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Abstract

The Yarmouk River gorge extends along the Israel-Jordan-Syria border junction. It marks the
southern bound of the Irbid—-Azraq rift and Harrat Ash Shaam volcanic field at their intersec-
tion with the younger Dead Sea Transform plate boundary. During the last ~13 Ma, the gorge
has repeatedly accumulated basaltic units, chronologically named the Lower, Cover, Yarmouk
and Raqqad Basalt formations. We examined their origin and distribution through aerial
photos, and geological and geophysical evidence. Our results define a southern Golan magmatic
province, which includes exposed Miocene (~13 Ma) basalts, gabbro-diabase intrusions below
the gorge and the adjacent Dead Sea Transform valley, and numerous Pliocene-Pleistocene
volcanic sources along the gorge. Cover Basalt (~5.0-4.3 Ma) eruptions formed two adjacent
0-100 m thick plateaus on the transform shoulder before flowing downslope to fill the topo-
graphically lower Dead Sea Transform valley with ~700 m thick basalts. Later incision of
the Yarmouk River and displacement along its associated fault divided the plateaus and formed
the gorge. The younger Yarmouk (0.8-0.6 Ma) and Raqqad (0.2-0.1 Ma) basalts erupted in the
upper part of the gorge from volcanos reported here, and flowed downstream toward the Dead
Sea Transform valley. Consequently, eruptions from six phreatic volcanic vents altered the
Yarmouk River morphology from sinuous to meandering. Our results associate the ~13 Ma
long southern Golan volcanism with the proposed SW-trending extensional Yarmouk Fault,
located east of the Dead Sea Transform. Hence, the Yarmouk volcanism is associated with
the ongoing Harrat Ash Shaam activity, which is not directly linked to the displacement along
the Dead Sea Transform.

1. Introduction

Displacement along transform plate boundaries is typically characterized by limited volcanism.
For example, most of the 1600 km San Andreas Fault system in California (Brown, 1990;
Wallace, 1990) and ~900 km Ailao Shan - Red River transform boundary of Indochina
(Leloup et al. 1995) show no evidence of volcanism. Nevertheless, exceptional cases of volcanism
along transforms exist and require careful investigation and validation. Such exceptions occur in
pull-apart extensional basins (Aydin ef al. 1990; Adiyaman et al. 2001; Tatar et al. 2007) or other
transtensional structures (Alaniz-Alvarez et al. 2002; Palomo et al. 2004; Tibaldi et al. 2009;
Mathieu et al. 2011) that likely facilitate the upward migration of melts.

The relationship between volcanism and motion along the Dead Sea Transform (DST) plate
boundary (Fig. 1; e.g. Quennell, 1959; Freund, 1965; Garfunkel et al. 1981; Kashai & Croker,
1987) was studied by Weinstein & Garfunkel (2014), who distinguished between volcanic
evidence away from the transform and that found along its axis (i.e. off- and on-transform,
respectively). In accordance with previous studies (e.g. Shaliv, 1991; Weinstein, 2000;
Weinstein et al. 2006), Weinstein & Garfunkel (2014) suggested that early to middle
Miocene volcanism, mainly in the Lower Galilee, was associated with off-transform activity
related to the Harrat Ash Shaam volcanic field (Fig. 1). In contrast, volcanism younger than
~13 Ma found within the intersecting area between the DST and Harrat Ash Shaam was
suggested to represent on-transform basalts, possibly generated by melt channelling through
the DST (Garfunkel, 1981; Weinstein & Garfunkel, 2014).

The idea that the post ~13 Ma volcanism at the DST-Harrat Ash Shaam intersection is
directly related to DST motion is problematic. First, of the ~1000 km long DST, which includes
numerous extensional structures, the post ~13 Ma volcanism appears mainly along its ~90 km
intersection with the Harrat Ash Shaam volcanic field (Figs 1, 2; Schattner et al. 2006a; Segev &
Rybakov, 2010; Segev et al. 2014; Weinstein & Garfunkel, 2014; Regenauer-Lieb et al. 2015;
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Fig. 1. (Colour online) (a) Location of volcanic fields (Harrats; black areas) across the Arabian plate, including the Harrat Ash Shaam and the Azrag-Sirhan Graben (red lines;
modified after Segev et al. 2014; Weinstein & Garfunkel, 2014). A black frame marks the location of (b). Inset shows the main tectonic elements in the northwestern Arabian plate:
the Alpine Himalaya orogenic belt (AHOB), the Dead Sea Transform (DST) and the Owen Fracture Zone (FZ). EAF - East Anatolian Fault; NAF - North Anatolian Fault; CA - Cyprus
Arc. (b) Major tectonic elements and distribution of the Cenozoic Harrat Ash Shaam volcanic field in the northwestern Arabian plate (after Segev et al. 2014). Red frame shows the
location of Figure 2 and the Yarmouk River gorge (YRG) studied here. LRB - Lebanese restraining bend.

