Dear Editor,

With utmost gratitude for reviewers’ input and for editorial commitment, we list below
response along with all the relevant changes made to the manuscript following the comments.

Referee #1

Comment 1:

e According to the reviewer, the correlation between water level and seismic activity
at the Dead Sea Basin is insignificant (our Fig.1).

Response:

Our earlier work demonstrated an interesting correlation between water level and the
recurrence interval of Dead Sea earthquakes (Belferman et al., 2018, Fig. 9). The present
study (Figure 3 and corresponding text — pp. 16, lines 259-260 and Eq.7, line 268) indicates
that the correlation between seismicity and water level change might even be higher than that
demonstrated in Belferman et al., 2018 (Fig. 9). We explain that significant uncertainties in
the water level data-set might hide the correlation (please see pp.3 54-76). The significance of
the new correlations is borne out by the Pierson Correlation Coefficient (in excess of 0.9).

Relevant changes:
An explanation of these results has been added as outlined in lines 269-270.

To confirm the significance of linear correlation between WL and RI, we present Figure 2,
ten best fit, randomly generated WL curves by the Pearson product-moment correlation test.

Please see our response for the next comments. The relevant changes for all next
comments of Referee #1 present under the summary response.

e Seismicity occurs equally at high and low levels (the reviewer refers us to Fig. 1 ¢
and d).

Response:

Our model does not preclude seismic activity during water level drops, it just takes longer for
the loading to reach the increased threshold. We even predict the next future earthquake,
when levels are projected to reach an unprecedented low. The reviewer writes about the
correlation between the water level and seismic activity; please note - Fig. 1c, d shows that
the change in level inversely correlates with the recurrence interval of earthquakes, rather
than with "seismic activity". In the submitted paper the linear correlation is clearly visible in
the figures, especially in Fig. 1c. The Pearson correlation coefficient reported in detail should
make this point clear.

e According to the reviewer, all change in seismic activity is due to changes in the
tectonic loading and the state of the solid crust. By his assessment, the water level
change has a minor effect.



Response:

Tectonic motion is the primary cause and consequence of earthquakes in our model as well,
but it is worth considering other factors triggering earthquakes. We refer the reviewer to our
Introduction section: water level induced seismicity in particular, and anthropogenically
induced seismicity in general, are broadly recognized phenomena over the world.

The seismic response has been observed to be connected to reservoir impoundments and their
seasonal water level variations (Gupta, 1992; Talwani, 1997; Tomic et al., 2009; Hua et al.,
2013).

Davies et al. (2013) compiled 198 examples of anthropogenically induced seismicity since
1929 all over the world, where higher magnitude earthquakes within this list (up to 7.9, in
Zipingpu reservoir area, China 2006) are most often associated with reservoir impoundment.
Foulger et al. (2018) presented a comprehensive and up-to-date database of seismicity
induced or potentially induced by anthropogenic sources.

van der Elst et al. 2016 show that the appearance of induced seismicity requires a
reconsideration of seismic hazards, even in regions of formerly negligible seismic concern.
Simpson et al. 2018 & Gupta 2018 indicate many statistical studies that reaffirm this
correlation.

In our previous work (Belferman et al., 2018), we indicated that this phenomenon may even
be more applicable to the historic lakes, like those occupying the tectonic depression of the
Dead Sea, due to the larger scale of water level fluctuations. The post-diffusion stage (when
pore pressure at all depth approaches the value at the lake bed), is relevant for early historical
data. At this post-diffusion stage, an increase in pore pressure due to the water level rise
always dominates over the loading effect, leading to varying but always negative normal
effective horizontal stress change at any combination of poroelastic coefficients (please see
Belferman et al., 2018 Fig. 5b). This should trigger earthquakes with magnitudes higher than
those in the corresponding immediate undrained (rapid) response, coming shortly after the
corresponding water level rise (confirmed, for instance, for Lake Mead, Gupta, 2002;
Simpson et al., 1988; Monticello reservoir, Rajendran and Talwani, 1992, and others).

Comment 2:

« The reviewer doubts the assumption that the effective normal vertical stress
vanishes, and argues that given a reasonable permeability, it will take millions of
years. In particular, he argues that between seismic events, faults heal and the
permeability of the faults is very low. He points out that the Ein-Feshkha spring,
very close to an exposed fault, demonstrates a lack of hydraulic connection with the
deep aquifers.

