcano in Vardenis, considered to be one of the youngest in the region. Here it is shown surrounded by lava flow fields.
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5. New “°Ar/3%Ar ages

The full Ar isotope dataset is displayed in Supplementary material A. A
summary of these data is shown in Table 2, with examples of the associ-
ated isochron, step-heating plateau and population distribution (in the
case of the sanidine phenocrysts) diagrams shown in Figs. 4 and 5. The
full set of isochron and step-heating diagrams are shown in Supplemen-
tary material A. Fig. 4 shows the results of total fusion analyses of individ-
ual sanidine phenocrysts from an ignimbrite which forms the basement
of the Southern Lesser Caucasus volcanic field in the Vardenis highland.
Its age of 6.014 + 0.067 Ma provides a maximum time frame over
which most of the remainder of the southern Lesser Caucasus volcanic
field was built. The late Miocene age correlates with a second pulse of
post-collisional rhyolite volcanism across Armenia (7.5-4.5 Ma), with
an earlier one occurring from 17 to 10 Ma (Karapetian et al., 2001). It
also correlates with the end of the early stage of bimodal volcanism on
the Erzurum-Kars plateau in neighbouring eastern Anatolia to the west,
which included the production of felsic pyroclastic rocks (Keskin et al.,
1998). This ignimbrite may have been part of a regional pulse of explosive
felsic volcanic activity at this time.

All the other new ages (Fig. 5) are less than 1.5 Ma, as reported in
Table 2. This is in agreement with other previous age constraints
(Joannin et al., 2010; Ollivier et al., 2010; Lebedev et al., 2013), which
suggest that the surface exposure of lava flows and un-eroded scoria
cones in the Southern Lesser Caucasus volcanic field largely represents
a Quaternary pulse in volcanism.

Sample 6-3-15 (Table 2) is from the small mafic dome which over-
lies the massive trachydacite units (Fig. 3e) and has a plateau age of
1.301 + 0.014 Ma. This is 2.4 Myr younger than the dacites underneath.
Such a time gap is greater than the range of ages for erupted products
from the modern Aragats volcanic edifice (1.3 Myr; Connor et al.,
2011; Gevorgyan et al.,, 2018, 2020), and the lifespan of Neo-Sabalan
volcano in NW Iran (0.4 Myr; Ghalamghash et al., 2016). As such, this

Table 2
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mafic unit is considered a separate monogenetic volcano from the
dacites underneath.

In contrast, the age of the lava flow on Tskhouk polygenetic volcano
(sample 5.5.12, Table 2) in Syunik is 1.316 4 0.014 Ma, providing the
first direct geochronological evidence that polygenetic volcanoes were
active in Syunik within the past 1.5 Ma. All nine of the monogenetic vol-
cano ages in Syunik are younger than 1 Ma (Table 2; Figs. 2 and 6). Fig. 6
shows the radiometric ages presented in this, and several previous stud-
ies (Karapetian et al., 2001; Joannin et al., 2010; Ollivier et al., 2010;
Meliksetian et al., 2020). The spread of ages for monogenetic volcanism
suggests that there may have been some pulses in activity, with more
ages for the periods 1-0.8 Ma (9 ages) and 0.2-0 Ma (11 ages) than for
the 600 ka in between (7 ages). However, given there are ~160 monoge-
netic centers in Syunik, significantly more than 27 ages will be required
to properly elucidate the episodic history of volcanism in the region. Of
the new ages presented here, 4 fall into the early “intense” period, 3
into the middle “quiet” period, and 2 into the most recent “intense” pe-
riod. The most recent of these new ages is 0.048 + 0.024 Ma (sample
11.3.15), although “°Ar/*°Ar ages from the youngest Karkar lava flow
field are as young as 9 + 4 ka (Meliksetian et al., 2020). Fig. 6 shows
that the mafic-intermediate monogenetic centers show some spatio-
temporal coupling, with what appears to be a north-westward migra-
tion of vents with time. The correlation coefficient, r is —0.75 and 0.72
for latitude and longitude, respectively. It is certainly the case that volca-
noes which are close together often have similar ages (Fig. 6).

The rhyolite obsidian sample (4.15.08) has an age of 0.672 +
0.009 Ma, in good agreement with an apatite fission track age of
0.61 Ma (Karapetian et al., 2001). This could be part of a pulse in
rhyolite volcanism across the Southern Lesser Caucasus volcanic
field (including the Gegham highland to the north), with 11 ages
for rhyolites in the 0.8-0.45 Ma range (there are 8 dated rhyolites
which fall outside of this range; Karapetian et al., 2001; Lebedev
etal., 2013).

4OAr/*9Ar age determinations. Sample 4.15.08 is obsidian glass, 5.1.15 is sanidine phenocrysts, while all other samples are groundmass separates. For those samples that had their step
heating experiments repeated, the age reported in the figures is the inverse-variance-weighted composite age highlighted in bold. Errors include ] parameter. MSWD = mean square
weighted deviation. Sample location co-ordinates can be found in the Summary Table in Supplementary Material A.