Rosenthal et al. 2019). Second, the on-transform magmatic asso-
ciation, as suggested by Weinstein & Garfunkel (2014), is based
on only two localities within the intersecting segment: the
Zemah-1 well (south of Lake Kinneret; Fig. 2) and the surficial
basalts that cover the ~10km long Korazim block (north of
Lake Kinneret). The rock units found in the Zemah-1 well (online
Supplementary Material Figs S1, S2) include Miocene-Pliocene
gabbro intrusions and ~700 m thick Pliocene basalts (Marcus &
Slager, 1983, 1985; Meiler, 2011; Segev, 2017). The arrangement
of magnetic and gravity anomalies over these Miocene intrusions
and Pliocene basalts suggests that they originated from the nearby
Yarmouk River gorge (Schattner et al. 2019). Accordingly, the
source of the magmatism was off-transform, at the southern
margin of the Harrat Ash Shaam.

The current study explores the association of the volcanic
activity at the intersection between the DST and Harrat Ash
Shaam, in the Yarmouk River gorge, during the last ~13 Ma.
We examined aerial photography, and geological and
geophysical evidence from the gorge, south Harrat Ash Shaam
and adjacent Kinneret-Kinarot-Bet She’an basin complex
(Fig. 2) to identify the volcanic centres, reconstruct the accumu-
lation mode of each magmatic unit and explain the marked
thickness variations (over 1 km) of basalts and gabbros between
the transform axis and its eastern shoulder. Our findings indicate
that, in contrast to most previous suggestions, the magmatism
belongs to the off-transform Harrat Ash Shaam activity (not
the DST), which continued to provide volcanic and plutonic
material throughout Miocene-Pleistocene times (i.e. after the
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DST displaced its predecessor, the NW-trending Irbid-Azraq
rift and the Harrat Ash Shaam volcanic field). We discuss the
implications of the recurring and stationary activity throughout
this ~13 Ma period.

2. Geological background
2.a. Harrat Ash Shaam and Irbid-Azraq rifting

The NW-trending Irbid-Azraq rift developed during Oligocene-
Miocene times across western Arabia. It propagated through the
Golan and southern Galilee (Arabian and Sinai plates, respectively;
Fig. 1) toward the Mediterranean margin in response to a NNE-
SSW extension, associated with the Red Sea rifting (i.e. Red Sea
stress regime) and northern Arabia subduction (Steckler & Ten
Brink, 1986; Bellahsen et al. 2003; Schattner et al. 2006b; Segev
& Rybakov, 2011; Avni et al. 2012; Lyakhovsky et al. 2012;
Segev et al. 2014; Regenauer-Leib et al. 2015). Subsiding basins
in the northwestern part of the rift (e.g. proto-Golan and
Kinneret-Kinarot-Bet She’an basin; KKB in Fig. 2) accumulated
shallow Oligocene marine ingressions (mainly carbonate rocks
of the Fiq and Susita formations; Fig. 3) arriving from the
Persian Gulf region (Fig. 1; Michelson, 1982; Michelson & Mor,
1985; Michelson et al. 1987; Segev et al. 2014, 2017; Wald et al.
2019). This transgression was the first Cenozoic marine flooding
into the intracontinental basins after withdrawal of the Tethys
Ocean in late Eocene time and the continental peneplanation
(Avni et al. 2012; Wald et al. 2019).
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Fig. 2. (Colour online) Geological map of the study area (originally 1:200 000 scale; modified after Sneh et al. 1998; Schattner et al. 2019; Segev, 2020). The Kinneret (K1), Kinarot
(K2) and Bet She’an (B) basins are termed KKB. A thick dashed blue polygon marks the focus of this study around the Yarmouk River gorge. Blue circles mark previously reported
volcanic centres. Green circles mark additional centres described in the current study (Yarmouk, Koayiah, Meitsar and Shaq el Barid). Oil wells are marked by yellow circles and
black crosses (Zemah-1; Ness 02, 03, 05, 06, 10, 12; ES - Ein Said). Geothermal springs are marked by magenta circles (Hamat Gader; M - Mokhaba). Additional abbreviations:
NA - Natur; RZ - Rugum Zaki; YB - Yhudiya-Beteikha; BY - Bnei Yehuda; MHP - Mevo Hama plateau; UQP - Umm Qays plateau; YJC - Yarmouk-Jordan river confluence;
EMF - Eastern Marginal Fault; WMF - Western Marginal Fault. Israel Transverse Mercator (ITM) coordinates divided by 1000.