Response:

Pore pressure diffusion in fault zones is usually dominated by fault damage zones, which
act as conduits (Simpson et al., 1988). The reviewer mentions damage processes as a
possible determinant of seismicity fluctuations. We totally agree and refer to Hamiel et al.
(2005) where we simulated how, under damage accumulation, slender porous zones
evolve and become faults. Recently, a poroelastic analysis by Jim Rice’s group of a real



case of induced seismicity considered a realistic damage/permeability structure with a
fault core and anisotropic damage/permeability zones. They have shown that the
permeable zones indeed propagate from shallow depths to the seismogenic zone with
hydraulic fracture (Yehya et al., 2018). In fact, a useful illustration of a related
phenomenon was given by Yechieli and Bein (2002), preceding the largest instrumental
earthquake on the Dead Sea Transform - the 1995 Gulf of Agaba M7.2 event some 200
km away.

Some of the material characteristics in fault zones may vary significantly, depending on
the types of host rock and on state variables (e.g. temperature, pore pressure, depth, etc.).
Specifically, values of hydraulic diffusivity of intact rocks differ considerably among
rock types (Rice and Cleary, 1976), and strongly decay with depth (e.g. by ~6 orders of
magnitude at a depth of 20 km compared to the shallow crustal values (Ingebritsen and
Manning, 2010). However, such laboratory values are not determined under conditions
approaching hydrofracture.

Hydraulic diffusivity around faults, as obtained from various seismological observations,
is independent of earthquake hypocentral depth and estimated to be on the order of 5.0
m2/s, termed as “seismogenic diffusivity” (e.g. Talwani and Acree, 1985; Hua et al.,
2013; Talwani, 1997; 2007). This suggests that the flow through faults is relatively
independent of the rock type (see Ingebritsen and Manning, 2010, and references therein).
Therefore, the diffusivity of faulted rock in our study is best represented by the typical
value of high-porosity Boise sandstone, 4.0 m2/s (Wang, 2000), as used for our
calculations.

Using this diffusivity, we calculate the diffusion time scale, that indicates the time of
arrival of the excess pore pressure from the lake's bed to hypocentral depths over the
fault, for an average hypocentral depth underneath the Dead Sea fault system, z = 20 km
(Aldersons et al., 2003; Godey et al., 2006; Shamir, 2006). This time scale is ~3yr,
according to the characteristic time scale definition (e.g. Kirby, 2010; Wang, 2000). For
more details see Belferman et all., 2018, Eq.3 and explanation following the equation.

This time scale is negligible compared to the typical recurrence intervals of decades and
longer, typical of moderate-to-large earthquakes (M > 5.5) in the Dead Sea area during
the studied period (see Tables A1, A2, and text in Appendix chapter in the current ms). It
is also insignificant compared to the minimal temporal uncertainty in the lake level curve,
nominally taken as 10 years in our simulations.

Regarding the artesian aquifers around Ein Feshkha - these are very local, minimal (two
out of numerous boreholes), shallow, and ephemeral (Swaed et al., Geological Survey
Report: GSI-10-2014). Despite the proximity to the impressive fault scarps preserved in
the bedrock, the relationships between the artesian aquifers and the faults are poorly
established, as is the historical activity of the nearby fault (Sharon, et al., 2020). More
relevant are the thermal waters, ubiquitous in the basin. These require connectivity within
the top kilometers of the section.

o The reviewer notes that even shallow boreholes at the Dead Sea are over-
pressurized. Following this, he rules out vanishing of the normal vertical effective
stress.



Response:

Our response concerns two points, mechanical and hydrological. The manuscript explicitly
treats the effect of water level change relative to its minimal level (415 m below mean sea
level - bmsl) over the period studied (pp. 9, rows 175-179). The normal stress change
generated by such water level change is superimposed on the ambient regional tectonic stress
field (please see pp.7 rows 131-139). First of all, we do not claim that normal vertical stress is
zero. Moreover, being under the influence of gravity, the vertical stress depends on the
hypocentral depth. Our model is based on the water level change effect being only on
horizontal components of the normal effective stress (as was shown previously for the
reservoir-induced seismicity by Simpson 1976, and then for large-scale surface water level
fluctuations, in Belferman et al., Eq.10b and corresponding text in p.393). Simpson (1976)
established that in all faulting environments, the vertical stress increase from water loading is
eventually canceled out by increased pore pressure and the final, post-diffusion stage (as
explained above), is one in which the vertical stress returns to its initial value. Secondly,
assuming that the reviewer is referring to Ein Feshkha boreholes, as we noted above, their
relationships with faults are poorly established, as is the historical activity of the nearby fault
(Sharon, et al., 2020).

