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Evaluating earthquake-induced rockfall hazard by investigating past rockfall
events: the case of Qiryat-Shemona adjacent to the Dead Sea Transform, northern

Israel

Authors’ Comments for Reviewer #1

Mor Kanari!, Oded Katz?>, Ram Weinberger?, Naomi Porat?, Shmuel Marco?

'Department of Marine Geology and Geophysics, Israel Oceanographic and Limnological Research, Haifa 31080, Israel
2Geological Survey of Israel, 30 Malkhe Israel St. Jerusalem 95501, Israel
3Department of Geophysics, Tel-Aviv University, Tel-Aviv 69978, Israel

Correspondence to: Mor Kanari (mor.kanari@ocean.org.il)

General: Reviewer #1’s comments were of great contribution to the manuscript, addressing these issues and revising the text
and figures accordingly has benefitted the manuscript and helped to obtain better supported arguments for our discussion and
conclusions, and improve the way we present our results and address critical issues in the discussion.

We thank the reviewer very much for taking the time to raise questions and make suggestions that improved the manuscript
significantly.

All of the reviewer’s comments were addressed or answered and changed in the manuscript. Our reply comments are
brought here in a numbered item-list detailing each of the comments with the explanations and actions we introduced
accordingly.

** Important Note — OSL dating revision: additional to reviewer comments, which were all answered as detailed below,
we have also made more OSL measurements per sample since they were originally done several years ago and since then the
protocols have been updated and augmented. In this version we present the newly updated OSL results, which give better
age constrains with significantly smaller error bars and hence more accurate and reliable ages. The relevant figures (Fig 10
and Fig 11), tables (Table 3 and Table 4) and text (Section 4.3 — results and Section 5.4 - discussion) were revised
accordingly.

(1) Comments from Referee: Section 3.1. Authors should provide some information about the
block size; this should explain why in the subsequent sections they use only selected
values of the block sizes.

Author's response: This was missing here although detailed later in the text of the results. Details of the field mapped block
sizes were added to section 3.1 and its paragraph was revised. The use of selected block values for the simulation was added
to the next section (3.2) to be presented before the calibration methodology.

Author's changes in manuscript: section 3.1 revised and added the following: “76 blocks were mapped and measured in the
field with volumes varying between 1.0 m3-125.0 m*.”

Section 3.2 was added the following: “The simulated block volumes were binned into size scales of 1, 10, 50, 100, 125 m?,

with corresponding block diameters of 1.3, 2.7, 4.6, 5.8 and 6.2 m, respectively (assuming spherical block geometry).”

(2) Comments from Referee: Section 3.3. The calibration method is not clear, since two out four pink lines
are out of the field mapping (green polygon in Fig. 3) and it seems that only one of the lines intersects
a relatively boulder-dense area. Please, explain better this point and give the number of the field-
mapped rock-blocks (“high” is too generic).

Author's response: The text was revised accordingly to better explain the calibration profiles locations.
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Author's changes in manuscript: This paragraph in section 3.3 now reads as follows:

“In the current work, CRSP calibration using back-analysis was performed along four slopes (pink lines in Fig. 3) located at
the N and S parts of the prominent Ein-El-Assad source outcrop, where a relatively high number of field mapped (50 blocks
out of 76) and aerial photo mapped rock-blocks (65 blocks out of 200) were observed.”

(3) Comments from Referee: Line 31, page 4, a different letter for the velocity (e.g. u) should be used,
since V is the block volume.
Author's response: This is a good point. All ‘Vx’mentioned in the section were replaced to ‘Ux’

Author's changes in manuscript: All “Vx’mentioned in the section were replaced to ‘Ux’.

(4) Comments from Referee: A simulation is supposed to output a mean value and an uncertainty, but

the reported results of the sensitivity analysis are sharp numbers. Could the authors give an
uncertainty on these numbers?

Author's response: The optimal Rn=0.22 value was extracted using a regression curve from the AMD values (difference

between observed and simulated maximum travel distance) resulting from testing end members 0.12, 0.2, 0.25. when fitted a
regression with minimum difference between simulated and observed maximum travel distances the regression yielded a
minimum of 0 difference at 0.22. an explanation for this and an estimation for the change in travel distance per 0.01 change

in Rn was revised in the text.