Sample Volcano No.of  “%Ar/*°Ar 4OAr/29Ar weighted mean plateau age 4OAr/29Ar isochron age
cone/ (composition) steps  total Age (ka) + 20 %*°Ar No. of steps MSWD Age (ka) + 20 No. of steps MSWD  “0Ar/*®Ar (atm)
lava/ tuff gas age (ka) . .
in plateau in isochron
2.7.08 cone Yerakov Blur 16 887 894 + 14 99 14 0.8 896 + 16 14 0.85 2985 £ 0.2
(mafic) 15 883 892 £+ 15 100 15 1.0 901 &+ 18 15 0.86 2984 £+ 0.2
29 895 893 + 12 100 29 0.9 898 + 14 29 0.83 2985 + 0.1
2.10.08 Barurtumb (mafic) 14 886 878 + 25 814 11 1.0 913 £ 71 11 1.02 2896 +£ 17.2
cone 14 857 853 £+ 18 80.7 11 13 878 £ 36 11 1.09 289.9 + 10.8
22 861 861 + 15 100 22 1.2 878 4+ 34 22 1.21 2934 + 94
4.15.08 Mets Satanakar 15 685 674 + 10 945 11 13 807 + 322 11 137 2884 + 30.2
cone (felsic) 15 669 670 £+ 10 994 13 1.5 780 4 221 13 1.56 290.5 + 193
24 672 672 £ 9 100 24 14 780 + 140 24 134 2905 £ 12
5.5.121lava Tskhouk 15 1303 1316 + 14 89.6 8 1.2 1311 + 20 8 1.27 3025 + 11
(intermediate)
6.3.15lava Torgomayr (mafic) 15 1299 1301 + 14 100 15 1.0 1307 4 32 15 0.84 2933 £ 58
8.3.15 cone Verjiblur (mafic) 16 937 957 + 12 89.1 9 1.0 973 + 48 9 1.84 293.7 + 14.2
9.1.15lava  Spiovblur (mafic) 15 761 817 + 11 817 9 1.1 820 + 21 9 1.20 293.7 + 14.2
9.2.15 cone Chobanasar (mafic) 16 561 571 £ 12 100 16 1.5 569 4 23 16 1.59 2994 £+ 6.9
10.2.15 Kyorpasar (mafic) 15 147 164 + 6 759 8 1.5 173 £ 11 8 1.06 292 + 6.4
lava 15 140 175 £ 10 86.1 13 1.6 157 + 22 13 1.45 3046 +£ 7.1
21 154 167 £ 5 100 21 1.6 164 + 11 21 1.68 3003 £ 5.2
11.1.15 Veckesar 15 348 370 + 8 93.7 12 1.0 383 £ 11 13 0.75 296 + 1.3
lava
11.3.15 Sherepasar (mafic) 13 40 42 + 24 100 13 0.8 57 + 34 13 0.81 297.7 £ 39
cone
17 67 55 + 25 100 17 1.0 26 +£ 13 17 1.01 3004 + 3.7
30 57 48 + 18 100 30 0.9 41 + 15 30 0.92 299.0 £+ 2.7
Single grain population age No. No. of grains for No. of grains for
grain age isochron
5.1.15 tuff ~Geghakar (Subatan) 50 6014 + 67 43 13 6017 4+ 30 43 1.34 294 4 32

ignimbrite (felsic)
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Fig. 4. Population distribution and inverse isochron diagram for ignimbrite sample from
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6. Origin of the transition from polygenetic to monogenetic
volcanism

The new “°Ar/3°Ar ages obtained in this study support a temporal
shift from polygenetic to monogenetic volcanism in Syunik. The age of
the Tskhouk lava (1.316 £ 0.014 Ma- sample 5.5.12; Table 2) suggests
the volcano could have still been active when the tephra layers were de-
posited in the diatomite sediments (1.24 £ 0.03 and 1.16 £ 0.02 Ma;
Section 2.1). These tephra layers could then be sourced from local
Plinian eruptions, and may in fact be the youngest marker of polygenetic
volcanism in Syunik. After 1 Ma the polygenetic edifices were covered
by younger monogenetic volcanoes and their associated lava flow fields
(Fig. 7). These lava flows were predominantly mafic-intermediate in
composition, except for a small area in the north of Syunik which in-
cludes rhyolite domes and flows (Figs. 2 and 7).

The age of the mafic scoria from the summit of Torgomayr volcano
(Fig. 3e; sample 6.3.15) of 1.301 4 0.014 Ma (Table 2) supports the in-
terpretation that by this time (1.5-1 Ma), Vardenis was already a region
of monogenetic volcanism, while volcanoes in Syunik were still polyge-
netic. Unfortunately, the old age of the ignimbrite (Fig. 4; Table 2- sam-
ple 5.1.15) at 6.014 + 0.067 Ma does not provide much further
constraint on how recently volcanism was polygenetic.

