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Direct dating of maars and their phreatomagmatic deposits is difficult due to the dominance of lithic (host
rock) fragments and glassy particles of the juvenile magma. In this paper we demonstrate that optically
stimulated luminescence (OSL) dating can be successfully used for age determination of phreatomagmatic
deposits. We studied the tuff deposit of Birket Ram, a basanitic maar located at the northern edge of the
Golan heights on the western Arabian plate. The maar is underlain by a thick section of Pleistocene basalts,

i;e:::oms' and currently hosts a small lake. It is filled by approximately 90 m of lacustrine sediments with radiocarbon
geochronology ages extrapolated to 108 ka at the base. OSL was applied to quartz grains extracted from tuffs and paleosols
OSL dating in order to set the time frame of the phreatomagmatism at the site. A maximum age constraint of 179 4 13 ka
4OAr/*9Ar was determined for a paleosol that underlies the maar ejecta. Quartz grains from two layers in the tuff
Golan section yielded a direct age of 12946 ka for the phreatomagmatic eruption. A younger age of 10447 ka,

which was determined for a tuff layer underlying a basaltic flow, was attributed to thermal resetting during
the lava emplacement. This was confirmed by an “°Ar/*°Ar age of 101 + 3 ka determined on the overlying
basalt. The internal consistency of the OSL ages and the agreement with the “°Ar/*°Ar age determination as

well as with previous estimates demonstrates the potential of OSL for maar dating.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A maar is a phreatomagmatic monogenetic vent that penetrates the
surrounding host rock (Lorenz, 1986, 2007). Phreatomagmatic erup-
tions usually last for a short time, on the order of days or weeks, as was
documented in recent events of maar formation (Lorenz, 2007).
Pleistocene maars are mostly dated using indirect methods, including
radiocarbon in lake sediments (Ehrlich and Singer, 1976; Brauer et al.,
2000; Benedetti et al., 2008), “°Ar/3°Ar of tephra layers interbedded in
the maar lake sediments (Roger et al., 2000; Pastre et al., 2007), as well
as U-series dating of related basalts (Aka et al., 2008). Direct dating of
the phreatomagmatic deposits is uncommon, because the ejecta is
mainly composed of host-rock fragments which usually retain their
original age during the low temperature eruption.

Occasionally, when the juvenile material in the tuff is crystalline, it
can be dated by the “°Ar/*°Ar method (McDougall and Harrison, 1999;
Roger et al,, 1999, 2000; Giaccio et al., 2009). Optically Stimulated
Luminescence (OSL) is a dating method that is usually applied to
sediments of Upper Pleistocene to Holocene ages (Wintle, 2008) and is
based on electrons trapped in imperfections of quartz or alkali-feldspar
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lattices (Aitken, 1998). Electron accumulation in the lattice traps is a
function of in-situ radiation and of time. Controlled laboratory thermal
or optical stimulation of the crystal releases the trapped electrons to
produce a luminescence signal. In nature, these electrons can be
released by heat or by sunlight, resulting in resetting of the signal.
Measuring the dose that the material had absorbed, which created the
luminescence signal, compared to the field dose it was exposed to and
its lattice specific absorption potential, enables calculating the time
since crystal formation or since the last reset (Aitken, 1998).

Quartz grains are uncommon in mafic volcanic provinces but they
may be present as lithic clasts in phreatomagmatic deposits or in
paleosols that underlie or cover the tuff. This paper demonstrates that
OSL can be a powerful dating tool in these difficult-to-date volcanic
structures.

2. Geological setting

The Cenozoic volcanic activity in western Arabia is characterized as
intra-plate, alkaline magmatism (mostly alkali basalts and basanites;
Shaw et al.,, 2003; Weinstein et al., 2006). Harrat Ash Shaam is the largest
volcanic field in this province (Fig. 1A). The maar of Birket Ram is located
in the northern Golan, at the northwestern edge of this field, where the
volcanic sequence covers Jurassic and Cretaceous sedimentary rocks at
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Fig. 1. A. Cenozoic volcanic fields of the western Arabian plate and location of Birket Ram maar in the Harrat Ash Shaam volcanic field. B. Map of the volcanic units in the Golan (the
northwestern part of Harrat Ash Shaam). Purple and pink areas marks Lower and Upper Pliocene volcanic units, respectively and the red area indicates Pleistocene volcanism. Non-volcanic
rock units are in white (after Weinstein et al., 2006). C. Geological map of the Birket Ram maar (Shaanan, 2009). The numbers mark the locations of the sampling sites.

the foot of Mount Hermon. Structurally, the maar is located along a
N10W lineament of scoria cones (Mor, 1987), sub-parallel to the Red Sea
Rift and to other lineaments in Harrat Ash Shaam (Garfunkel, 1989). It is
the only maar in this area and one of the two known phreatomagmatic
sites in the Golan heights (Weinstein and Weinberger, 2006; Weinstein,
2007).