Author's changes in manuscript: the text in section 3.3 was revised accordingly and now reads as follows:

“An exponential regression curve was fitted for the above R, values (0.12, 0.2, 0.25) vs their corresponding AMD values (-
90, -30, +160 m), which yielded AMD = 0 m (minimum difference between observed and simulated maximum travel
distance) at R,= 0.22. Thus, calibration was determined optimal for R,=0.22. We estimate that 0.01 change in Rn will yield
15-30m change in maximum travel distance. Calibration profiles are 450-750 m, yielding 2%-3% variability for 0.01 change

inR,.”

(5) Comments from Referee: Is the surface roughness S a dimensionless quantity in the CRSP algorithm?

If not, please add the proper measurement unit (feet, meters?.

Author's response: Surface roughness was measured in the field according to the CRSP program manual. It is given in meters
but varies according to the radius of the simulated block. Hence an S value per simulated block diameter needs to be
measured in the field and used in the software. S values were revised to have meter units in the text.

Author's changes in manuscript: text revised accordingly as follows:

“... using the above detailed best-fit values R,=0.22; R,=0.70 and the field-measured surface roughness S values S=0.1, 0.3,
0.4 m for block diameters D=1.3, 2.7, 4.6 m respectively, and S=0.5 m for D=5.8 and 6.2 m (all S values were measured in

the field per block diameter according to CRSP software manual).”

(6) Comments from Referee: Lines 6 to 8, page 5. This statement is not clear, please rephrase it.
Author's response: paragraph was modified to better explain and detail the calibration process.

Author's changes in manuscript: lines 6-8 were revised accordingly and now read:

“R; value was determined to 0.70 following our initial calibration value, which is also recommended by Jones et al (2000) for
firm soil slopes. To validate these coefficients, further simulation runs along the four calibration profiles were performed for
all block sizes (D=1.3—6.2 m), using the above detailed best-fit values R,=0.22; R,=0.70 and the field-measured roughness S
values: S=0.1, 0.3, 0.4 for block diameters D=1.3, 2.7, 4.6 m respectively, and 0.5 for D=5.8 and 6.2 m (all S values were
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measured in the field per block diameter). All slope cells were given the same values to maintain model simplicity. The
travel distances of simulation results were compared with the observed travel distances (from field mapping and aerial photo

mapping). The fit between observation and simulation is plotted in Fig. 5.”

(7) + (8) Comments from Referee: Section 4.1. The scaling exponent of the probability density function is -
1.17. How much are the authors confident on the second decimal number? Could you give an
estimation of the uncertainty on this number? If not, | would give -1.2 as a likely value.

Lines 23 to 28, page 6, need to be better explained. How does Eq. (2) relate to Eq. (3)? In Eq. (2), the
cumulative probability for blocks with diameter less or equal to D is the sum from Vmin to VD (the
integral for very small bins) of the probabilities calculated for each bin. Applying the relationship
between volume V and diameter D for a sphere (V = 4/3A°upiA°u(D"3)/8 ) in Eq. (2) does not yield the
expression shown in Eq. (3). Could you explain the difference? As in the previous comment, how much
are the authors confident on the decimal values in Eq. (3)?.

Author's response: The reviewer suggestion to round the power law to -1.2 is correct. The -1.17 It is yielded from the

regression but the R? is not very high (0.72). The text was revised to detail the calculated -1.17 power and suggest to round it
to-1.2.

The discrepancy between Eq 2 (all blocks 1-125 m®) and Eq. 3 (only block diameters 2.7-6.2 for volumes 10-125 m?) is
because eq 3 is used for correlating our actual volumes (diameters) of the simulated larger size blocks in which we are
interested for the hazard estimation. The smaller scale blocks (1 m?) are of less interest for hazard estimation as we focus on
the larger blocks as potential worse-case hazard in our simulations. We later use Eq 3 for prediction of probability for
occurrence of blocks at sizes up to 10-125 m? (D=2.7-6.2 m) for hazard calculations.