The question then arises: did volcanism in Syunik around 1 Ma tran-
sition from polygenetic to monogenetic due to a decreasing magma sup-
ply, increasing rates of crustal extension or both? These possibilities and
their implications are now discussed.

6.1. A low rate of magma supply?

One way to look at the rate of magma supply is to investigate the re-
currence rate of volcanic eruptions. If a constant repose interval is as-
sumed this can be written as:

~ N—1
Tty

(1)

If it is assumed that each eruption forms a new vent, then we can
take the number of eruptions (N) as being the number of monogenetic

vents present in Syunik (160). The oldest age for a lava sample from one
of the monogenetic volcanoes is 0.993 Ma (one of the lava flows capping
the Sisian suite diatomite sediments; Fig. 2; Ollivier et al., 2010), which
is taken as the value for t, (Fig. 6). The youngest eruption (t,) is taken as
0.009 Ma on the basis of “°Ar/>°Ar ages from the Karkar lava flow field
(Meliksetian et al., 2020). This calculation results in 1.6 x 10~* erup-
tions/year, within the range of volcanic fields globally (10~ to 107>
eruptions/year; Connor and Conway, 2000). When the areal extent of
different volcanic fields is considered, Syunik is towards the upper
limit of spatio-temporal eruption frequency for volcanic fields globally
(Table 3).

This is consistent with the presence of andesite and rhyolite
monogenetic volcanic centres in Syunik. The Sr—Nd isotope system-
atics of volcanic rocks from Syunik show that the evolved magma
compositions are not the result of crustal melting or assimilation
(Sugden et al., 2019). The production of evolved magmas requires a
thermal anomaly in the crust substantial enough to allow magmas
to stall and fractionate while retaining a sufficient melt fraction to re-
main “eruptible” (Sparks et al., 2019). As such, evolved compositions
are thought to be associated with volcanic fields with a relatively
high rate of magma supply (Smith and Németh, 2017). If the eruptive
flux was higher in the past (perhaps by an order of magnitude-
Table 3), this could have been sufficient for volcanism to have formed
polygenetic volcanoes.

If volcanic activity is waning in the Lesser Caucasus, we would ex-
pect to see a decrease in magmatic output over the course of the last
1 Ma of monogenetic activity in Syunik. One way of looking at this is
to consider whether there has been a decrease in eruption frequency
with time. This approach assumes that the average volume of eruptions
remains static over the period. Here, we have only the limited dataset
provided by radiometric ages from this study and elsewhere in the liter-
ature (30 ages vs. 160 mapped vents). Only monogenetic volcanism is
considered here, due to the paucity of ages for the eruptions of the
local polygenetic volcanoes. The rate of volcanic eruptions in Syunik ap-
pears to be highest for the periods of 1-0.8 Ma and 0.2-0 Ma (Fig. 8). To
a first order, the age distribution does not appear to show waning volca-
nic activity. At the 95% confidence interval, the Syunik ages are indistin-
guishable from a steady-state model (Fig. 8).
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Fig. 5. Two examples of plateau and isochron diagrams for “°Ar/>*°Ar step-heating experiments on groundmass samples. Symbols in red indicate rejected points. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

It is possible that with more ages, volcanism could be shown to de-
viate from steady-state. This is illustrated in Fig. 8, with a comparison
to ages (n = 43) from the nearby Gegham volcanic highland (ages
from Lebedev et al., 2013). The extra ages in Gegham show that the
pulses of volcanic activity seen there do not fit a steady-state model.
An alternative approach to predict the effect of more ages on the Syunik
age distribution is to look at the volcano stratigraphy. Where volcanoes
lie directly above or below volcanic units which have been age-
constrained, maximum and minimum ages can be assigned to these vol-
canoes. This is shown for Syunik in Table B.1 (Supplementary material
B). Where a maximum age is not available, the upper limit is assumed
to be 1 Ma based on the range of ages observed for monogenetic volca-
noes in Syunik. If the ages of these volcanoes are taken as the mid-point
between the maxima and minima, they do not have a significant effect
on the age distribution, with volcanism still appearing to be steady
state (Fig. 9).

10

For Syunik, the 1-0.2 Ma period does show diminishing volcanic
activity- albeit not to a sufficient degree to allow it to be definitively dis-
tinguished from a steady state model. During this period there are
pulses of volcanic activity at different times in Gegham and Syunik,
but both show a sharp increase in ages after 0.2 Ma (Fig. 8). This latter
feature could reflect a sampling bias. Older vents are more likely to be
buried by subsequent eruptions. Volcanologists will often target the
youngest vents for dating as they provide important information with
regard to the local volcanic hazard. The youngest lava flows are also
likely to provide the best quality samples for geochemical analysis. If
the apparent pulse after 0.2 Ma is the result of sampling bias and can
be ignored, then perhaps the evidence from 1 to 0.2 Ma (Fig. 8) does
show the rate of volcanic eruptions in Syunik is waning.