The maar is elliptic, 1000 by 1200 m in diameter, which is a medium-
sized maar according to the classification of Gevrek and Kazanci (2000).
Most of its surface is covered by a shallow lake, up to 15 m deep (Fig. 2).

The unique setting of Birket Ram caught the eyes of people in ancient
times, and Josephus Flavius (1st century AD) described it as a lake-filled
volcanic crater (Flavius J., AD 75 [translation by Williamson G. A,
published in, 1959]). A borehole drilled in the center of the maar
indicates that the lake is underlain by at least 90 m of lacustrine
sediments, underlain in turn by phreatomagmatic ejecta (Tahal drilling
logs, Shaanan, 2009).

The local stratigraphy includes Upper Cretaceous (Cenomanian
and Turonian) carbonates (Mor, 1987), unconformably covered by a

Fig. 2. Birket Ram maar viewed from the southeast. Sampling sites are marked by dots and arrows. The arrows are for sites that do not actually show in the picture due to the

topography.
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Fig. 3. Schematic stratigraphy of the rock units at Birket Ram.

thick section (>200m) of Pleistocene basalts, which fill a local
depression (Shaanan, 2009). The effusive activity was followed by a
strombolian eruption, which built a scoria cone at the southwestern
part of the maar (Fig. 1C). Both the Upper Cretaceous sedimentary
rocks and the Pleistocene volcanics are covered by the phreatomag-
matic deposits of the maar. West of the maar, the Saar Basalt covers
the tuff and marks the termination of the volcanic activity in this area
(Fig. 3).

The maar was never directly dated, but some age constraints exist.
The Keramim Basalt, which directly underlies the tuff in several places
around the maar (Figs. 1C and 3), yielded an %°Ar/*°Ar age of
22343 ka (Feraud et al, 1983; Goren-Inbar, 1985). A lacustrine
sediment from a depth of 36 m beneath the maar lake floor yielded a
radiocarbon age of 29 4- 4 ka. This was extrapolated back to 108 ka at
the base of the lake-filling sediments (Ehrlich and Singer, 1976)
(Fig. 4). Mor (1993) determined a K-Ar age of 140480 ka for the
Saar Basalt, which covers the tuff (Fig. 3). Altogether, these ages

roughly define a time window of 110-220 ka for the phreatomag-
matic eruption of Birket Ram.

3. Birket Ram Tuff

The phreatomagmatic deposits of Birket Ram (Birket Ram Tuff,
hereafter BRT) include tuff, lapilli-tuff and large accidental fragments,
which were deposited from surges and fallout. BRT is exposed over an
area of 1.15 km? around the maar. The thickness of the tuff reaches a
maximum of 45 m at the southeastern rim of the maar (section z-z/,
Fig. 1C).

BRT is mainly composed of rock fragments of the local strati-
graphic section, while juvenile material (palagonitic glass) forms less
than 50%. Most of the rock fragments (80%) are from the volcanic
section and the rest are carbonates from the underlying sedimentary
rocks. The BRT also contains quartz grains, which were derived either
from the surface (from soils with quartz of aeolian origin) or from the
underlying Lower Cretaceous sandstones (Fig. 5A and B). These quartz
grains were used for the OSL dating.

4. Sampling and methods

The luminescence dating method determines the age of the last
event of exposure to light or of thermal heating of mineral grains such
as quartz and feldspar (Aitken, 1998). In Birket Ram we used quartz
grains found in the tuff and paleosols. Five outcrops of paleosols and
tuffs were chosen for OSL dating. Sample BRU-1 is from a tuff section
northwest of the maar. It was sampled 0.25 m below the base of the
overlying Saar Basalt, (Figs. 1Cand 2). Samples BRU-2 and BRU-3 were
collected from paleosols located, respectively, at the western and
eastern flanks of the maar (see Figs. 1Cand 2), and BRU-4 was collected
from a tuff layer 1 m above BRU-3. Samples BRU-5 and BRU-6 are from
the southeastern inner rim of the maar. BRU-5 was sampled 11 m
above the exposed base of the tuff section, and BRU-6 18 meters
higher. The samples were collected by augering into vertical outcrops
or, when the sediments were too consolidated, by removing blocks,
which were later cleaned in the laboratory.