Author's changes in manuscript: The text in section 4.1 regrading these two comments was revised accordingly and now
reads as follows:

“Our results show that the volume of the individual rock blocks from the studied area exhibits a distinct negative power law
behavior, with a scaling exponent of the right tail of o = -1.17 (R? = 0.72; Fig. 6). This conforms to what was found by
others who examined natural rockfalls with observed o ranging: -1.07 - -1.4, e.g., Guzzetti et al. (2003) Malamud et al.
(2004) Brunetti et al. (2009). The scaling exponent is also similar to the value o = -1.13 obtained experimentally by Katz and
Aharonov (2006), while Katz et al. (2011) found a larger scaling exponent, a = -1.8. Since our data yield a moderate inner
consistency R?=0.72 we round the power to -1.2 (instead of -1.17). In accordance, the probability density function (PDF) for
rockfall volume (p) may be presented as a power law of the form (Dussauge-Peisser et al., 2002; Dussauge et al., 2003;

Guzzetti et al., 2003; Malamud et al., 2004) Eq. (2), where V is the given block volume in m*:
p=0.4V12 )

To simplify the hazard evaluation and relate to the more prominent hazard which larger block sizes impose (thus removing
the 1 m? smaller blocks from the simulation runs) the block volumes were binned into size scales of 10, 50, 100, 125 m?,
with corresponding block diameters of 2.7, 4.6, 5.8 and 6.2 m respectively (assuming spherical block geometry). Field
mapped cumulative frequencies were used to derive cumulative probabilities for each block size (Table 1). The probability
values per block diameter (Table 1) were fitted a regression curve in Excel (R2= 0.97), yielding the probability (pp) for a
block of given diameter (D) or smaller following Eq. (3):

pD = 0.412Ln(D) + 0.262 3)

The cumulative probability calculated from Eq. (3) per block diameter differs from the cumulative probability calculated in
Eq. (2) per its matching block volume because of the differences in data-sets and usage of the two equations: Eq. (2) power-

law details our full field-observed data of block sizes and is used to characterize the dataset and compare it to other block
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catalogs in other studies. While Eq. (3) yields a simulation-specific empirical prediction for probability of occurrence for the

larger block diameters (D>=2.7 m; V>=10 m?), which were actually used later in the CRSP simulations for hazard analysis.”

(9) Comments from Referee: Section 4.2.1. Could authors give a definition of the profile cell? What is the
size of it? Fig. 7 is potentially interesting, but I'm not sure to have fully understood it. The number of
profiles shown on the horizontal axis is 30, while in the Figure caption is 25. The vertical axis title
should be better placed along the graduated curved axis. Grey circles are defined as “other cells”.
Could the author explain better what these other cells represent?

Author's response: An explanation for slope cell in CRSP was added in section 3.2 in the methods. Figure 7 has been

modified (profile axis numbers fixed) and now includes also an illustration of the CRSP model slope cells, x% stop angles
and the stop swath. Additional explanation of the figure was added to the figure caption and is referred to in the text in
section 4.2.1

Author's changes in manuscript:

* Methods section ‘3.2 rockfall simulations’ was added the following explanation about the slope cell: “The slope surface in
CRSP is divided into slope cells, which boundaries are defined where the slope angle changes, or where the slope roughness
changes (Jones et al., 2000).”

* Section 4.2.1 was added the following reference to figure 7: “Further details and illustration for slope cells and stop angles
are given in Fig 7.”

* Figure 7 revised caption now reads as follows:

“(a) Schematic illustration of the CRSP modelled slope cells and explanation of the terms “x% slope angle’ (e.g. 50% stop
angle is the angle of the slope cell where 50% of the blocks stop) and ‘stop swath’ (the farthest distance along the last cell
where 100% of the blocks stop). (b) Slope gradients of slope cells and gradients at stop angles. Tangential axes (X and Y
axes) denote simulated profile numbers 1 to 25. Radial axis denotes the slope angles. Gradients for all cells per profile are
plotted on an arc between 0 and 90 degrees: Red circles are 100% stop angles (slope angle of the profile cell at which
cumulated 100% of simulated blocks stop); blue triangles are 50% stop angles; gray circles are all other cells in the profile.
For example: the cells along profile 16 have slope angles that vary between 8°-36°; the 100% stop angle is 11° (red circle)
and the 50% stop angle is 8° (blue triangle). The red line represents the mean of all 100% stop angles for all profiles at 7.7°
and the thick black lines represent its SD of 2.3°.”