Another possibility is that the frequency of eruptions is indeed
stead-state, but this frequency might not reflect the change in magma
supply with time. It is possible that the volume of eruptive events has
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Fig. 6. The ages of radiometrically dated samples from both this study and others vs the
latitude and longitude of the sample. Error bars represent 20 uncertainties. The shape of
the symbol denotes the method of dating- triangles for “°Ar/*°Ar, diamonds for K—Ar.
The area circled as polygenetic shows the ages thought to be associated with eruptions
of a polygenetic volcano. The large triangle is the age of the lava from Tskhouk dated for
this study. The two smaller triangles are pumice layers in diatomite sediments (Joannin
et al., 2010). For the mafic-intermediate monogenetic volcanoes, the correlation
coefficient with age is —0.75 and 0.72 for latitude and longitude, respectively. Literature
ages are from Karapetian et al. (2001); Joannin et al. (2010); Ollivier et al. (2010) and
Meliksetian et al. (2020).

decreased over time. The volume of the Karkar lava flow field can be
taken as an estimate of the erupted lava volume during the Holocene
in Syunik (Fig. 2). Karkar can be compared with an estimate for the vol-
ume of lava erupted from monogenetic vents since 1 Ma.

The volume of the Karkarlava flow field has been estimated as 0.3 km?,
assuming an average thickness of ~10 m for lava flows (Meliksetian et al.,,
2020). If this value is taken as the total erupted volume for the last 15 ka,
this would give a magma output rate of 2 x 107> km3yr .

The mapped area of lavas from monogenetic vents in Syunik (Fig. 2)
is 680 km?. This figure includes mafic-intermediate and rhyolite mono-
genetic volcanoes, as well as the Holocene lava flows. Several monoge-
netic volcanoes are buried by glacial drift (Fig. 2), such that the area
(and thus volume) calculated is likely to be a slight underestimate.
The estimate for the thickness of monogenetic lavas is based on sections
across the Shamb gorge reported in Ollivier et al. (2010), as well as bore-
hole data from close to the Karkar lava flow field (Gilliland et al., 2018).
In the Shamb gorge, lacustrine sediments from the Sisian suite are
capped by lava flows, the latter of which are all younger than 1 Ma.
Due to their age, the lava flows are interpreted as monogenetic. The
lava flow cap is between 100 m and 500 m thick. The high end of this
thickness range will represent several generations of lava flows. For ex-
ample, the 500 m thick section is a succession of 4 lava flows that are
60-170 m thick (Ollivier et al., 2010). This thickness estimate is sup-
ported by boreholes drilled close to the Karkar lava flow field (Fig. 2),
which show the post-collisional lavas to be ~700 m thick (Gilliland
et al,, 2018). Again, this thickness will represent several generations of
lava flows; the thickness of some of the individual lava flows which
have been dated is shown in Table 4. Some of the lavas towards the
base of this section could represent eruptions from the nearby Tskhouk
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polygenetic volcano, and therefore this 700 m thickness is an upper
limit on the thickness of monogenetic deposits. For a lower limit on
lava flow thickness, 100 m is considered unrealistic given that: (i) the
Shamb gorge is on the edge of the volcanic area and deposits are likely
to be thicker in the interior; (ii) single lava flows have thicknesses of
up to 110 m (Table 4); and (iii) in some cases there are clearly multiple
generations of monogenetic lavas- including in the Shamb gorge
and where Holocene lava flows cover older monogenetic vents
(Meliksetian et al., 2020). We use a thickness range of 300-700 m for
the monogenetic lava flow sequence to estimate the volume of lava pro-
duced by monogenetic eruptions in Syunik as between 204 and
475 km?®, equivalent to a magma output rate of between 2 x 10~ and
4.8 x 1074 km>yr—'. These are uncorrected values, and do not represent
dense rock equivalents (where factors including vesicularity and sur-
face roughness are factored in). The resulting overestimation in our cal-
culation is likely to be minor relative to the uncertainties in the
thickness estimate.

The Holocene magma output rate is lower than the overall rate for
the last 1 Ma, by around an order of magnitude. This suggests a decreas-
ing magma output rate with time. Given that the recurrence rate of vol-
canic activity is at the high end of eruption rates for monogenetic
volcanic fields (Table 3), it is plausible that a higher magma supply in
the past led to the construction of polygenetic volcanic edifices. How-
ever, it should be noted that the volume estimate for the Karkar lava
flow field represents a snapshot of just the last 15 ka of activity-
or ~ 1.5% of the lifetime of monogenetic volcanism in Syunik. Given
the evidence that volcanic activity could potentially occur in pulses
(Fig. 8), further evidence for a decreasing magmatic output from erup-
tions in the region is needed.