On the hydrological aspect, we expand our response above for artesian waters around Ein-
Feshkha. The shallow artesian aquifers mentioned by the reviewer are of the type described
by Mazor et al. (1995) for the Dead Sea rift. These are isolated and local aquifers, trapped in
the fine sediments. In the Dead Sea area, such aquifers occasionally seep, as reported by
sinkhole studies (e.g. Al-Halbouni et al., 2017). The fluids spewed out are described as
“sediment-laden”, and we interpret this to indicate suspension of fine-grain material from the
shallow hydrologic system. These local effects do not necessarily represent the deeper
aquifers that might be connected to the surface via fault zones as described above. According
to earlier descriptions of artesian water in drill holes (Shiftan, 1958; Bentor, 1961), these
wells also tap local aquifers that do not interact with active faults (at least during the last two
millennia).

Comment 3:

e The reviewer doubts the assumption that the pore pressure throughout the Dead Sea
Basin at any depth responds elastically to changes in the lake level. According to the
reviewer, since the basin is mostly made of clay, having plastic properties, changing
the water level by 25 meters will not affect the depth of 2-3 km.

Response:

With regard to the composition of the Dead Sea deposits, it was shown that clay is a minor
component of the Dead Sea Basin (e.g. Frydman et al., 2008; Herut et al., 1997; Haliva-
Cohen et al., 2012). Frydman et al., (2008) measured geotechnical properties and found
vanishing cohesion, as opposed to any lithology dominated by clay minerals. They stated that
even where the particle size is clay-size the mineralogy is not of clay. Herut et al., (1997) and
Haliva-Cohen et al. (2012) characterized the mineralogies and (like others) found quartz and
carbonates to be the leading detrital minerals in the fine sediments.

In summary, the reviewer seems to have misinterpreted some key points in our work. In our
revision, we endeavour to better present our assumptions and results to avoid confusion. With



the present knowledge of the hydrological and lithological properties of the Dead Sea Basin,
as documented by current literature (referenced), our assumptions and conclusions remain
intact.

Relevant changes:

The arguments presented above were detailed in our previous article (Belferman et al., 2018), to
which we repeatedly refer. However, for clarification in the Methods section, we have outlined the
essence in more detail (pp.6-7 125-133, 140-142).

To clarify the principle of our model and results, in the methods chapter, we highlighted that tectonic
stress accumulated consistently with slip-rate (pp.6 122-123 and pp.7 145-146).

In addition, please see pp. 18-19, 306-335, where we list the following arguments regarding the
simplification of our model.

Referee #2

e This paper by Belferman et al. analyzes the correlation between the historical record
of lake levels at the Dead Sea and regional seismicity through a numerical simulation
of earthquake catalogs. The numerical simulations are based on relating the seismic
stress release to characteristic water level curves derived from known control points,
or dates of confirmed water levels (with associated uncertainties). The authors find a
high correlation between the water level changes and historical earthquake
recurrence interval. Overall, the paper is well written and lays out the appropriate
motivation for this study. A couple comments are presented below.

e As | understand, the assumption is that all stress release occurs along a single purely
strike-slip fault plane. The authors acknowledge this assumption in the Discussion,
and perhaps this paper is the groundwork for future modeling, but this is quite
important.

We thank the reviewer for addressing two important points, both related to stress release. We
elaborate on these points in discussion in our revised manuscript.

Comment 1:

e The distribution of smaller magnitude historical events will never be known,
however using reasonable expected aftershock decay curves, one could include this
additional accumulated stress release from the aftershocks in the modeling, or at
least provide as a back-of-the-envelope calculation to determine its significance

Response:

Large earthquakes are indeed accompanied by aftershocks, hence some of the stress is
released by them. Nevertheless, the crustal response to the earthquake by aftershocks is minor
and secondary compared to aseismic creep, as noted for many large earthquakes (e.g. Scholz
1972).