Gamma and cosmic dose rates were measured in the field using a
portable gamma scintillator. Water contents in the sediment samples
were measured immediately after sampling. Alpha and beta dose rates
were calculated from the concentrations of the radionuclides U, Th,
and Kin the sediment, measured by ICP-MS. Quartz grains, 74-250 um
in size, were separated under subdued orange lighting and purified
from the bulk sediment using standard laboratory procedures (Porat,
2007). Luminescence measurements were carried out on Risg DA-12
or DA-20 TL/OSL readers. The equivalent doses (De) were determined
using the single aliquot regenerative dose (SAR) protocol (Murray and

Keramim Basalt, BRU-3 BRU-5 BRU-1
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Fig. 4. Time line showing the geochronology of the Birket Ram deposits based on radiocarbon, “°Ar/>*Ar, and OSL ages. The OSL ages are marked by (red) solid circles and the “°Ar/
39Ar age by a (red) crossed circle. Black hexagons mark earlier geochronological ages (Ehrlich and Singer, 1976; Feraud et al., 1983; Goren-Inbar, 1985).
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Wintle, 2000) and the obtained OSL signal. For each sample, twelve to
nineteen 2-mm aliquots were measured and the most representative
De and associated errors were calculated using the central age model
(Galbraith et al., 1999). Only seven aliquots were measured for BRU-6,
due to the small number of quartz grains extracted from this sample.

Sample BRU-7 was taken from the Saar Basalt northwest of the
maar (Figs. 1C and 2) and it was dated by the “°Ar/*°Ar incremental
heating technique. Dense, clean groundmass was separated, irradiat-
ed at the USGS TRIGA reactor facility, and analyzed in the USGS-Menlo
Park geochronology laboratory following techniques described in
Calvert and Lanphere (2006). Neutron flux was monitored using a
27.87 Ma TCR-2 sanidine.

5. OSL results

The OSL ages range from 10447 ka to 187417 ka (Table 1). The
signal is dominated by the fast component (Fig. 6A and B), recycling
ratios are mostly within 7% of unity (Fig. 6C), and the infrared depletion
ratios are within 5% of unity. This suggests that the SAR protocol is
appropriate for the measured samples (Wintle and Murray, 2006). Dose
response curves were fitted with a saturation + exponential fit. The De
values do not vary as a function of preheat temperature between 200-
260 °C (Fig. 6D), implying that the OSL signal measured is stable over
this temperature range. The De values of some of the samples (BRU-5
and BRU-6) show a rather large scatter (Fig. 6E), probably due to non-
uniform heating or exposure to sunlight of the quartz grains during the
eruption.

vk

-

-2.5 mm

Fig. 5. A. Photomicrographs of a tuff sample (Birket Ram Tuff), containing quartz grains
of Lower Cretaceous sandstone (left — cross polarized light, right — plane polarized).
B. Photomicrographs of Lower Cretaceous sandstone from the flanks of Mount Hermon
(~1km away from the maar) with grains exhibiting signs of deformation, fractured
fragments, joints and Fe-coating. Similar features can be seen in quartz grains found in
the tuff (left — cross polarized light, right — plane polarized). C. Photomicrograph (cross
polarized light) of a tuff sample with a fragment of Keramim Basalt (in the tuff) carries a
2 mm quartz grain.

The two paleosols BRU-2 and BRU-3 (Table 1 and Figs. 1C, 2 and 4),
which underlie the tuff, yielded similar ages of 187 +17 ka and
179 4+ 13 ka, respectively, providing a maximum age for the phreato-
magmatic eruption. Of the four tuff samples, BRU-4 yielded an old age,
incompatible with the other ages (Table 1). Most likely this sample was
not fully exposed to heat or light and the OSL signal was not completely
reset at the time of the eruption. The samples from the southeastern rim
of the maar (Fig. 1C) yielded ages that agree within error (see Fig. 4),
although BRU-6, which is 18 m higher in the stratigraphy, turned out to
be older than BRU-5 (135+12 ka and 122 4-9 ka, respectively). The
limited number of aliquots measured for BRU-6 renders its age less
representative. Sample BRU-1 yielded a significantly younger age
(104 £ 7 ka). This sample is from a tuff layer directly overlain by the
Saar Basalt, and as discussed below, its younger age is attributed to
thermal resetting during the emplacement of the basalt (Figs. 1C, 2, 3
and 4).