https://doi.org/10.1017/50016756821001072 Published online by Cambridge University Press


https://doi.org/10.1017/S0016756821001072

472 A Segev et al.

LITHOSTRATIGRAPHY TECTONO
MAGMATIC
SYSTEM | SERIES-STAGE | SYMBOL | THICK. | LITHOLOGY EVENTS
m MAPPING UNITS GROUP
HOLOCENE Al (LS) Ql32+ ‘_’o_'|_'A./.a .
. r fQ':. W Lisan Raqqad basalt ——~0.1 Ma
QUATERNARY PLEISTOCENE Qnli gQBy 45 .'f_-\:.' :;\:' ~ Naharayim Fms. Yarmouk basalt—— 0.7 Ma
Qu 188 |5 2o a Ubeidiye Fm. DEAD SEA
UPPER Pe 500 Q—,:C:___B:_,%L Erk-el-Ahmar Fm. £
T VvyVvyVvy Cover Basalt Fm. -2
PLIOCENE YV e BASHAN s
LOWER 0-190+|"% "% % _ g
Y VA Fejjas S
PPE>" Pg ##_ R — Tuff —"Gesher Fm. i
o B o IR 8.7M 1~
- N e Interm.—=2 : s
MBD> Mbi 70 > PRSI T ety Bira Fm. s
NEOGENE UPPER rx/ asal . E
e Umm Sabune Fm.
_____ > Mus 0-40 |V SETES > 10.1 Ma <
Vv s 8
Mh v \ SO o
I o SN Lower SAQIVE & £
MIOCENE [~ = A b W i S [Basalt Fm.) 4o rdos Fm. TEVERYA
450+ v [l
L =
v v 16.5-~11.5
Ma
MBH
| LOWER DST
Os 25-145 Susita Fm. Localization
OLIGOCENE (TL)
—— RTS —
UPPER Of 20-45 Fig Fm.
PALEOGENE N
EOCENE | MO Emr 180-220 Maresha Fm.
(WSC) AVEDAT
LOWER Ea 50-220 Adulam Fm.
(URC)
PALEOCENE
o ___ KTgt Ghareb &
(MCM) 120-320 Tagiye fms. SRR
CRETACEOUS n:§ MAASTRICHTIAN SCOPUS
e,
SEL CAMPANIAN 80 Menuha &
o Mishash fms.
G | SANTONIAN Top Judea
| / —_ A AN a vy I latalal L
I I / oLy [0 4 ~U N —_——
Limestone  Dolomite Chalk Marl Chert Travertine Clay
s - - . . . o O o
.. T - %53 v \"J ¥ ¥ B P p
st B o o \' ? p
o5 0 olRs =0 o oo v # # p

Sand Sandstone  Gravel Conglomerate Basalt Scoria & Tuff Fossils  Phosphorite

Fig. 3. (Colour online) Stratigraphy of the exposed formations surrounding the Kinneret-Kinarot basin (modified after Sneh, 2017; Segev, 2020). RTS - regional truncation
surface.

Rifting was accompanied by extensive volcanism along the  1996; Segev, 2002). The trap volcanism began outpouring in early
Harrat Ash Shaam field, which began shortly after the Afar plume  Oligocene time (31 Ma; Baker et al. 1996). This was followed by the
ascent and its associated Ethiopia-Yemen trap volcanism (Fig. 1;  formation of volcanic fields, locally called Harrats, from ~30 Ma
e.g. White & McKenzie, 1989; Schilling et al. 1992; Baker et al.  ago (e.g. Camp et al. 1987), which developed within ~200 km of
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Fig. 4. (Colour online) Structural map of the Late Cretaceous top Judea Group interface (base of Fig. 3) in northern Israel, NW Jordan and SW Syria (values in metres
above present-day sea level). Data were compiled from Segev et al. (2014), Rosenthal et al. (2015) and references therein. Faults in the Dead Sea Transform (DST) valley
(Kinneret-Kinarot-Bet She’an - KKB) and Hula basins are marked after Schattner et al. (2019 and references therein). The Lower Galilee fault system is marked after Wald
et al. (2019). The extent of basaltic units is marked according to their age (see colour key); solid lines indicate exposed basalt; dashed lines indicate the inferred subsurface
presence of these basaltic units (after, e.g. Heimann, 1990; Trifonov et al. 2011; Weinstein & Garfunkel, 2014). IAR - Irbid-Azraq rift; MH - Mt Hermon; BS - Bet She’an;
YV - Yizre’el valley; R - Revaya; MF - Marma Faiad; YF - Yarmouk Fault; MG - Mt Gilboa; MC - Mt Carmel; EMF - Eastern Marginal Fault; WMF - Western Marginal Fault.

