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Abstract
Clastic dikes are formed either by passive deposition of clastic material into pre-existing ﬁssures (depositional dikes), or by fracturing
and injection of clastics during earthquakes (injection dikes). We proposed to use optically stimulated luminescence (OSL) dating to
distinguish between the two modes of formation and hypothesized that (1) depositional dikes ﬁlled from above show OSL ages younger
than the host rock; and (2) injection dikes ﬁlled from below show the same OSL ages as that of the host rock. We studied the mechanisms
of clastic-dike formation and their ages within the seismically active Dead Sea basin, where hundreds of dikes crosscut the late
Pleistocene (70–15 ka) lacustrine sediments of the Lisan Formation. Field observations and analysis of magnetic tensors show
unequivocally that most of these dikes were emplaced by injection, inferred to be due to seismically triggered ﬂuidization–liquefaction
during earthquakes. Twenty-eight samples were collected from the Lisan source material and dikes that, based on ﬁeld observations, are
unmistakably either depositional dikes or injection dikes.
Quartz single aliquot OSL ages of the source Lisan layers are between 43 and 34 ka, and are typical for the Lisan Formation. The ages
of both depositional and injection dikes are between 15 and 17 ka, younger than the Lisan host rock. Depositional dikes show a highly
scattered distribution of single grain ages, suggesting several episodes of inﬁll. Single grain ages of injection dikes are of latest Pleistocene
to Holocene, and do not contain recently bleached grains that inﬁltrated from above. These results imply that the OSL signals were reset
at the time of ﬂuidization–liquefaction and buildup of ﬂuid pressure within the injection dikes. If this resetting mechanism has a physical
ground, then OSL dating is an important tool for constraining the ages of earthquake-induced injection dikes and recovering
paleoseismic data from them.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Clastic dikes are sub-vertical sheets of sediment contained within a host rock. They occur in a wide range
of settings, either isolated or in swarms (Diller, 1890).
While the ﬁnal geometry of such structures is everywhere
similar and well deﬁned, their mode of formation varies
and is commonly ambiguous (e.g., Aspler and Donaldson,
1985). These sheets of sediment may be either depositional
dikes, formed by passive deposition of clastic material
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into pre-existing ﬁssures (Borradaile, 1984; Eyal, 1988) or
injection dikes, which formed dynamically by fracturing
and injection of clastics during earthquakes (e.g., Obermeier, 1998; Galli, 2000). Injection dikes are probably the
most impressive liquefaction features occurring during
strong MX6.5 earthquakes (McCalpin, 1996; Galli, 2000).
They correspond to episodic pulses of an increasing
hydraulic pressure generated mostly by seismic loading
during earthquakes, and were used for reconstruction of
paleo-epicenter locations (McCalpin, 1996 and references
therein).
In this study, we apply optically stimulated luminescence
(OSL) dating (Aitken, 1998) to clastic dikes of different
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origins that crosscut late Pleistocene sediments in the
Ami’az Plain, within the seismically active Dead Sea fault
zone. We focused mainly on dating of injection clastic
dikes, which were differentiated from depositional dikes
based on ﬁeld observations and their indicative magnetic
fabric (Levi et al., 2006). Dating was originally applied to
explore the mechanism of emplacement of the dikes, yet
eventually it provided the timing of emplacement, most
likely during earthquakes. Luminescence dating of faultrelated sediments that post-date earthquakes has been used
to construct the timing and recurrence intervals of large
earthquakes and to estimate seismic hazard (e.g., Porat
et al., 1996; Amit et al., 2002); however, earthquakes were
not dated directly. Here we present the possibility of dating
earthquake-induced structures by OSL.
2. Geologic setting
About 250 clastic dikes are exposed in the Ami’az Plain,
a down-faulted block located adjacent to the Sedom Diapir
(Zak, 1967; Weinberger et al., 1997) on the western margin
of the Dead Sea basin (Fig. 1) (Garfunkel, 1981). The
clastic dikes, previously noted by Zak (1967) and Marco
Fig. 2. A source horizontal layer and a connected vertical injection dike
sampled for OSL dating. Sample numbers and ages (in ka) are indicated.