A point worthy of note here is that Syunik has the highest density of
monogenetic volcanic centers (0.071 per km?) in the Lesser Caucasus
(Fig. 10). The spatial density map in Fig. 10 is calculated for a
10 x 10 km grid and is based on a Gaussian kernel function, with the
contours representing the likelihood that the next eruption will form a
vent within a 10 x 10 km grid area at that location (see Fig. 10 caption
for details). The Syunik maximum (a spatial intensity of 0.15 vents/
km? for the 0.05 contour in Fig. 10) may indicate the highest local
magma flux in the region. Syunik was also host to polygenetic volca-
nism more recently than some of the other regions to the north. If
magma supply has been decreasing across the region, then volcanism
may have shifted from polygenetic to monogenetic last of all in Syunik,
where the long-term eruption rate is highest.

The volcanic structures in the Lesser Caucasus may well suggest a
decreasing rate of magma supply across the region. Volcanism between
3.25 and 2.05 Ma produced 200-400 m thick flood basalts, which have
been proposed as the youngest continental flood basalt province in
the world (Sheth et al., 2015). The subsequent period then seems to
be characterized by the construction of large volcanoes capable of
erupting large volumes in single events, but with eruptions perhaps
more intermittent and of a more intermediate composition than during
the first phase. For example, the ages of ignimbrites from Aragats vol-
cano range from 1.8 to 0.65 Ma (Ghukasyan, 1985; Mitchell and
Westaway, 1999; Chernyshev et al., 2002; IAEA-TECDOC-1795, 2016;
Gevorgyan et al., 2020), while eruptions of Tskhouk and/or Ishkhanasar
volcanoes occurred until ~1 Ma. The most recent eruptions appear to
have derived exclusively from small monogenetic eruptive centers in
NW Armenia, Gegham, Vardenis and Syunik (Karakhanian et al., 2002;
Lebedev et al., 2013; Neill et al., 2013). This history corresponds with
the Valley, Ridge and Cone series of Neill et al. (2013). To summarise,
the volcanic stratigraphy suggests there has been a decreasing rate of
magma supply across the Lesser Caucasus during the past ~3 Ma. A poly-
genetic to monogenetic transition in volcanic activity is most clearly
seen in Syunik because it happened most recently there. This is likely
to be the result of the Syunik highland having the highest magma flux,
as evidenced by the highest density of volcanic centers being focused
on Syunik (Fig. 10).
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Fig. 7. Sketch cross sections of the Syunik volcanic highland. The lines of section L1 and L2 are shown in Fig. 2. Volcanism prior to 1 Ma was dominated by large polygenetic volcanoes, of
which there were at least 2, possibly of multiple generations. Mafic-intermediate monogenetic volcanism younger than 1 Ma overlies the polygenetic volcanoes. Individual scoria cones
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deeper parts of the cross section are speculative. The intrusive unit which does not outcrop at the surface is shown on the basis of one of the three geothermal boreholes (Gilliland

etal, 2018).

Table 3
The spatio-temporal frequency of volcanic eruptions from Syunik and other volcanic fields
worldwide (after Connor and Conway, 2000).

Volcanic field Area Eruptions per  Eruptions/yr/km?
(km?)  year
Cima, CA, USA 150 0.00008 533 x 1077
Eifel, Germany 1000 0.0005 5.00 x 1077
Syunik, Armenia 1100 0.00016 1.45 x 10-7
Klyuychevskoy, Kamchatka, Russia 2500 0.0002 8.00 x 10~#
Springerville, AZ, USA 3000 0.0002 6.67 x 1078
Big Pine, CA, USA 500 0.00002 4,00 x 1078
Camargo, Mexico 2500 0.0001 4,00 x 1078
Coso, CA, USA 1200 0.00003 250 x 1078
San Francisco, AZ, USA 5000 0.0001 2.00 x 1078
Yucca Mt., NV, USA 1200 0.00001 833 x 107°
Trans-Mexican volcanic belt 40,000 0.0003 7.50 x 107°
Pancake, NV, USA 2500 0.00001 400 x 107°

The question then arises- why has this decrease in magma flux oc-
curred? One option is that what we are seeing is the death of a subduc-
tion zone- that since the end of the supply of slab-derived components
with continental collision, continued melting of the mantle source has
exhausted it of fusible components, leading to reduced melt production.
This should lead to a more depleted mantle source with time.