Israel Transverse Mercator (ITM) coordinates divided by 1000.

the eastern Red Sea coast (Fig. la) owing to the northward
sub-lithospheric flow of the plume-related material (Faccenna
et al. 2013).

One of the largest volcanic fields of this series, the Harrat Ash
Shaam, developed ~500 km north of the Red Sea on the western
Arabian plate (Fig. 1; e.g. Giannérini et al. 1988; Moh’d, 2000;
Tlani et al. 2001; Trifonov et al. 2011). The Harrat Ash Shaam field
extended into the Golan and the Lower Galilee on the northern
Sinai plate during middle Miocene time (~13 Ma and ~17 Ma,
respectively; Michelson, 1979; Michelson & Mor, 1985; Shaliv,
1991; Mor & Sneh, 1996; Moh’d, 2000; Segev, 2000, 2017;
Weinstein, 2000; Weinstein et al. 2006). The NW-trending
~700 % 40 km volcanic field reaches a maximum thickness of
~1 km at the Druze depression (Fig. 1b; Razvalyaev et al. 2005;
Meiler et al. 2011; Segev et al. 2014). Regenauer-Leib et al.
(2015) linked the development of the Harrat Ash Shaam volcanic
field to the lithospheric extension that produced the Irbid-Azraq
rift system. Recent studies have suggested that the Lower Galilee
basins of this rift system continued to extend after the DST plate
boundary began its displacement (Rosenthal et al. 2019; Wald
et al. 2019).

Basaltic volcanism formed in the Harrat Ash Shaam during two
main periods, 26-22 Ma and 13 to <0.1 Ma (Giannérini et al. 1988;
Mor, 1993; Sharkov et al. 1994, 1998; Heimann et al. 1996; Ilani
et al. 2001; Weinstein et al. 2006, 2013; Inbar & Gilichinsky,
2009; Shaanan et al. 2011; Trifonov et al. 2011). It contains
predominantly alkali basalts, similar to other intraplate continental

https://doi.org/10.1017/50016756821001072 Published online by Cambridge University Press

basalts worldwide (e.g. Weinstein, 2000, 2012; Shaw et al. 2003;
Weinstein et al. 2006).

During the last ~26 Ma, the Harrat Ash Shaam remained at the
same geographical location despite the overall plate motion.
Trifonov et al. (2011) explained this fixation by a coupled motion
of the magmatic sources with the plates. This suggestion is
supported by the models of Faccenna et al. (2013) and
Regenauer-Leib et al. (2015), which highlighted the roles of sub-
lithospheric flow and lithospheric extension, respectively. The
models by Regenauer-Lieb et al. (2015) assumed that a weak
and shallow (~20km) structural framework allowed melts to
ascend through the rifted lithosphere.

2.b. Dead Sea Transform

The DST is a seismically active N-trending plate boundary between
the Arabian and Sinai plates (Fig. 1). Sinistral motion along the
DST began during early Miocene time (~20 Ma; e.g. Freund
et al. 1970; Eyal et al. 1981; Garfunkel, 1981, 1998; Joffe &
Garfunkel, 1987; Bayer et al. 1988; Bosworth et al. 2005; Marco,
2007; Segev et al. 2014; Nuriel et al. 2017). When the Arabian plate
completed ~35km of sinistral motion in early Miocene time
(~17.5Ma), volcanic activity, faulting and subsidence initiated
across the Lower Galilee basins, which are located along the
western extension of the displaced Irbid-Azraq - Harrat Ash
Shaam (Figs 1, 2, 4; Shaliv, 1991; Segev, 2000; Schattner et al.
2006b; Segev et al. 2014; Rozenbaum et al. 2016; Wald et al. 2019).
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Fig. 5. (Colour online) Bouguer gravity anomaly map of the study area (values in milliGal; coloured background) overlaid with a reduced-to-pole (RTP) magnetic anomaly map
(values in nanotesla; after Schattner et al. 2019). Main magnetic anomalies discussed in the text are marked in pink font, with corresponding polarity (plus/minus): SHA - Sha’ar
Ha’golan; TK - Tel Katzir; HA - Haruv anomaly; RA - Raggad anomaly. Light blue line marks the present Lake Kinneret coastline. Black lines mark the main faults along the Dead
Sea Transform (DST) valley and its shoulders. Blue stars mark previously reported volcanic centres, Mt Nimron (MN), Al-Himmah vent (AH) and vents (a)-(d) mentioned in the text
and Figure 8. The sharp NNE-striking steep gravity gradient follows the Western Marginal Fault (WMF), which represents the main DST strand and plate boundary between the Sinai
sub-plate on the west and the Arabian plate on the east. The Eastern Marginal Fault (EMF) is not associated with a continuous and sub-parallel gravity gradient, although it
constitutes a normal fault bordering the Kinneret-Kinarot-Bet She’an basin (KKB). Note the prominent gravity anomaly (Yarmouk anomaly, YA) along the Yarmouk River gorge,
which includes Hamat Gader (HG). Additional abbreviations as in Figure 2. Israel Transverse Mercator (ITM) coordinates divided by 1000.