Upper sampling hole (broken line) is projected from a sampling site
located 30 m away along the dike strike. Width of sampling holes is
8 cm.

et al. (2002), are opening-mode fractures, indicating brittle
fracturing of the host rock. They are up to 1 km long, at
least 20 m high and up to 0.4 m wide (Fig. 2), and are
arranged mainly in semi-radial and tangential geometry
(Marco et al., 2002). They intruded the late Pleistocene
lacustrine Lisan Formation (Begin et al., 1974). This
formation consists mostly of alternating laminae of
aragonite and detrital silt and clay, dated between 70
and 15 ka by U-series and 14C (Kaufman, 1971; HaaseSchramm et al., 2004). A thin veneer (o2 m) of aeolian and
ﬂuvially reworked aeolian sediments covers large parts of
the plain, deposited after Lake Lisan dried out at 15 ka.
Paleoseismic records based on brecciated layers reveal the
occurrence of numerous M45.5–6 earthquakes during the
last 70 ka in the Dead Sea basin (Marco and Agnon, 1995,
Marco et al., 1996; Ken-Tor et al., 2001; Migowski et al.,
2004), as well as several M47 earthquakes (Begin et al.,
2005).

3. Depositional dikes versus injection dikes

Fig. 1. Location maps showing plate boundaries (inset), the regional
setting of the Dead Sea basin and the Ami’az Plain study area. DST, Dead
Sea Transform (after Levi et al., 2006).

We distinguish between two mode of clastic-dike
emplacement, depositional and injection, on the basis
of ﬁeld relations and indicative anisotropy in magnetic
tensors (Levi et al., 2006), which yield information about
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the statistical alignment of magnetic particles within the
rock (e.g., Tauxe, 1998).
3.1. Depositional dikes
These less abundant dikes contain brownish silt,
sporadically with horizontal bedding, that resembles the
brownish silt found in the local veneer of surface sediments
that gravitationally ﬁlled pre-existing ﬁssures in the Lisan
Formation. These dikes always crosscut the surface and
commonly have a large opening at their upper part.
Analysis of magnetic tensors of depositional dikes consistently displays a magnetic fabric similar to that detected
in sedimentary rocks that accumulated in low energy
environments (Levi et al., 2006).
3.2. Injection dikes
More abundant are dikes composed of green clay, silty
quartz and some aragonite that were derived from lower
layers of the Lisan Formation (Fig. 2). In several dikes, a
continuous connection between the dike-ﬁll and a green
clay-rich layer of the Lisan Formation was observed,
indicating unambiguously that these structures were
injected upwards from lower Lisan Formation beds.
Occasionally, these dikes have a larger opening in their
lower than in their upper part, and some of them do not
reach the surface. At least ﬁve of these dikes are multiphases, composed of several (3–12) distinct vertical,
20–50 mm wide, sheets of sediments.
Analysis of magnetic tensors of injection dikes consistently displays a magnetic fabric similar to that detected in
magmatic dikes and ﬂow-driven sedimentary structures.
Levi et al. (2006) demonstrated that this type of magnetic
fabric formed during ﬂuidization–liquefaction of the Lisan
sediments inferred to be triggered by earthquakes along the
Dead Sea fault zone.
4. OSL application for clastic dikes
4.1. The hypothesis
We assumed that luminescence dating could distinguish
between the two modes of dike emplacement. Depositional dikes are ﬁlled with clastics from the surface.
The veneer covering the desiccated top of the Lisan
comprise aeolian sediments that were deposited after
15 ka and were well bleached before getting redeposited
in the ﬁssures. Their ages would be younger than the
uppermost Lisan Formation and post-date the time
of fracturing. On the other hand, injection dikes are
composed of deeply buried Lisan sediments, which were
not exposed to sunlight after deposition. Hence, the OSL
signal would not be reset and their ages would be that of
the Lisan source sediments, with no relation to the age of
dike emplacement.