Bulk-rock major and trace element concentrations in lavas reflect
the composition of the magma source, the degree of melting, and assim-
ilation plus fractional crystallization processes. Elements such as Ca and
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Al might be expected to become depleted in a less enriched mantle
source due to the exhaustion of clinopyroxene during progressive
melt extraction. However, any such trends in element concentrations
for the Armenian volcanic rocks are masked by the overprint of frac-
tional crystallization, given that the lavas in Syunik represent a com-
plete compositional range from basanite to rhyolite (Sugden et al.,
2019). In a closed system, isotope ratios do not fractionate with
progressing melting and crystallization and instead reflect the magma
source rocks. As there is no evidence for crustal contamination
(Sugden et al., 2019), the Sr-Nd-B isotope composition of magmas
should reflect their mantle source. Therefore, one would expect to see
lower 87Sr/%5Sr and 8''B, and higher "3*Nd/'**Nd with time and mantle
depletion. This is because the components of the mantle source derived
from subduction will have higher 87Sr/6Sr, lower '**Nd/'*Nd, and
heavier 6''B than those typical of the depleted mantle. As Fig. 11
shows, this trend is not seen for !'B and '#>Nd/'4*Nd, however some
of the youngest samples do show lower &7Sr/25Sr. One exception to
this trend of lower 87Sr/%6Sr is the lava from Porak, which has similar
875r/%5Sr to the older samples (Fig. 11). All the samples with a lower
875r/86sr outcrop within 12 km of each other, and as there is a north-
eastward migration in vent location with time, the trend to lower
875r/86Sr could just as easily reflect small-scale mantle heterogeneity
beneath the Syunik highland (Fig. 6).

Despite the suggestion that volcanism is waning, there is no direct
evidence for the exhaustion of the subduction component in the mantle
source. Waning volcanism could instead be related to a reduced volume
of mantle involved in melting, or melt extraction processes giving an
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Fig. 8. Cumulative distribution function for ages of Pleistocene volcanic rocks monogenetic
volcanoes. The age distribution of Syunik is shown by the bold black line. The dash-dot line
shows the steady-state model, with the 95% confidence interval for the Syunik samples
shown by the two dashed lines. The Syunik age distribution is contained entirely within
this interval. K—Ar ages from the nearby Gegham volcanic highland (Fig. 1; Lebedev
et al., 2013) are shown for comparison in red. The larger number of ages from Gegham
compared to Syunik (43 vs 23) gives a narrower steady state confidence interval. The
Gegham age distribution is outside the bounds of the steady-state model, meaning this
age distribution is unlikely to represent steady-state volcanism. That Syunik is within
the 95% confidence interval means that the volcanism there could potentially be steady
state. Ages for Syunik are a mixture of K—Ar and “°Ar/*°Ar ages as shown in Figs. 2 and
6. Data are from this study as well as Karapetian et al. (2001); Joannin et al. (2010);
Ollivier et al. (2010); Meliksetian et al. (2020). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

initial pulse of magma which decays away. Previous studies have argued
that magma generation occurs in the lithosphere in response to heating
(Neill et al., 2015; Sugden et al., 2019). An initial event, perhaps of
small-scale delamination (or lithospheric dripping; Kaislaniemi et al.,
2014) could be the trigger for this Plio-Pleistocene pulse in volcanism,
which produced initially large volumes of magma that then decayed
with time.

It is perhaps unsurprising that we see no evidence for exhaustion of
the mantle source. Although geochemical studies of monogenetic volca-
nic fields commonly reveal evidence for mantle source heterogeneity
(e.g. Hickey-Vargas et al., 2002; Arce et al., 2013), examples of a system-
atic temporal change in geochemistry associated with a polygenetic to
monogenetic transition are rare. One exception comes from central
America, where Quaternary monogenetic volcanoes in western El
Salvador and southeastern Guatemala become systematically depleted
in Cs/Zr, La/Zr and 6'80 with time (Walker et al., 2011). However, this
trend was argued to be the result of decreasing crustal contamination,
not a mantle source effect. Crustal contamination is not thought to play
a significant part in the petrogenesis of Syunik lavas (Sugden et al.,
2019). Those geochemical distinctions that can be observed in the Syunik
volcanic highland are also likely to be associated with magmaevolutionin
the crust. All of the polygenetic lavas sampled have intermediate compo-
sitions (trachyandesite), while the monogenetic lavas show a complete
compositional range from basanite to rhyolite (Sugden et al., 2019).
This might attest to the importance of mixing between mafic and felsic
magmas in the plumbing systems of the polygenetic volcanoes. Our ob-
servation seems to support the theory that the prevalence of andesites
in arcs results from magma mixing (Reubi and Blundy, 2009).

The continuous geochemical trend observed in central America was
associated with a trenchward migration in volcanism that resulted from
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Fig. 9. Cumulative age distribution as in Fig. 8. Here, the additional age estimates from the
stratigraphy are also included, taking the estimated ages column from Table B1
(Supplementary Material 2). The addition of stratigraphic age constraints does not
substantially alter the age distribution, suggesting the assumption of steady-state
volcanism (in terms of eruptions) could hold with more age constraints. However as
discussed in the main text, it may be the case that the volume of volcanic eruptions
decreases with time. As in Fig. 8, the dash-dot line represents the steady-state model
with the dashed lines giving the 95% confidence range.

Table 4
The thickness of lava flows erupted from some of the volcanoes which have been radio-
metrically dated.