This holds also for the Dead Sea Transform: following the last large earthquake (7.2 Mw)
that occurred in 1995 along the southern part of the plate boundary, the aftershocks continued
for about two years (Fig. 1, below). At least 50 percent of the total moment associated with
these aftershocks was released during the first day after the main shock and over 95 percent
in the first 3 months (Baer 2008). In total, the moment released by post-seismic deformation
in the period of 6 months to 2 yr after the Nuweiba earthquake is about 15 percent of the co-
seismic moment release (Baer 2008).

In the time scale presented in our study, when the minimal inter-seismic period is about 50
years, the stress released during post-seismic period of 2 years can be considered a part of the
main shock.

Relevant changes:
These arguments have been detailed in the Discussion chapter pp. 17-18 284-306.
Comment 2:

« Secondly, the purely strike slip fault motion is likely an oversimplification of the
stress release. As these events result from over-pressurized fault zones the slip
distribution likely has non-double-couple components. While the total stress
released is governed by the seismic moment, the length and orientation of the
principal stress vectors relative to the expected shear stress can be significant for a
range of plausible fault plane solutions. The modelling for this is not within scope,
however my suggestion is to include some more comments regarding the strike-slip
assumption.

Response:

We agree with the reviewer that this aspect is beyond the scope of our research, as are other
co-seismic aspects. We also accept that our assumptions regarding the strike slip orientation
of the faulting process and sensitivity to the water level changes need some elaboration.

The seismologically determined far-field maximal and minimal principal stresses, in the Dead
Sea region are horizontal (Hofstetter et al., 2007; Palano et al. 2013), which is compatible
with the nature of the strike-slip faulting (Anderson, 1951). Under this stress field, stresses on
vertical planes reach the failure criterion. In terms of Mohr-Coulonb diagrams (Fig.2, below),
the large circle represents a vertical plane, on which failure should initiate.

The tectonic and interseismic motion at the DSF is characterized predominantly by left-lateral
strike-slip regime with a velocity of ~5 mm/yr along various segments, supporting the
seismological analysis (Garfunkel, 2014; Masson et al.,2015; Sadeh et al., 2012).

Notwithstanding, we acknowledge that due to a pull-apart basin structure of DST, it is
possible that a significant part of the stress is released during motion along normal faults. For
example, some of the major aftershocks and the slip resulted from 1995 earthquake, was
along Gulf-parallel normal faulting NW of the main rupture (Baer 2008). In the Dead Sea
Basin, GPS surveys indicate dominance of strike slip loading. Hamiel et al. (2018) show that,
on a plate scale, horizontal shear loading dominates the velocity north of the lake. Hamiel and
Piatibratova (2019) detected a sub mm/yr component of extension across the southern normal



fault bounding the Dead Sea pull apart, yet the strike-slip component across this very fault
seems much larger.

The seismic activity induced by the surface water level fluctuations and affected by the
faulting regime is determined in turn by the relative orientations of the three principal stresses
(Anderson, 1951). In regions where the vertical compressive stress is not minimal (normal
and strike-slip faulting), seismic activity is more sensitive to the effective stress change due
to water level change, than in regions where it is minimal (thrust faulting) (Simpson, 1976;
Snow, 1982; Roeloffs, 1988). This is applicable to a case of reservoirs approximated as
“infinite” in the horizontal plane (e.g. Wang, 2000), with respect to the rupture area. Such an
approximation is valid for our study area where the Dead Sea width is sufficiently large
compared to the thickness of the underlying strike-slip fault located in the central part of the
valley. Large earthquakes are likely to rupture along the straight ~100 km segments, north
and south of the Basin. We expect moderate earthquakes to initiate in the basin.

These factors contribute to the high correlation observed between water level changes and
historical earthquake recurrence interval.
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Figure 1: A cumulative count of aftershock (M¢>2.4) following the Mw7.2 Gulf of Agaba
earthquake (22/11/1995). The termination of the series is estimated by the departure of the
asymptote from the data or the fit to an Omori-Utsu behavior. Agnon et al., 2021
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Figure 2: Mohr-Coulomb diagrams for effective stresses during lateral (left) and normal
(right) faulting. ov denotes vertical stress, oHmax and ormin denote maximum and minimum
horizontal stresses, respectively.



Relevant changes:

These arguments regard the strike-slip assumption have been detailed in the Discussion
chapter pp. 19 307-336.
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