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4.2. Sampling strategy and methods
We recovered a total of 28 samples from 10 clastic dikes
and four beds of the Lisan host rocks (Table S1, Appendix
A). Based on ﬁeld relations, the presence of bedding and
color of inﬁll, two of the dikes are depositional and six are
injection dikes; the other two are most likely injection dikes
but their connection to the source layer is unexposed. For
comparison between the OSL ages of the injection dikes
and that of the source layer, we sampled several layers in
the lower section of the Lisan Formation, including a layer
directly connected with an injection dike (Fig. 2).
Very-ﬁne sand quartz (74–125 mm) was extracted from
the samples using routine laboratory procedures (Porat,
2002). After wet sieving to select the desired size fraction,
carbonates were dissolved using 8% hydrochloric acid and
the dried fraction was passed through a Franz magnetic
separator at a high current (1.5 Amp) to remove all heavy
minerals and most feldspars. The non-magnetic fraction
was then etched with concentrated (42%) hydroﬂuoric acid
for 40 min to dissolve the remaining feldspars and etch the
quartz. Fluorides were removed with 16% hydrochloric
acid.
4.3. Single aliquot measurements
About 5 mg of the puriﬁed quartz was deposited
on 10 mm aluminum discs using silicon spray as an
adhesive. Measurements were carried out in the luminescence dating laboratory at the Geological Survey of
Israel (GSI), in a Risø D-12 TL/OSL reader equipped
with a calibrated 90Sr b source. Quartz stimulation
was carried out with a green-ﬁltered halogen bulb and
detection was through 7 mm U-340 ﬁlters. Equivalent
doses (De) were measured using the OSL signal and the
standard single aliquot regenerative dose (SAR) protocol
(Murray and Wintle, 2000) on 10–14 aliquots for each
sample. Pre-heat tests were carried out to evaluate the
change of De as a function of varying pre-heat temperatures between 220 and 280 1C. OSL was measured at
125 1C for 140 s to background level. Test dose was roughly
5 Gy and a cut heat of 180 1C was used to remove the
125 1C TL peak.
4.4. Single grain measurements
Single grain measurements (Bøtter-Jensen et al., 2000)
were undertaken to test for mixed grain populations and to
verify if there are any zero-age grains or grains with distinct
Lisan ages. Four samples were selected, including injection
and depositional dikes. Samples were sieved to 2 or 3 size
fractions (74–90 , 90–125 and 125–150 mm) and 200 grains
were measured for each fraction. As the holes in the single
grain sample holder are 300 mm in diameter, on occasions
as many as four grains were observed in each hole, so
effectively measurements were performed on very small
aliquots.
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Measurements were carried out in the luminescence
dating laboratory at the University of Wales, Aberystwyth,
on a D-15 Single Grain Risø reader (Duller et al., 1999).
A SAR protocol very similar to that used for the single
aliquot measurements was used for De determinations. To
prevent recuperation and buildup of background, at the
end of each measurement cycle the discs were heated to
280 1C and OSL-stimulated for 100 s to background level
(Murray and Wintle, 2003). Acceptance criteria for the
grains followed those suggested by Jacobs et al. (2003):
Signal intensity at least three times that of the background
level; error on the De smaller than 30%; recycling ratio
within 170.3; an infrared stimulated luminescence
(IRSL) contribution of less than 15% and a monotonously
growing dose response curve. Data reduction was carried
out using the Analyst software and various ﬁts, and the
ages were calculated using Database software (both
programmed by G.A.T. Duller).
4.5. Dose rates
Dose rates were evaluated by both ﬁeld and laboratory
measurements. The g and cosmic doses were measured in
the ﬁeld in the same holes from which the samples
were collected, using a calibrated portable Rotem P-11 g
scintillator. Alpha and b dose rates were calculated from
the concentrations of the radioelements U, Th and K,
measured at the GSI in sediments collected from the same
localities as the dated samples. U and Th were measured by
ICP–MS while K by ICP–AES.