A complex of extensional basins, the Kinneret-Kinarot-Bet
She’an, subsided along the DST axis at its crossing area with the
Irbid-Azraq - Harrat Ash Shaam (KKB in Figs 2, 4, 5). The
complex accumulated clastic and basaltic units owing to its low
topographic relief (Hurwitz et al. 2002; Inbar, 2012; Segev et al.
2014; Rosenthal et al. 2019; Wald et al. 2019). Until Pliocene time,
subsidence of the complex took place under a DST transtension
regime (Rosenthal et al. 2019). A shift to transpression during
Pleistocene time altered the deformation pattern north of the
complex, leading to uplift of the Lebanese restraining bend,
breaching of the Hula basin (Fig. 1; Freund, 1970; Walley, 1998;
Gomez et al. 2006, 2007; Schattner & Weinberger, 2008;
Weinberger et al. 2011) and N-S extension and subsidence of
the Lower Galilee (Figs 1, 4; Matmon et al. 2003; Schattner et al.
2006a; Wald et al. 2019).

Weinstein & Garfunkel (2014) showed that the occurrence of
Plio-Pleistocene volcanism along the DST (Fig. 1) is restricted to
the Kinneret-Kinarot-Bet She’an basin and the Korazim block,
bounding it from the north (Fig. 2). They found no evidence for
DST-related mantle melting, and therefore considered that the
source of Plio-Pleistocene volcanism relates to the Harrat Ash
Shaam. However, they attributed the magma plumbing system
to the DST (i.e. ‘on-transform’) and consequently insinuated that
extensional stresses related to the DST prevailed during that
period. Nevertheless, recent studies have suggested that the exten-
sional stresses relate to the Irbid-Azraq rifting (i.e. Red Sea stress
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regime), which continued to extend the Arabian and northern
Sinai plates through subsidence of both the Lower Galilee and
the Irbid-Azraq rift (Lyakhovsky et al. 2012; Wald et al. 2019).
The ongoing rifting is further supported by measured seismicity
over the last 30 years (Wetzler et al. in prep.). Thus, the
DST-Harrat Ash Shaam intersection is a key area for resolving
the volcanic on-/off-transform debate and understanding how
the volcanism related to the Harrat Ash Shaam persisted during
the DST development.

3. Study area

The study area is located at the southern part of the DST-Harrat
Ash Shaam intersection (Fig. 1). It extends across the Yarmouk
River gorge and the adjacent Kinarot basin (Fig. 2). The following
sections (3.a. and 3.b.) describe the stratigraphy, magmatism, and
tectonic and topographic development of the study area.

3.a. Stratigraphy

During Oligocene-early Miocene times, the study area experienced
widespread erosion, as part of a regional truncation surface that
developed across the NE African, Sinai and NW Arabian plates
(Fig. 1a; Avni et al. 2012; Wald et al. 2019). The truncation surface
was subsequently covered by middle Miocene (~17.5 Ma) to recent
sedimentary and volcanic units (Fig. 3). Their accumulation
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pattern represents the topographic imprint of the Irbid-
Azraq - Harrat Ash Shaam province and the development of
the DST.

The fluvial and lacustrine sediments of the middle Miocene
Hordos Formation accumulated over the entire low-lying
Kinneret-Kinarot-Bet She’an basin (KKB in Fig. 2). These sedi-
ments interfinger with the lava flows of the Lower Basalt
Formation in the eastern Galilee and southwestern Golan slopes
(Michelson, 1979; Michelson & Mor, 1985). Moh’d (2000)
described a correlative basaltic intrusion within the Hordos sedi-
ments in the Gilad area of northwestern Jordan (Figs 2, 4).
Radiometric ages from the upper Hordos Formation (interbedded
mafic rocks and rock salts) found at the Zemah-1 well indicate that
the Kinarot basin, which today is ~500 m lower than its surround-
ings, had already formed a topographic low ~13 Ma ago (Fig. 2;
online Supplementary Material Figs S1, S2; Segev, 2017).