(10) Comments from Referee: Line 11, page 7, how
do you calculate the range of variation 3_-12_from a mean of 7.7_and a SD of 2.3_7
Author's response: the variation presented is for the whole range of stop angles. the mean and 1sigma SD (2.3) yield a 6.4-10

deg. Text revised accordingly.

Author's changes in manuscript: revised text now reads as follows:

“100% stop angles for all profiles (red circles in Fig. 7) vary between 3°-12° with a mean of 7.7° and SD = 2.3° (16=6.4°-
10.0°); 50% stop angles (blue triangles) vary between 3.2°-25.8° with a mean of 10° and SD = 5.3° (16=4.7°-15.3°). All
other cell slope angles in all profiles (gray circles) vary widely between 7°-88° with a mean of 29.4° with SD = 17°
(16=12.4°-46.4°)".

(11) Comments from Referee: Section 5.1. The sentence: "Thus, rainstorms are ruled out as a favorable
triggering mechanism” should be smoothed since it is supported by a very poor statistics, i.e. only two
seasons.

Author's response: the statistical data was re-phrased, and more importantly — a comparison of another rockfall study in

Yosemite in which 27% (>100) of reported rockfall events in 150 years were triggered by rainstorms is brought as a counter
example to support our suggestion that rainstorms are not a favorable trigger, with no reports of rockfalls for the past 74

years at all, in spite of heavy rainstorms in the study area were reported. Additionally — we added reference to the current
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year’s harsh winter (2019), which is of decades scale extremity in its winter storms, as an example where no evidence for
rockfall were observed.

Author's changes in manuscript: The text was revised and now reads as follows:.

“The correlation of rockfall events to historical extreme rainstorm events is limited due to the lack of long enough historical
rainstorm record. However, in the 74 years of documented climatic history for the studied area (measurements at the 5 km
away Kfar-Blum station since 1944; IMS, 2007) no significant rock-mass movements and rockfalls were reported in the
study area. Thus period includes the extremely rainy winters of 1968/69 and 1991/92, in which annual precipitation in
northern Israel was double than the mean annual precipitation (IMS, 2007). Furthermore, the winter of 2018-2019 (during
which the current study is being prepared for publication) breaks a five-year drought that was the worst Israel has
experienced in decades (Time of Israel, 2019), with massive floods, snowfall, overnight freeze and rainstorms in Northern
Israel, including in the study area. The authors of the current study received 1¥-hand personal correspondence (photos,
videos and descriptions) from hikers on the studied slope, which observed some dismantling of rock blocks in their location
during one of the large rainstorms in Jan-2019. Yet no rockfall events were documented in the study area during this
extreme winter season. Contrastingly, Wieczorek and Jager (1996) reported that out of 395 documented rockfall events in
the Yosemite Valley which occurred between 1851 and 1992, the most dominant recognized trigger for slope movement was
precipitation (27% of reported cases), and point out the influence of climatic triggering of rockfall. Based on this large
difference of observations, we suggest that rainstorms may not provide a major triggering mechanism for rockfalls in our

study area”.

(12) Comments from Referee: In Sect. 5.2 the correlation observed between rockfall events and
earthquakes is investigated only for the largest blocks, therefore rainstorms cannot be ruled out for
small-size blocks.

Author's response: That is true. The prerequisite for OSL dating was using large blocks, hence any correlation to earthquakes

is for the larger blocks (V>= 8 m? / D>=2.5 m). However — the rockfall simulation blocks used for hazard analysis also
answer to these volumes (smallest simulated blocks were 10 m*® or D=2.7 m). Additionally, since the larger blocks pose
greater hazards in terms of destructive potential, we aimed for analysis of the larger blocks for relevance to the rockfall
hazard estimation. The previous section 5.1 was revised according to reviewer’s notes and now discusses the rainstorms as
possible trigger (and suggests they are not a favorable one).