At the surface, the dikes and Lisan host rock are dry
(1–2% water in wet sediment), however at a depth of 1 m
moisture increases to 8%. In the past, when Lake Lisan
existed, the Lisan sediment was brine-saturated with water
content of 440%. Since then, the Lisan sediment had
gradually lost moisture up to the present water contents. At
the time of dike intrusion and fracturing, the Lisan
sediment must have lost enough moisture to behave
as a semi-brittle host rock. After emplacement, the slurry
injected into the dikes continously lost moisture up to the
present water contents. Thus different parts of the Lisan
and dike sections have different and complicated histories
of water content. Consequently, ages for the Lisan
sediment were calculated using 2575% water content
and dike ages were calculated using 1075% water content,
which are likely to cover the range of moisture expected
throughout their history. The gamma dose rates measured
in the ﬁeld in the dry sediment were attenuated for the
estimated moisture contents.
5. Results
5.1. Single aliquots
All tests carried out on samples perform well. Pre-heat
plateau tests show that De values do not vary as a function
of pre-heat temperature (Fig. S1a); dose recovery tests gave

values ranging from 0.97 to 1.03; recycling ratios are all
within 170.05; recuperation is negligible and the IRSL
signal contributes less than 3% to the overall OSL signal,
implying that the OSL signal is dominated by quartz
emission. Dose distributions of single aliquot measurements are mostly normal (Fig. S1b) with very few outlying
aliquots.
The OSL ages of the Lisan host rock, between 43.274.1
and 33.972.0 ka (Table S2), agree with the ages obtained
by U-series for the lower section of the Lisan Formation
(Haase-Schramm et al., 2004), and the samples’ De values
are mostly in the range of 50 Gy. The youngest corrected
U-series age for the Lisan Formation is 14.6470.81 ka
(Haase-Schramm et al., 2004). The dike OSL ages range
between 15.771.3 and 7.271.0 ka (Table S2) and within
errors, the ages of all dikes, regardless of their proposed
formation mechanism, are younger than the youngest
Lisan host rock. Notably, the dike OSL ages are
substantially younger than the Lisan beds at 20 m below
the surface, beds which are the source of the injection
dikes. The dikes’ De values are considerably lower than
those of the Lisan samples, ranging between 11 and 25 Gy.
Modifying the age-calculation variables within a reasonable range (i.e., moisture content, disequilibrium in the
U-series, variations in cosmic dose) cannot lead to dike
ages close to the age of the Lisan source material.
The scatter on the De values is mostly 5–10%, and the
large uncertainties on the ages result mainly from large
uncertainties in the water-content variations during the
history of the samples. In fact, detailed sampling of a multiphase dike shows that OSL dating of the dikes can be
precise. This dike (B3.1; Table S1) is composed of 11–12
adjacent vertical sheets of sediment that can be differentiated based on their color and texture. We interpreted
these sheets as several discrete and separate episodes of
injection phases, and hypothesized that the older phases
would be closer to the dike margins. Eight sheets (A–H)
were separated and cleaned in the laboratory and
individually dated. Their ages range between 12.371.1
and 10.970.9 ka and their ages indeed decrease towards
the center of the dike (Fig. 3). At least four injection
episodes can be clearly distinguished, with only several
hundred years difference between them.
5.2. Single grains
Depending on grain size fraction, 10–30% of the grains
had an OSL signal that could be reliably regenerated to
estimate the De values. The largest number of measurable
grains was in the smaller size fraction (74–90 mm, roughly
the modal grain size), probably due to simultaneous
measurement of more than one quartz grain.
The average single grains De determinations for the
samples are lower than the average single aliquot values,
but due to the large scatter in the single grains, their age is
indistinguishable from the single aliquot one (Table S3).
The three injection dikes (PZR-7, PZR-11, and PZR-16)
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Fig. 3. Multi-phase dike. Individual phases and samples (A–H) are shown
schematically. Note that some samples include more than one phase. The
age for each sample is plotted as a function of distance from the left wall of
the dike. See Table S2 for age calculations. While central age models
reduce the scatter on the De from 5–11% to 2%, the uncertainties on the
ages are still large and all the ages overlap.

show uniform ages for all grain sizes, albeit with very large
uncertainties. No grains with zero age were encountered
and only a few grains with lower Lisan ages were detected.