6. “Ar/*°Ar results

The Saar Basalt yielded a 101 + 3 ka (10) plateau age, 100 + 3 ka
total gas age, and 100+ 8 ka isochron age using 100% of the 3°Ar
released (Fig. 7). All incremental heating steps are concordant and the
4OAr/3®Ar intercept on the isochron suggests all contaminant argon is
atmospheric in composition.

7. Discussion

We constrained the age of the phreatomagmatic eruption that
formed the Birket Ram maar by OSL dating of accidental quartz grains
in the tuff and paleosols. The composition of the phreatomagmatic
deposits and all neighboring and underlying volcanic rocks are alkali
basalts to basanites. Thus, the quartz grains in the tuff should be
allochthonous, brought either by surface transport processes or by
magmatic transport from subsurface sedimentary rock strata. Lower
Cretaceous quartzeous sandstones are exposed on the nearby slopes
of Mount Hermon (Mor, 1987), and found as well in the subsurface of
Birket Ram, at depths of at least 800 m (extrapolated from the
exposed Upper Cretaceous rocks at the maar rims; Fig. 1C).

The quartz grains found in the paleosols are similar to the grains in
modern local soils and are, most likely, aeolian (Ganor and Foner,
1996). The fine fraction (< 100 um) was transported as dust from
distant southern sources (Arabia or the Sahara) through regional
atmospheric circulation (Ganor and Foner, 1996; Kubilay et al., 2000).
On the other hand, the coarser quartz grains (up to a diameter of
2 mm), which show deformation features (undulatory extinction,
fractured faces and joints) and Fe-coatings (Fig. 5B; Shaanan, 2009),
resemble the quartz in the nearby outcrops of the Lower Cretaceous
sandstone.

The origin of the quartz grains in the tuff deposits is less clear. One
possibility is that they were entrapped by the magma during its ascent
through subsurface sandstone layers, before encountering the surface
water. This is supported by the occurrence of similar quartz grains in
the Keramim Basalt that underlies the tuff (Fig. 5A and C). In this
model, quartz grains were reset by the heat of the magma. The
incomplete resetting of BRU-4 could have resulted from magmatic
transport of large sandstone fragments, in which temperatures at the
core of the fragment did not exceed the required 400 °C for more than
a minute (Aitken, 1985).

An alternative explanation for the occurrence of the quartz grains
in the tuff is that it could have been ‘sampled’ during the
phreatomagmatic eruption (after encountering the water and frag-
mentation) from the underlying sandstone layers or from subaerial
alluvium or soils. However, this is less favorable, since the quartz
grains are equally distributed along the tuff section, while conven-
tional theories of maar formation describe initial shallow explosions
and a diatreme deepening with time (Lorenz, 1986). Nevertheless, we
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Table 1

Details of the OSL measurements.
Sample no. Field -y Moisture K 0] Th Ext. Ext. B Dose rate Aliquots used De Age

(uGy/a) (%) (%) (ppm) (ppm) (uGy/a) (uGy/a) (uGy/a) (Gy) (ka)

BRU-1 855 14 0.54 2.2 103 ) 775 1640+93 12/12 171+7 104+7
BRU-2 826 18 0.73 1.7 7.2 6 737 1569 + 88 13/14 294 +22 187+17
BRU-3 721 24 0.52 3.9 4.4 8 750 1478 £ 85 18/19 265+ 11 179+ 13
BRU-4 630 17 0.29 2.0 9.0 8 560 1198 +71 11/13 327421 273+ 24
BRU-5 844 13 1.00 1.4 6.0 5 879 1729496 15/15 212+10 12249
BRU-6 859 7 1.16 1.6 5.0 6 1044 1909 4- 96 6/7 257420 135+ 12
BRU-5 and 6 21/22 129+ 6

Quartz samples, grain size 74-250 pm. All samples were etched by concentrated HF for 40 min. Field gamma was measured in-situ and includes a cosmic dose component. This gamma
dose was later attenuated for moisture contents. ‘Aliquots used’ is the number of aliquots used for the De calculations out of those measured. The most representative De + 1 s for each
sample was calculated using the central age model (Galbraith et al., 1999). A combined age for BRU-5 and BRU-6 was calculated from the ages (and not De values) of the individual

aliquots, thus accounting for the different dose rates.

cannot exclude this model, since in karstic and fractured rocks such as
the local limestones and basalts (Kattan, 1997; Shulman et al., 2004;
Rimmer and Salingar, 2006), fragmentation may occur two to three
times deeper than in that predicted by the conventional theory, which
was defined for lithostatic pressure. Last, the quartz grains also could
have been sampled from the surface (soils) during the phreatomag-
matic eruption.