Volcano Latitude Longitude Composition Age  Lava flow
(°N) (°E) (Ma) thickness
(m)
Merkesar 39.58566 46.23778  Trachydacite 0.7 110
Chobanasar 39.52222 46.23833  Basanite 0.571 30
Veckesar 39.57705 45.99658  Trachybasaltic 037 8
andesite
Kyorpasar ~ 39.64401 46.10200 Trachybasaltic 0.167 1-2
andesite
Sherepasar 39.64139 46.04000 Basanite 0.048 20

the westward movement of the locus of rifting. Older (lower Pleisto-
cene) polygenetic volcanoes argue for a polygentic to monogenetic
transition driven by increased crustal extension in that part of central
America (Walker et al., 2011). The possibility that this has occurred in
Syunik is the focus of the next section.

6.2. Increased extension rate?

Many of the youngest generation of volcanoes (Holocene) form
small clusters which are located in modern pull-apart basins, including
several of the youngest cones in the Gegham highland (labelled GM in
Fig. 1; Sargsyan et al., 2018), at Porak in Vardenis (Karakhanian et al.,
2002) and the Karkar group of lava flows and scoria cones in Syunik
(Fig. 2). There is a degree of spatio-temporal coupling in Syunik, with
vents located close together often having similar ages (Figs. 2 and 6).
Clusters of vents with a similar age could therefore reflect previously ac-
tive pull-apart basins. Although it has been suggested such clusters
could form over enriched domains in a heterogeneous mantle
(Valentine and Connor, 2015), the variation in /Sr/%Sr (Fig. 11c) sug-
gests magmatism tapped both enriched and depleted domains.

Extensional structures have clearly interacted with magmatism in
the Lesser Caucasus. The question is then how could this extension re-
late to the polygenetic to monogenetic transition at 1 Ma in Syunik?
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refer to (Connor et al,, 2019).

The most obvious model would be for the rate of deformation to have
increased at that time. However, the rate of motion on the Pambak-

for increasing deformation rates across the time interval of the polyge-
netic to monogenetic transition.

Sevan-Syunik fault (PSSF, the major strike slip fault in the area) has
been constant over the past 1.4 Myr at 1 mm/yr, at least on the southern
branch close to the volcanoes in Syunik (Karakhanyan et al., 2013). This
was established on the basis that modern fault creep measured using
GPS is indistinguishable from a long-term average estimate for fault
motion- estimated using the offset of a 1.4 Ma monogenetic cone
which was cut by the fault (Philip et al., 2001; Karakhanyan et al.,
2013). Hence, on the basis of strike-slip motion there is no evidence
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During their lifetime faults increase in length. Field mapping sug-
gests that Syunik is at the southern extremity of the modern PSSF, in
which case the fault might not have been active in Syunik in the past.
However, it is possible the fault zone extends southward in the sub-
surface (Karakhanyan et al., 2016), making it more likely to have been
active locally during the transition. E Either way, there is no reason to
believe that localised extension was necessarily lower in Syunik in the
past, because there may have been other smaller fault systems
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Fig. 11. 5''B, '**Nd/'*Nd and ®7Sr/®6Sr vs age. The isotope data is from Sugden et al.
(2019) and Sugden et al. (2020). While §''B (a) and '**Nd/***Nd (b) show no
correlation with age, some of the younger samples have lower 87Sr/%Sr (c). Error bars
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accommodating extension, as is currently seen in the Gegham volcanic
highland (Fig. 1).

Some monogenetic volcanoes appear to be unrelated to local exten-
sional structures. The cones of the Shamiram plateau on the southern
flank of Aragats volcano show no preferred alignments, and likely formed
in the absence of any local normal faults (Connor et al,, 2011). Two of the
youngest volcanoes in the Vardenis highland - Vayotsar (Fig. 3f) and
Smbattasar- both formed in isolation and away from the pull-apart struc-
tures hosting Porak volcano. Local normal faults may well provide a
favourable pathway for ascending magmas, but they do not appear to be
required for monogenetic volcanism in the Lesser Caucasus. That said,
the presence of an extensional component in regional deformation
(Karakhanyan et al., 2013) could have promoted the development of
monogenetic volcanism, as has been suggested in other settings (Takada,
1994a; Bucchi et al,, 2015). However, the lack of evidence for an increase
in the rate of crustal extension during the Pleistocene suggests that it
was not the driving force for the polygenetic to monogenetic transition.

6.3. Southern Lesser Caucasus volcanism within the context of global poly-
genetic and monogenetic activity

Terrestrial volcanic activity is a continuum between truly polyge-
netic and monogenetic activity. Many volcanic complexes around the
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world can be considered intermediaries between the two end-
members: Ceboruco in Mexico with its numerous parasitic cones
(Sieron et al., 2019b), the collection of small polygenetic volcanoes of
the Kirishima complex in southern Japan (Nagaoka and Okuno, 2011),
and the multitude of vents that have been mapped on the Lassen Peak
complex, California (Germa et al., 2019). We see this same continuum
in the Syunik and Vardenis highlands. Polygenetic volcanism is exempli-
fied by Tskhouk (Fig. 3a) and Ishkhanasar volcanoes, as well as the basal
ignimbrite in Vardenis (Fig. 3c) which is likely to have formed from a
caldera-collapse eruption. At the other end of the spectrum is Vayotsar
volcano in Vardenis, which formed in isolation in a single eruptive event
(Fig. 3f). In between we have complexes like Karkar (Fig. 3e) and Porak
(Fig. 3g), where closely spaced monogenetic vents effectively build
small volcanic complexes.