The distribution of the doses is approximate to Gaussian
(Fig. S1c).
The depositional dike (PZR-14) shows a highly scattered
distribution of grain De values (Fig. S1d), including a
distinctly young population with an age of 0.7 ka. This
indicates that the dike formed in several episodes of inﬁll
and that as late as 700 years ago grains from the surface
inﬁltrated to a depth of 7 m.

6. Discussion and conclusions
Comparison of dike types with OSL ages (Tables S1
and S2) show that based on OSL ages alone, depositional
dikes could not be distinguished from injection dikes
in the Ami’az Plain, rejecting the hypothesized OSL
ages of injection dikes. We argue that regardless of the
origin a certain clastic dike had, OSL dates its emplacement time. This argument is founded on geological
constrains for the time of clastic-dike emplacement,
between the shrinking of Lake Lisan post 15 ka and
the formation of the current landscape in the Holocene
period.
The ages are ﬁrmly established; all quality-control
parameters indicate that the samples perform well and
that the ages are reliable. The only way to reconcile
the ﬁeld evidence of clastics transported from below into
injection dikes, the magnetic fabric analyses showing a ﬂow
fabric, and the presented dike OSL ages, is by the resetting
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of the OSL signal during injection of clastics triggered by
seismic shaking and ﬂuid pressure buildup.
Banerjee et al. (1999) present a case of resetting of the TL
and IRSL signals along a fault plane and show that the age
of the sediment near the fault gouge is most likely that of
past earthquake. Resetting took place at a depth of 2–3 km,
at ambient temperatures 100 1C and it is attributed to
both thermal and pressure affects caused by displacement
on the fault.
A large body of data exists on the resetting of electron
spin resonance (ESR) signals on fault gouges during
faulting events (Ulusoy, 2004 and references therein).
Mechanical shearing and frictional heating are the
responsible mechanisms for resetting of several ESR signals
(Ikeya et al., 1982; Usami et al., 2005) that can be used for
dating paleo-earthquakes (e.g. Lee and Yang 2003). Full
signal resetting takes place at a depth of at least 100 m
(Fukuchi, 1992) or 220 m (Lee and Yang, 2003). While
ESR signals also result from trapped charges, their
properties differ substantially from that of the luminescence signals in bleaching characteristics, thermal stabilities
and level of dose saturation.
For the samples from Ami’az Plain, there is no evidence
for grain size reduction in the injection dikes; the size
distribution of the quartz gains in the dikes is very similar
to that of the Lisan host rock; and the quartz grains are as
rounded and spherical as the grains in the Lisan source
layers. There is also no ﬁeld evidence for any substantial
heating to temperatures required to reset the OSL signals,
e.g., baked margins are absent near dike walls. X-ray
diffraction analyses of injection dikes do not show any
mineralogical changes that can be attributed to heating:
clay minerals are unchanged when compared to the Lisan
source material and no anhydrite that may have formed
during heating was observed (due to the extreme aridity of
the study area, anhydrite is preserved over geological time
scale). Indeed, there is no known heat source which could
have heated the injection ﬂuids to sufﬁciently high
temperatures that could reset the OSL signal.
Our ﬁeld observations and magnetic-fabric analyses
(Levi et al., 2006) demonstrate that the formation of most
clastic dikes in the Ami’az Plain is associated with
ﬂuidization–liquefaction triggered by seismic shaking of
the Lisan source sediment during strong earthquakes along
the Dead Sea full zone. These events occurred after
deposition of the Lisan Formation, (i.e., post 15 ka).
Field results support simultaneous injection of clastic
materials with fracturing, and the buildup of internal ﬂuid
pressure within the fractures as evident by their geometry.
Preliminary estimations of the internal pressure associated
with dike intrusion, based on linear-elastic-fracture-mechanics analysis, reveal values of several MPa. Hence, we
propose that during the earthquakes and subsequent
ﬂuid-pressure buildup, resetting of OSL signals probably
occurred, although the zeroing mechanism remains uncertain. Further work is needed to understand this resetting
mechanism.
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