Author's changes in manuscript: At the beginning of section 5.2 the following was added: “The following discussion relates
to blocks of sizes equal or larger than 8 m? (D>2.5 m) as the OSL dated blocks were of sizes 8-80 m®. These volumes fit the
CRSP simulation analyses of all blocks in the study, as the smallest simulated block for the hazard estimation was 10 m®

(D=2.7m).”

(13) Comments from Referee: Section 5.3.2. This subsection, which is the main outcome of the manuscript
requires to be rewritten in a more understandable form. The hazard contains usually three terms: one
is a time-dependent term, one is size dependent and another one is the susceptibility. Starting from
this definition the author should describe each term on the base of the results described in the previous
sections of the manuscript.

Author's response: Thank you for this remark. The text in section 5.3.2 was completely revised following the reviewer’s

recommendation. The section is now numbered “5.4”.

Author's changes in manuscript: section 5.4 (previously 5.3.2) now reads as follows:

“We discuss the hazard probability by addressing three terms: time dependency, size dependency and susceptibility.

Time dependency: we derive the recurrence time for rockfalls in the study area by correlating OSL dating of rockfall events
to past earthquakes, as detailed above. Thus, we can calculate the probability of a rockfall occurrence Pgp in the next 50

years, assuming earthquake magnitude Mw = 6 as the threshold for rockfall: Pzp = 50/550 = ~0.09 or 9%. We do not present
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a time-dependent earthquake recurrence interval calculation because the time passed since the last large earthquake is not
well constrained.

Size dependency: Based on the field mapping of block sizes and the expected block sizes which correspond both to the sizes
of OSL dated blocks and the CRSP simulation block diameters (Table 1; Fig. 3), the probability of a given block size or
smaller is predicted by Eq. (3). Considering the time dependent probability and the probabilities for given block sizes
detailed above, the probability for rockfall hazard per specific block size (Hz) may be predicted as Eq. (5):

HR=(1_PD)'PEQ %)

where Pp is the cumulative probability per block diameter D (Table 1) and Pgp is the rockfall occurrence probability
calculated above to be 9%. Accordingly, predicted Hy for the next 50 years for block diameters D between 2.7 - 6.2 m is
~3% and for larger blocks, D between 4.6 - 6.2 m is ~1%.

Susceptibility: As presented in Figures 8-9, the urban area and the area of open slopes above it subjected to rockfall hazard
extends to about 1.55 km?. We conclude that this area has a probability Hg of ~1% - 3% for impact by rockfall in the next 50

years.”

(14) Comments from Referee: Technical corrections See attached PDF file.
Author's response: All reviewer’s technical corrections were implemented in the text accordingly (including grammar,

revision of paragraphs for details, clarifications or better English).

Author's changes in manuscript: We implemented many technical changes throughout the text and figures following all
reviewer’s comments.

Only in one place the suggested technical correction/notes were not implemented, for which explanation is given here as
follows: Page 30 — reviewer comment: The figure could be more readable if the triangles and the numbers were only on the
yellow line.

Author's response: The triangles and numbers appear both on the yellow line and the red dashed line in ptofiles 8-9-10-11-
12-13-14-16 because these are the profiles where block impact is predicted to hit town border. The yellow line is the
predicted stop line and the red dashed line is where the blocks are predicted to hit town premises before stopping. For each
of these profiles there is double nomenclature: (1) at impact point where kinetic analysis is performed: a triangle marking the
location of impact and a ‘sword’profile number; (2) at predicted stop point: a triangle marking stop location and a regular
profile number. Thanks for helping to clarify — we distinguished the impact / stop locations in different colors.

Author's changes in manuscript: in Fig 9: Town border impact locations were marked in orange triangles, while simulated

stop locations were marked in yellow triangles for better clarity. The Figure caption was revised accordingly.