There are several studies that have looked at a polygenetic to monoge-
netic transition. In some localities, such as the Higashi-Izu region of Japan
(Hasebe et al., 2001), and back-arc volcanism in south-east Guatemala
and western El Salvador (Walker et al., 2011), a change in the local stress
field brought on by a tectonic re-organisation is implicated in the transi-
tion.Inanother case, Bucchietal. (2015) investigated the close proximity
of the Carran-Los Venados volcanic field (monogenetic) and the
Puyehue-Cordén Caulle volcanic complex ( polygenetic) in the southern
Andes. They argued volcanism was monogenetic at Carran-Los Venados
because of both a higher extension rate and lower magma supply. The
Syunik volcanic highland is an important case study of a polygenetic to
monogenetic transition driven predominantly by a decreasing magma
supply, without any change in the local stress field.

7. Conclusions

All but one of the new “°Ar/3°Ar ages from the southern Lesser Cauca-
sus are younger than 1.5 Ma, suggesting that the bulk of exposed post-
collisional volcanic rocks are from mid- to late Pleistocene eruptions.
However, the ignimbrite age of 6 Ma shows the region has been host to
post-collisional volcanism since at least the late Miocene. The new ages
confirm that a transition from polygenetic to monogenetic volcanism
occurred around 1 Main the Syunik highland, while in the Vardenis high-
land to the north volcanism was already monogenetic by 1.4 Ma, meaning
that the transition would have occurred earlier there. Some clustering of
age data suggests volcanism over the past 1 Ma was episodic, with some
periods of dominantly felsic eruptions, notably at 0.8-0.65 Ma. Monoge-
netic volcanoes located close together in Syunik often have a similar
age, indicating a future eruption is particularly likely close to the young
Karkar lava flow field. A lava flow from one of the Holocene eruptions at
Karkar came within 5 km of the modern road link between Armenia
and Iran, and if a future eruption were to block this road it could cause
substantial disruption to regional infrastructure.

With an average rate of 1.6 x 10~ eruptions/year in Syunik, the fre-
quency of eruptions is at the upper end of the observed range for volca-
nic fields globally. A relatively high magma flux is consistent with the
presence of abundant felsic eruptive products. The high eruption rate
observed in Syunik makes a decreasing magma supply a strong candi-
date for what drove the polygenetic to monogenetic transition. A past
eruption rate which was an order of magnitude higher than the average
for the past 1 Ma would likely have been sulfficient to facilitate the for-
mation of polygenetic volcanoes. Several lines of evidence suggest the
polygenetic to monogenetic transition in Syunik reflected a waning
magma supply: (i) estimates of the volumes of lava erupted suggests
the output rate has decreased with time; (ii) the transition occurred
last in Syunik, which also has the highest density of vents, suggesting
the highest magma flux, and therefore it should be the last place in
the region where volcanism would transition to a monogenetic mode;
and (iii) field observations from the wider Lesser Caucasus region reveal
a transition in the style of volcanism from large volume flood basalt
eruptions, through the formation of several large polygenetic volcanoes
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(capable of producing multiple massive ignimbrite sheets), to small vol-
ume scoria cone eruptions.

The close association of pull-apart basin structures with volcanism gives
the impression that the localised extension promotes the development of
monogenetic volcanism. The clusters of volcanoes with similar ages proba-
bly reflect old pull-apart basins where melt was once focussed. While some
of youngest volcanoes, such as those at Karkar have formed in pull-apart
structures, other young late Pleistocene-Holocene volcanoes which are
more isolated from other vents, such as Vayots-Sar and Smbatasar, are
not associated with a pull-apart basin. This suggests that while magmas
may exploit normal faults as favourable pathways for magma ascent, they
are not a requisite for volcanic activity. These isolated Holocene volcanoes
show that although future volcanic activity may be particularly likely
close to recent hotspots such as Karkar, there is also a possibility for new
vents to form in more unexpected places. The constant deformation rates
seen for Lesser Caucasus faults during the Pleistocene demonstrates that
an increase in crustal extension rates is unlikely to have been the cause of
the polygenetic to monogenetic transition in Syunik.

Despite waning volcanic activity, there is a lack of geochemical var-
iation with time, suggesting the slab component in the mantle source is
not being exhausted, and that the lithospheric mantle is capable of pre-
serving slab signatures for millions of years after the end of subduction.
Current volcanic activity is likely to represent the end of a magmatic
pulse, probably initiated by a heating event, perhaps delamination in
the mantle lithosphere. The sustained slab component in the mantle
source suggests that on geological timescales, future pulses of volcanism
are likely in the Arabia-Eurasia collision zone.
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