Taken all together, the quartz in the tuff could have been reset
either thermally (entrapment by magma or during the explosion) or
by exposure to sunlight slightly before or during the eruption.
Another possible mechanism that could have reset the OSL signal is
the hydrostatic pressure, as was suggested for clastic dikes near the
Dead Sea, Israel (Porat et al., 2007). A similar mechanism, perhaps

augmented by heating, was suggested for the Ulmen Maar and
Pulvermaar in the West Eifel Volcanic Field, Germany (Zoller et al.,
2009). Resetting due to pressure at low temperature could not be
reproduced experimentally (Zoller et al., 2009), and this mechanism
awaits further clarification.

7.1. The age of the phreatomagmatic eruption

The quartz in the paleosols underlying the tuff was reset by
exposure to sunlight before the onset of the eruption; thus, the
youngest paleosol age provides a maximum age of 179 + 13 ka for the
phreatomagmatic eruption (sample BRU-3). The quartz in the tuff
should provide the age of the eruption itself. Tuff samples BRU-5 and
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BRU-6 from the southeastern section yielded ages of 122 4+ 9 ka and
135+ 12 ka, respectively, younger than the underlying paleosols
(Fig. 4). The absence of paleosols within the tuff section and the
commonly accepted short life time of phreatomagmatic eruptions
(e.g., Lorenz, 2007) suggest that the whole tuff section, including these
two samples, was deposited within a short time. To better constrain
the timing of the eruption, the measurements from the two samples
were combined (Table 1), providing an average age of 129 46 ka for
the phreatomagmatic eruption.

Another tuff sample (BRU-1) from the northwestern flank of the
maar yielded a significantly younger age of 1044 7 ka. Since this
sample is located only 0.25 m below the contact with the Saar Basalt,
we suggest that the luminescence signal of the quartz grains in this
sample was thermally reset by heat emanating from the overlying lava.
Similar cases, where quartz-bearing sediments were thermally reset
by lava flows, were reported and dated using thermoluminescence
from Mount Gambier, Australia (Robertson et al., 1996), and from the
Massif Central, France, (Bassinet et al., 2006). The “°Ar/>*°Ar age of the
overlying Saar Basalt (101 43 ka) is in excellent agreement with the
above-mentioned OSL age (Fig. 4), confirming our interpretation of
that OSL date as a thermal reset age.

The OSL ages presented here are in good agreement with the
earlier, non-direct geochronological studies (Ehrlich and Singer, 1976;
Feraud et al., 1983; Goren-Inbar, 1985; Mor, 1993). New “°Ar/>°Ar ages
of basalts and scoriae defined two main phases of activity in the
northern Golan (Inbar and Gilichinsky, 2009; Weinstein et al.,
unpublished data). The early phase occurred between 600 and
750 ka and the later phase between 100 to 150 ka. The OSL ages of
Birket Ram fit well within the time span of the late volcanic phase,
which interestingly includes the only two phreatomagmatic sites
known from the Golan heights.

Being aware of the difficulties in applying other dating methods to
phreatomagmatic deposits, and considering the common occurrence
of quartz in soils and sediments, we suggest that the OSL method
should be considered as a major dating tool in maar structures.

8. Conclusions

* The quartz in the tuff of Birket Ram enables defining the time of the
phreatomagmatic eruption that produced the maar.

* The quartz in the paleosols underlying the tuff in Birket Ram was
optically reset and provides an OSL maximum age of ~ 180 ka for the
phreatomagmatic eruption.

» The quartz grains in the tuff yielded an age of 129+ 6 ka for the
phreatomagmatic eruption.

The 10447 ka age of quartz grains in a tuff layer that underlies a
flow of the Saar Basalt represents thermal resetting by the flow. This
is confirmed by a “°Ar/*°Ar age of 10143 ka determined on the
overlying basalt.

The ages of the phreatomagmatic eruption (129 + 6 ka) and the Saar
Basalt (101 4= 3 ka) fit well within the time span of the late volcanic
phase in the northern Golan (100-150 ka).

OSL dating of quartz or feldspar-bearing tephra may be applied to
other Pleistocene phreatomagmatic features.
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