Revised figures 4, 7, 9, 10, 11 appear in the next pages
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Evaluating earthquake-induced rockfall hazard by investigating past rockfall
events: the case of Qiryat-Shemona adjacent to the Dead Sea Transform, northern

Israel

Authors’ Comments for reviewer #2

Mor Kanari!, Oded Katz?>, Ram Weinberger?, Naomi Porat?, Shmuel Marco?

'Department of Marine Geology and Geophysics, Israel Oceanographic and Limnological Research, Haifa 31080, Israel
2Geological Survey of Israel, 32 Yeshayahu Leibowitz St. Jerusalem 9371234, Israel
3Department of Geophysics, Tel-Aviv University, Tel-Aviv 69978, Israel

Correspondence to: Mor Kanari (mor.kanari@ocean.org.il)

General: The comments and suggestions made by Reviewer #2 have a significant and important contribution to the
manuscript quality and readability. The revisions introduced to the text following the review improved the manuscript and
helped to consolidate its structure and make it more clear for reading. Following the reviewer’s notes we extensively
improved the abstract and introduction parts, thus aiding to present the essence of the study, as well as its importance and its

relevance to other studies.

* All of the reviewer’s comments were addressed or answered and changed in the manuscript.
* Our reply comments are hereby brought in this SUPPLEMENT PDF file in a numbered item list detailing each of the

comments with the explanations and revisions-actions we introduced to the manuscript accordingly.

We thank the reviewer very much for taking the time to raise questions and make suggestions that improved the manuscript

significantly.

(1) Comments from Referee: Abstract - | suggest rewriting the abstract because it is mixed up. It lacks a
framework. Aims and methods are not clearly defined.
Author's response: The abstract was revised according to the reviewer suggestions. it is now more complete and details the

framework to detail the study.

Author's changes in manuscript: abstract was revised and reads as follows:

“We address an approach for rockfall hazard evaluation where the study area resides below a cliff in an a priori exposure to
rockfall hazard, but no historical documentation of rockfall events is available and hence, important rockfall hazard
parameters like triggering mechanism and recurrence interval are unknown.

We study the rockfall hazard for the town of Qiryat-Shemona, northern Israel, situated alongside the Dead Sea Transform, at
the foot of the Ramim escarpment. Numerous boulders are scattered on the slopes above the town, while pre-town historical
aerial photos reveal that boulders had reached location that are now town premises. We use field-observations and Optically
Stimulated Luminescence dating of past rockfall events combined with computer modeling to evaluate the rockfall hazard.
For the analysis, we first mapped the rockfalls source and final downslope stop-sites and compiled the boulder size
distribution. We then simulated the possible rockfall trajectories using the field observed data to calibrate the simulation
software by comparing simulated and mapped boulders stop-sites along selected slopes, while adjusting model input
parameters for best fit. The analysis reveales areas of high rockfall hazard at the south-western quarters of the town and also
indicates that in the studied slopes, falling blocks would stop where the slope angle decreases below 5°-10°. Age
determination suggests that the rockfalls were triggered by large (M >6) historical earthquakes. Nevertheless, not all large
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historical earthquakes triggered rockfalls. Considering the size distribution of the past rockfalls in the study area and the
recurrence time of large earthquakes in the region, we estimate a probability of less than 5% to be affected by a destructive
rockfall within a 50-year time-window.

We suggest here a comprehensive method to evaluate rockfall hazard where only past rockfall evidence exists in the field.
We show the importance of integrating spatial and temporal field-observations to assess the extent of rockfall hazard, the

potential block size-distribution, and the rockfall recurrence interval.”

(2) Comments from Referee: Introduction - It is too brief. | suggest rewriting this section in order to enlarge
the scientific literature discussion, for better insert the proposed study in the methodological state of
the art.

Moreover, the authors jump from the presentation of the background to presenting their work without
any connection.

Author's response: Good point. The first part of the introduction was revised and now has references to previous works

dealing with rockfall trigger mechanisms and rockfall dating and hazard estimations.

