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ABSTRACT

Dctailed monitoring of Rn flux in
gravel was carricd out for 8 period of
8 years near the active Dead Sca rift
fault. The temporal rclationshi-
between  hundreds  of  weak
earthquakes (4.6 > My > 0) and Rn
flux signals was tested for time
intcrvals related to the start time of
110 Rn flux signals. Farthquakes
located within three pull-apart grabens
of the Dcad Sea rift vallcy were found
to preferentially occur within the time
interval of the first 3 days after the
start time of 110 Rn anomalies, and
the exccss of carthquakes (82%
relative to the expccted value) is
highly significant (p=.003%). On the
other hand, a similar rclationship is
not found in the 2 weeks preceding or
following the start time of th¢ Rn
anomalics for earthquakcs occurring
within the Dead Sca rift in structuraily
higher segments, nor out of the Dead
Sea rift.
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INTRODUCTION
A temporal association between

carthquakes and anomalous Rn flux
has been sugpgested in numerous

studies (scc summary in Toutain and
Baubron, 1999), with Rn anomalies
cither preceding earthquakes (e.g.
Ulomov and Mavashev, 1971; Igarashi
ct al, 1995) or following them (e.g.
Pinault and Baubron, 1997). These
observations are indirectly supported
by a study in which variations in Rn
flux were demonstrated o be closely
associated with tramsitory crustal
deformations, locally induced by fast
variations in thc water ievels of a
nearby reservoir (Trique ct al., 1999).
Hitherto, however, a w¢ll-founded
tcmporal corrclation between
earthquakes and Rn anomalies has not
been presented. Here we report the
results  of long-term  and  detailed
monitoring of Rn, showing, for the
first time, a statistically significant
relationship between earthquakes and
Rn anomalies, which is in agreement
with geological structure,

SETTING

This study is based on a set of 778
carthquakes (4.6 >M >0) that occurred
in the period April 1994 ~ April 2002,
during the time of successful operation
(2468 days) of a Rn monitoring system
at thc Decad Sea. The area of study is a
400%200 km rectangle, on both sides
of the scismically active Dead Sea rift



(Salamon et al, 1996). In the stucly
area (Fig. 1), the Dead Sea rift
comprises three pull-apant grabens
(The Dead Sea, Lake Kinneret and
Hula) and two scgments that are
structuraly higher (The Arava and the
Jordan Vallcy scgments) (Garfunkel,
1997; Frigslander and Bartov, 1997;
Heimann, 1990),

Rn flux was measured within the
Dcad Sea rift, near the NW shorc of
the Dead Sea, where a 20 km long and
3 km wide belt of exceptionally high
Rn flux, with a very high rauo of
signal to background, was identified
(Stcinitz et al., 1992). The high Rn flux
was locally deteeted in springs (Mazor,
1962; Kronfeld ct al, 1991),
groundwater (Lang and Kafri, 1999)
and cspecially in geo-gas within loosc
gravel (background lcvel ~50 pCi‘L),
up to some 30 meters above the local
water table (Steinitz et al.. 1992,
1999). This belt is closcly associated
with the main western fault of the
Dead Sea rift (Fig. 1B), which is active
(Shapira ct al., 1993; Garfunkel, 1997).
A traverse perpendicular to the fault
was madc to measure the Rn flux at
50cm depth in the gravcl; the Rn flux
decrcases, from ~9000 pCi/L near the
fault to about 1000 pCi/L over a
distance of 50m away from the fault
(Steinitz et al, 1992), Detailed
monitoring of *?Rn was carricd out
with a scnsor located at a distance of 5
meters from the fault trace, at a depth
of 1.5m in the gravel, resulting in an
almost continuous Rn time-series for
1994.2002.

The source of Rn in this area is
assumcd to be uranium bearing (~100
ppm) Senonian phosphates, buricd at a
depth of several hundrcd meters in the
down-faulted block (Steinitz et al.,

1992). Since Ra is an ultra-trace noble
gas with a diffusion distance of only
several meters in air (Holford et al,
1993) and a half-life of 3.8 days. the
intense variations shown by thc Ra
time-series recorded near the surface
indicate that Rn is brough upward by a
carrier yms which rises rather swittly
from depth. The combination of a
geodynamically active arca, a Rn-rich
sowrce and u high rate of advection
cnabled us to gather pertinent data op
tire relationship between the Rn flux
and scismugity.