A late Miocene erosional phase (~12 Ma) truncated the Lower
Basalt and older formations. Subsequently, the Umm Sabune
Formation conglomerates covered the unconformity with basalts
and pyroclastic components within fluvial deposits (Fig. 3;
Schulman, 1962; Shaliv, 1991; Shirav et al. 1995). At ~10 Ma,
marine incursions from the Mediterranean formed lacustrine/
lagoonal conditions that deposited the Bira Formation carbonates
and evaporites over the Lower Galilee and the Kinneret-Kinarot-
Bet She’an basin (Shaliv, 1991; Rozenbaum et al. 2016, 2019).
Outcrops of its upper gypsum member at the western margin of
the latter basin, and subcrops of thick evaporites (mainly halite)
found only in the Zemah-1 well (Fig. 2; online Supplementary
Material Figs S1, S2; Segev, 2017) indicate that saline water bodies
covered this tectonic and topographic depression during deposi-
tion of the Bira Formation.

The lower Pliocene Gesher Formation comprises fresh to
brackish lacustrine sediments (Figs 2, 3; online Supplementary
Material Figs S1, S2). It interfingers with the Fejjas Tuff on both
the eastern and western margins of the Kinneret-Kinarot-Bet
She’an basin. In places where both formations are absent, the
contemporaneous Cover Basalt Formation is found. Therefore,
both the Fejjas Tuff and Gesher Formation are considered contem-
poraneous with the Cover Basalt Formation (Shaliv, 1991;
Heimann et al. 1996; Rozenbaum et al. 2016).

The Cover Basalt Formation formed a 50-200 m thick succes-
sion on the Golan and Galilee slopes, while the transform valley
was already topographically lower. The thickness of the Cover
Basalt decreases to ~50m at the base of the W-facing slope
of the Golan, near the Eastern Marginal Fault (EMF in Fig. 2).
It increases to 729 m at the centre of the Kinarot basin, where
the Zemah-1 well encountered its top at —1384 m (Fig. 2; online
Supplementary Material Fig. S2). Three-dimensional gravity
modelling suggests that the Cover Basalt accumulated over the
entire Kinneret-Kinarot-Bet She’an basin while maintaining a
thickness similar to that in Zemah-1 (Rosenthal et al. 2019).
Interpretation of seismic reflection data suggests that the thickness
reaches up to ~1000 m NE of Lake Kinneret (marked YB in Fig. 2;
Meiler et al. 2011). Ar-Ar dating and mapping show that the Cover
Basalt age decreases northwards: from 5.42 to 5.65Ma in the
southern Bet She’an basin (B in Fig. 2; Dembo et al. 2015) and
5.1-4.0 Ma north of Bet She’an (Rozenbaum et al. 2016), to
4.8-3.6 Ma in the Korazim block bounding the Kinneret basin
from the north (Fig. 2; Heimann, 1990; Heimann et al. 1996).
To date, geological studies have not mapped any Cover Basalt
sources in the Yarmouk River gorge. Similarly, geophysical studies
have not associated the magnetic and gravity anomalies there to
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volcanic centres. The Cover Basalt sources were found ~17 km
north of the gorge and Zemah-1 well (Mor, 1986).

The uppermost sedimentary units within the Kinneret—
Kinarot-Bet She’an basin include fluvial/lacustrine formations:
Erq el-Ahmar (Horowitz, 1974; Tchernov, 1975; age 4.4-3.1 Ma;
Davis et al. 2011), Ubediye (~1.5 Ma; Tchernov, 1987; Martinez
Navarro et al. 2009), Naharayim (<1.5 Ma; Heimann & Braun,
2000) and Lisan (Lartet & d’Albert, 1869; age 70-17ka, e.g.
Begin, 1974; Kaufman et al. 1992; Marco, 1996).

The Yarmouk Basalt was mapped (Noetling, 1886;
Blanckenhorn, 1914; Picard, 1932; Michelson, 1973; Mor & Sneh,
1996) and dated to 0.8-0.6 Ma (Siedner & Horowitz, 1974; Mor
& Steinitz, 1985; Heimann & Braun, 2000; Mor, 2012). Its flows were
suggested to arrive from ~100 km away from the Yarmouk River
gorge outcrops, around Jabel al-Druze in the Syrian part of the
Harrat Ash Shaam (Michelson, 1973; Fig. 1), where basalts of similar
ages were identified (fig. 2 in Trifonov et al. 2011). According to
Michelson (1973), the flows entered the Yarmouk River, followed
its course along the southern Golan and descended downstream
above the Eocene Adulam Formation and Maastrichtian—
Paleocene Ghareb and Tagiye formations (Fig. 2). At the
Yarmouk outlet, the basalts crop out ~100 m above the present-
day riverbed in an ~30m thick succession (Michelson, 1973).
They reappear ~10 km SW, at the Jordan-Yarmouk River conflu-
ence, at the centre of the Kinarot basin (YJC in Fig. 2; Braun,
1992; Heimann & Braun, 2000). Hence, the Yarmouk Basalt arrived
from off-transform sources located in the Harrat Ash Shaam.