Author's changes in manuscript: Tthe introduction was revised according to reviewer suggestions now reads as follows:
“Rockfalls are a type of fast mass movement process common in mountainous areas worldwide (Dorren, 2003; Flageollet
and Weber, 1996; Mackey and Quigley, 2014; Pellicani et al., 2016; Strunden et al., 2015; Whalley, 1984). In this process, a
fragment of rock is detached from a rocky mass along a pre-existing discontinuity (e.g., bedding, fractures) slides, topples or
falls along a vertical or nearly vertical cliff. Individual fragments travel downslope by bouncing and flying or by rolling on
talus or debris slopes (Crosta and Agliardi, 2004; Cruden and Varnes, 1996; Varnes, 1978; Whalley, 1984, Wei et al., 2014).
The rock fragments travel at speeds of a few to tens meters per second, and range in volume up to thousands of cubic meters.
Different mechanisms are known to trigger rockfalls: earthquakes (Kobayashi et al., 1990; Vidrih et al., 2001), rainfall and
freeze-and-thaw cycles (Wieczorek and Jéger, 1996; D’amato et al., 2016). Due to their high mobility, and despite their
sometimes small size, rockfalls are particularly destructive mass movements, and in several areas they represent a primary
cause of landslide fatalities (Evans and Hungr, 1993; Evans, 1997; Guzzetti, 2000; Keefer, 2002; Guzzetti et al., 2003;
Guzzetti et al., 2005; Badoux et al., 2016). In mountainous areas human life and property are subject to rockfall hazard
(Crosta and Agliardi, 2004) and efforts are made to mitigate the hazard. Mitigation measures for rockfall damage are primary
based on hazard assessment, which integrates all available data to map and scale the hazard (e.g. Guzzetti et al., 2003). The
spatial extent of the hazard in many cases can be resolved using field observations of documented historical rockfalls
(Wieczorek and Jager, 1996) and computer modeled trajectories (Dorren, 2003 and references therein). The temporal aspect
of hazard and the triggering mechanism usually rely on historical reports, but rarely on direct dating of past rockfall events
(e.g. De Biagi et al., 2017; Kanari, 2008; Rinat et al., 2014). However, hazard estimation where no historical documentation
of past rockfalls exists (hence no documentation of neither the spatial and temporal extents), nor any knowledge of the
triggering mechanism, such as the case presented here, is rare or missing in literature.

The current study evaluates the rockfall hazard for the town of Qiryat-Shemona (northern Israel), by (a) studying the extent
and nature of past rockfall events using field observation; (b) Constraining the date of the rockfall events and their
reoccurrence interval using optically stimulated luminescence (OSL) dating (Wintle, 2008). The possible temporal relation to
known historical earthquakes, which might serve as a trigger, is also studied; (¢) computer-modeling the most probable
down-slope rockfall trajectories which outline the hazard-prone area. Particular attention is given to the calibration of the
computer modeling using mapping of past rockfall events and extracting geometrical and mechanical parameters needed for
the simulations from the field observations. This study presents a methodology for rockfall hazard estimation where field
evidence for past rockfalls are observed in the town vicinity, but the triggering mechanism, the timing of past rockfall events

and recurrence intervals are entirely unknown.”
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(3) Comments from Referee: Methods — | suggest inserting, especially for paragraph 3.1, literature
references about the methodology based on the correlation block distribution-dimension
Author's response: References for several of block inventory/dimension and distribuiotm were added to paragraph 3.1. they

are also later discussed in the block size distribution results in section 4.1 in the original manuscript.

Author's changes in manuscript: Section 3.1 was revised according to reviewer suggestion and now begins with the
following:

“In a given site, the size distribution of boulders resulting from past local rockfalls (recent or historical) is the best database
for assessing predicted rockfall block size. Thus mapping the blocks is crucial for hazard analysis, as suggested by previous
studies that required estimations or measurements of the number of blocks and their volumes (Brunetti et al., 2009,
Dussauge-Peisser et al., 2002; Dussauge et al., 2003; Guzzetti et al., 2003; Malamud et al., 2004; Katz and Aharonov, 2006;
Katz et al., 2011).”