METHODS
The earthquake data-set

The time of occurrcnce and
epicenteral location of earthquakes in
the study area (Fig. 1) were taken from
the Israeli earthquake catalog, as
published by the Scismological
Division at the Geophysical Institute of
Isracl, which operates the Israel
Scismic Network. The threshold of
complete rccording for the network is
M, 2 2.0 (Shapira, 1992). We included
in the data set only thosc carthquakes
for which accuracy of location is
denoted in the catalog as “High”,
namcly less than about 4 km
(comprising, in the study area, 82% of
the events), while scismic cvents that
arc defined in the catalog as "possibly
explosions" (5% of the cvents) were
excluded. Also, to avoid @ spurious
cffect of earthquake swarms on the
results, we excluded carthquakes that
oceurred Iess than one day after the
oceurrence of an earthquake within the
same tectonic segment.

The Rn menitoring setup and data-
set

Detailed monitoring of *Rn has
been carricd out since 1994 using a



gamma-ray Rn monitoring station
based on a 1.5x1.5in (2.5 c¢cm) Nal
scintillation detector, using a 10
minute integration time, recalculated
for 15 miaoutes and averaged to 60
minutes. There are two sources for v-
ray readings: a) a constant contribution
from from U, K and Th in gravel rock
fragments in thc immediate vicinity of
the sensor (<50 cm). and b) a varying
contribution from ***Rn in the porc
geogas, mainly via the decay of "B,
Calibration of y-rays counts with
conventional Rn flux mcasurements is
difficult, because thc actual volume
and geometry of gravel geogas from
which y-rays are dctccted are not
known. A rough calibration by
simultancous measurement with Solid
State  Nuclear Track Detectors
indicates that | count per {5 minutcs of
the Nal sensor is approximately
equivalent to 0.26 pCi/L,

Typical elevated Rn flux valucs
are 50,000 pCi/L, while the noisc level
of the Rn detector system in the
minitoring site (as derived from the
hourly fluctuations at times of lowest
Rn valucs) is less than 130 pCi/L., Four
types of temporal variations of Rn are
encountered (Fig. 2); multi-ycar,
scasonal, diurmal and high Rn signals
with a duration of several days, which
are the subject of this study. In order to
provide an objective dctermination of
the start time of Rn anomalics the
following procedurc was followed. 1)
A 25-hour running average  was
calculated for the Rn time-series; the
times of the minima and maxima of
this time-series were calculated: The
times of minima are now taken as the
start times of Rn signals. 2) for cach
start time, a “rclative amplitude”™ was
calculaied as thc ratio between the

running average Rn counts at the
following meximum and the running
aversge Rn counts at start time. A
preliminaty analysis of the data
showced that only the larger Rn signals,
with relative-amplitudc greater than
1.9 are corrclated with earthquakes,
Henee, in step 3, we seleeted these 110
Rn signals as our data set,

APPROACH

The  temporal  relationship
between carthquakes and Rn flux was
examined for 3-day intervals relative to
the start time of each of the 110 Rn
anomalies. The sum of the 3-day
intervals {or the 110 Rn anomalics
covers 330 days, which arc 13.37% of
the 2468 measurement days. If
carthquakes and Rn anomalies are two
unrclated  phenomena, then  the
cxpected number of earthquakes for
any 3-day interval may be calculated
as 13.37% of the total number of
carthquakes within the examined
earthquake sub-sct. The ¥ statistic was
used to determine the Significance of
the diffcrence between the observed
and the expected number —of

earthquakes.  Separate  tests  were
e —————

performed  for  earthquake  sub-scts
occurring in three different adjoining
tectonic provinces within the study
area (Fig. 1): a) the plate areas to the
east and west of the Dead Sea rift (428
carthquakes); b) the segments between
the pull-apart grabens in the Dead Sea
rift valley (186 earthquakes) and ¢) the
three pull-apart grabens (Dead Sea,
Kinneret and Hula) in the Dead Sea rift
valley (164 earthquakes). The Dead
Secu rift valley is defined here as the
arca covered by flat-lying Quatcrnary
sediments that are bordercd by the
Dcad Sea rift fault scarps. Earthquake



epicenters as far as 270 km away from
the Rn monitor have been considered,

RESULTS
The results show that carthquakes
located out of the Dcad Sea rift valley
do not show significant clustering in
the two weeks preceding and followin g
the stant time of the 110 Rn anomalics
(Fig 3A; Table 1, line 6). On the other
hand, earthquakes that lic within the
Dead Sea rift valley significantly
cluster in the 3 days following the start
time of the 110 Rn anomalies (Table 1,
line 1). A more detailcd look at the
Dead Sea rift valley shows that
carthquakes  occurring  in  the
structuraly higher scgments of the
Arava and Jordan Valley arc not
significantly clustered in the two
weeks preceding and foliowing the
start time of the 110 Rn anomalies (Fig
3B; Table 1, line 5). Only in the Dead
Sea rift pull-apart grabens earthquakes
significantly cluster, and this only in
the 3 days following the start time of
the 110 Rn anomalies (Fig 3C; Tablc

L, lincs 2-4).
For the thrce pull-apart grabens,
the results show an sxcess of 82%
relative to the expected number of
earthquakes. The y* vale is 17,19
(Table 1, line 2), which siemifies a
probability of random _occurrcnce
equal to .003%. Concerned that the ¥
distribution may not be applicable to
this case, we double-checked this value
by evaluating on¢ million serics of
temporally random earthquakes against
the 110 Rn anomalics and obtaincd
similar results (p=006%). These
results are not very scusitive to the
choice of a cut-off for the time
difference between suceessive
carthquakes, aimed at aveiding the
possible cffect of earthquake swarms.