The youngest unit, the Raqqad Basalt, was mapped in
the Raqqad and Yarmouk rivers above the Eocene and
Maastrichtian-Paleocene formations (Fig. 2; Noetling, 1886;
Blanckenhorn, 1914; Picard, 1932; Michelson, 1973; Mor, 1989;
Mor & Sneh, 1996). Mor (1989) suggested that the Raqqad
Basalt erupted near the Syrian Mt Hermon (MH in Fig. 4), flowed
over ~90 km southward and entered the Raqgqad and Yarmouk
river gorges. Therefore, the sources of the basalt are most likely
located off-transform. K-Ar dating of the youngest Golan
volcanic rocks yielded 0.24-0.23 Ma (Mor & Steinitz, 1985) and
0.48-0.37 Ma (Mor & Sneh, 1996) ages. More recent Ar-Ar dating
of these volcanic rocks yielded reliable ages of between 0.12 and
0.095Ma (Inbar & Gilichinsky, 2009; Weinstein et al. 2013).
The latter seems to represent the Raqqad Basalt age range better.
Additional Ar-Ar dating yielded ages with higher errors between
0.151+0.042 and 0.124+0.011 Ma (Ben-Asher et al. 2017).
Similar to the Cover and Yarmouk basalts, no Raqgad volcanic
sources were found in the Yarmouk River gorge.

The Raqqad Basalt and alluvial deposits almost entirely cover
the NE-trending Yarmouk Fault, which downthrows the Golan
hanging wall relative to the Mt Gilad footwall (Fig. 2). The fault
was suggested to initiate as a dextral strike-slip during the
Oligo-Miocene Irbid-Azraq rifting (Fig. 4; Lyakhovsky et al.
2012; Segev et al. 2014). Biostratigraphic evidence indicates that
this displacement was later accompanied by a normal component,
throwing ~250 m near Hamat Gader and ~150 m near Wadi
Meitsar to the NE (Fig. 2; Michelson & Lipson-Benitah, 1986).
A recent analysis of earthquake focal mechanisms indicates that
the Yarmouk River gorge is currently being subjected to ~E-W
normal faulting (Wetzler et al. in prep.).

3.b. Zemah-1 well

Zemah-1 is the only deep well drilled in the Kinneret-Kinarot-Bet
She’an basin (4249 m, 1983; location in Figs 2, 5). Its original
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reports present a complicated stratigraphy with many open ques-
tions concerning units that are not recognized in outcrops, lack
indicative fossils and exhibit very few reliable geochronological
ages (Marcus & Slager, 1983, 1985; Steinitz & Lang, 1984a,b;
Mittlefehldt & Slager, 1986; Stein, 2014). To clarify these issues,
Segev (2017) re-examined and reinterpreted the geochronological
data of the well. Relevant details are presented below and in online
Supplementary Material Fig. S2.

The lowermost interval includes 964 m of plagio-gabbro and
plagio-diabase intrusions (between 4249 and 3285 m) that yielded
an Ar-Ar total gas date of 9.5 Ma, and K-Ar dates of 11, 13.7 and
8.5 Ma. This interval correlates to the Lower Basalt Formation and
its host Hordos Formation (~13 Ma). The evaporite layers drilled
within the Hordos Formation may represent middle Miocene
marine flooding into the Kinneret-Kinarot-Bet She’an basin.
Contemporaneous oyster-bearing marine deposits at the top
Hordos Formation ~15km to the NW (Sneh, 1993) support this
interpretation.

The transition between the Hordos Formation and the
younger Bira Formation is poorly defined in the well (~3285 m
deep). It consists of an ~900 m thick layered evaporite succession
interrupted by eight intrusive bodies (~700 m cumulative
thickness) and minor marl and limestone layers. These olivine-
gabbro and olivine-diabase intrusions are reliably dated
to the Pliocene: Ar-Ar 4.05 + 0.1 Ma (Heimann et al. 1996), and
qualitatively K-Ar 3.6, 3.9, 3.1 and 4.1Ma (Steinitz &
Lang, 1984a,b), corresponding to the exposed Cover Basalt
Formation.