Even if we include in the data.set only
earthquakes that occurred in the three
grabens more than 5 days after a
previous one, the clustering of
earthquakes in the 3-day interval
following the start timc of the 110 Rn
anomalies is significant at the level of
01%. ‘

Of the 40 earthquakes that (all
within this interval (Fig. 3C), 25
occurred in the Dead Sea, which is in
accord with the prooortion of the
number of earthquakes in the Dead Sea
segment relative to their number in the
Kinnerst and Hula segments (Table 1,
lines 3.4).

The results just described
demonstrate for the first time a
y significant  temporal
relationship between earthquakes of
M. £.4,6 and Rn flux. In contrast, but
in agreemenl  with  geological
reasoning, earthquakes oceurring  out
of the Dead Sea rift vallcy do not show
a significant counection to the Rn
anomalics recorded within the Dead
Sca rift. It is also noteworthy that
carthquakes in the Dead Sea rift valley
preferentially occur afler the start time
of Rn anomalics and not before their
onset (Fig—3y:

At our Dcad Sea monitoring
station, both Rn flux and atmospheric
pressure were mcasurcd
simultaneously. For diffcrent periods,
these parameters arc both positively
and negatively correlated. At the scale
of weeks, which is the focus of this
study, cross-correlation between these
parameters shows very low correlution
coeflicicnts.  Speetral  analysis shows
that the contribution of the 12 and 24-
hour periodicities is prominent for
atmospheric pressure but is an order of




magnitude less for radon. Moreover, if
the Rn anomalies were the result of
non-tectonic factors such as weather or
groundwater movement, their
correlation with earthquakes in specific
geological structurcs could not be
demonstrated.

In an attempt 0 explain our
results, we assumc that plate
movement along the Dcad Sca
Transform episodically deforms the
tectonic segments within the Dcad Sea
nft vallcy. At a certain deformation
level numerous locations are fractured
in a manner that conforms to a model
of a pre-seismic stage of distributed
damage (Ben-Zion et al., 1999). Upon
reaching 1-10 x 10" strain, a source
rock may emanatc Rn (Toutain and
Baubron, 1999) at the NW Dead Sea,
and the strain may also affcct the
upward transfer rate of Rn. Thus, Rn is
transported by an up-flowing carricr
gas, to be detected as a Rn anomaly
close to the surfacc, several hundreds
of mecters above its source. As the
overall deformation continues, further
strain may either result in aseismic
slip, or elsc it may increase to a level
that excecds the failure threshold
somewhere within the Dead Sea rift
valley, so that an earthquake occurs
therc within 2 few days after the
generation of a Rn anomaly in the
Dead Sca area. On the other hand,
some earthquakes occur in the Dead
Sea rift valley as a result of struins that
are not recorded as Rn anomalies at the
NW Dead Sca. These considerations
may explain the fact that (he
statistically  significant relationship
between earthquakes and the 110 Rnp
anomalies entails only 30% of the
latter,

It should be noted that whilce
earthquakes occurring in the northern

pull-apart grabens of the Kinneret and
Hula significantly correlate with Rn
anomalies that are recorded in the
Dead  Sea  pull-apart  graben,
earthquakes in the structurally higher
Jordan valley segment, which s
located beiween them and is closer to
the Rn monitoring site, do not show a
conncction o these Rn  anomalics
(Vable 1. linc 6). Tectonic attributes
seem {0 be more important in this
context than proximity to the Rn
monitor, but at this stagc we cannot
offer a mechanism that explains this
observation.

Despite these difficultics we may
conclude that Ru flux in the Dead Sea
iIs  significantly  connected  with
earthquakes in the Deud Sea rift valley,
and thus can be considered a scnsitive
indicator of changes in the local crustal
stress. This has a bearing on the debatc
conceming  the  feasibility of
earthquake prediction (Geler et al.,
1997, Wyss, 2001). Our results
indicate that Rn flux can hopefully be
developed as a tool that reflects
changes in  regional crustal strain
preceding earthquakes. In order to save
precious time, the scope of such and
complementary systematic monitoring
shtould be expanded to other active
gco-dynamic  zones, after careful
sclection of appropriate locations for
sensor emplacement.
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