Segev (2017) adopted the exposed Bira Formation age range for
the subsurface Bira complex (~9.1-7 Ma). Its upper contact with
the Gesher-Fejjas—Cover Basalt complex (1215 m) comprises marl
and limestone overlain by a 729 m thick basaltic unit (up to 486 m
depth). The basalt sample from 1039 m (176 m above the base)
yielded an Ar-Ar age of 4.9 Ma (Stein, 2014) that fits well with
the oldest ~5.0-4.3 Ma Cover Basalt exposures in the southern
Golan (Ron et al. 1992). A 4.48 Ma age, the K-Ar date of a basalt
sample from 679 m depth, agrees with the 4 Ma age of the exposed
top Gesher-Feijjas—Cover Basalt complex.

4, Methods

The current study analyses the following data sources:

(i) Magnetic anomaly map: interpretation of a 1 km grid regional
reduced-to-pole (RTP; Fig. 5; online Supplementary Material
Fig. $3) map focusing on the study area. A detailed description
of the magnetic data acquisition and processing, RTP map
construction and analysis principles appears in Schattner
et al. (2019). The polarity, dimensions and shapes of the
RTP magnetic anomalies represent (mainly) basic igneous
volumes located in the subsurface (magneto-stratigraphy in
online Supplementary Material Fig. S1). Their positive or
negative polarity (Fig. 5) represents the integrated effect of
all magmatic bodies located directly below the mapped
anomaly. The high correlation between the location and
polarity of the RTP magnetic anomalies and exposed volcanic
centres indicates that the remaining uncorrelated anomalies
represent buried magmatic bodies (Schattner et al. 2019).

Gravity anomaly map: interpretation of a 250 m grid Bouguer
gravity anomaly map (Fig. 5; Supplementary Material Fig. S4)
focusing on the study area. Gravity data acquisition,

(ii)
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(iii)

(iv)

(v)

(vi)

(vii)

A Segev et al.

processing and map construction are detailed in Rosenthal
et al. (2015, 2019). Processing of the collected measurements
included drift, latitude, free-air, Bouguer and terrain correc-
tions. Latitude correction was calculated according to the
1967 Geodetic Reference System formula. Datasets of the
digital elevation model (DEM) used for free-air, Bouguer
and terrain corrections are after Hall (1993), ASTER
GDEM V2 (US/Japan ASTER Science Team, 2011; a product
of METI and NASA) and BENTAL (National Topographic
Database) of the Survey of Israel. Bouguer correction was
calculated using a density of 2.67g cm™ (Rybakov et al.
1995, 2010). Terrain correction included replacing the
measured elevation value with DEM values to maintain
consistency. For more explanations, see Rosenthal et al.
(2019).

Temperature and heat flux: interpretation of temperature-
and heat-flux data from previous studies (Mazor et al.
1973; Eckstein & Simmons, 1977; Levitte & Eckstein, 1978;
Starinsky et al. 1979; Michelson, 1981; Gettings & Showail,
1982; Arad & Bein, 1986; Baijjali et al. 1997; Shalev et al.
2013; Reznik & Bartov, 2021) focusing on the study area
(Fig. 6). The temperature field (heat flux) is closely related
to the lithospheric thickness and rheology, its brittle versus
ductile deformation style, the depth of the seismogenic zone
and magmatism (Ranalli, 1995; Ranalli & Rybach, 2005;
Jaupart & Mareschal, 2010). The temperature field is a func-
tion of (1) the crustal structure, namely the thickness of the
lithological unit (sedimentary succession, upper crust, lower
crust and the relevant mantle); (2) the radiogenic heat-
production parameter of each layer; (3) the thermal conduc-
tivity; and (4) mantle contribution by either (a) an induced
thermal perturbation, or ‘active’ source mantle plume; or
(b) thinning of the lithosphere by tectonic extension that
resulted in mantle rising, or ‘passive’ source (Stein et al.
1993; Regenauer-Leib et al. 2015).

A 1:50 000 scale geological map: integration of new evidence
with a compilation of previous maps of the southern Golan,
Yarmouk River gorge and northern Mt Gilad (after Segev,
2020 and sources: Michelson, 1979; Michelson & Mor,
1985; Mor & Sneh, 1996; Moh’d, 2000; Sneh et al. 1998;
Mor, 1986, 2012; Sneh, 2017) to produce a new and updated
1:50 000 geological map of the Kinneret-Kinarot region
(Figs 7, 8).

Topography maps (Survey of Israel, 1:50000 scale) and
digital terrain model (DTM of 25m grid, from Hall &
Cleave, 1986; Fig. 9; online Supplementary Material
Fig. S5) were used for constructing topographical contours
and projecting them on to Google Earth satellite
images (Figs 10a, 11; online Supplementary Material
Figs S6-S8).

High-reso