(4) Comments from Referee: Results and discussion — These sections are subdivided into too
subparagraphs. The readability and understanding of the research outputs could be compromised and
made confused by the organization of these sections. | suggest to reorganized these sections.

Author's response: Regarding the Results: we have results of many kinds: field mapped blocks, software simulations of

several aspects (hazard area mapping, travel distances, kinetic energy calculation, slope angles) and OSL dating of rockfalls.
We find it necessary to split the paragraphs in the software simulation results for better presentation of the many types of
results we discuss in the study. Therefore we prefer to keep the results in their original order with sub-headings (4.2.1 etc.)
for the different analyses we made for the simulation results.

Regarding the Discussion: we agree with the reviewer that there is too many sub-headings and they were simplified to
single-level headings in the manuscript.

Author's changes in manuscript: Discussion sections were numbered 5.1...5.4 and sub-section headers were removed (e.g.

5.3.1 etc.).

(5) Comments from Referee: Technical corrections Pag. 1 line 26: better “a rocky mass” than “the
bedrock”. Pag. 2 line 23: replace the colon with a dot. Pag. 3 lines 23-24: better “geometry and
properties of in-situ rocky mass and of detached blocks”. Pag. 3 line 27: please put the references into
parentheses. Pag. 3 line 29: replace the colon with a dot. Pag. 4 line 10: how were the source areas
identified?

Author's response: All of the technical corrections suggested by the reviewer were implemented in the text (except for

one colon that we could not identify in the text in page 3 line 29).

Author's changes in manuscript: Text revised according to reviewer suggestions. Regarding the identification of the source
areas — the following clarification was added to the text in the ‘study area’ description:

“Colluvium and rock-mass movement deposits were mapped on the slopes near Qiryat-Shemona (Shtober-Zisu, 2006, Sneh

and Weinberger, 2003a), identifying the blocks on the slope as originating from the Ein-El-Assad formation.”
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In the next pages is the revised version of the manuscript in ‘Track Changes’ to demonstrate the changes

to the original manuscript following the reviewers’ notes.
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Evaluating earthquake-induced rockfall hazard by investigating past
rockfall events: the case of Qiryat-Shemona adjacent to the Dead Sea
Transform, northern Israel
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"Department of Marine Geology and Geophysics, Israel Oceanographic and Limnological Research, Haifa 31080, Israel
2Geological Survey of Israel, 30-Malkhe Israel32 Yeshayahu Leibowitz St. Jerusalem 95501,-9371234, Israel
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Correspondence to: Mor Kanari (mor.kanari@ocean.org.il)

Abstract.We-evaluate
We address an approach for rockfall hazard evaluation where the study area resides below a cliff in an a priori exposure to

rockfall hazard, but no historical documentation of rockfall events is available and hence, important rockfall hazard parameters

like triggering mechanism and recurrence interval are unknown.

We study the rockfall hazard for the town of Qiryat-Shemona, northern Israel, situated alongside the Dead Sea Transform, at
the foot of the Ramim escarpment. Boulders-of 1-m’-te-125-m>-Numerous boulders are scattered on the slepeslopes above the
town, while pre-town historical aerial photos reveal that before-town-establishment, namerous-boulders had reached thelocation

that are now town premises. We use field-observations and Optically Stimulated Luminescence dating of past rockfall events
combined with computer modeling to evaluate the rockfall hazard. For the hazard-analysis, we first mapped the rockfalls;-their

source and theirfinal downslope firal-stop-sites; and compiled the boulder size distribution. We then simulated the probable
fatarepossible rockfall trajectories using the field observed data to calibrate the simulation software by comparing simulated
xsand mapped boulders stop-sites along selected slopes, while adjusting model input parameters for best fit. The analysis
identifiedreveals areas of high rockfall hazard at the south-western quarters of the town and also indicates that in the studied
slopes, falling blocks would stop afterseveral-tens-efmeters-where the slope angle isdecreases below 5°-10°.

OSE-ageAge determination efseveral-pastroekfall-eventsin-the-study-area-suggests that thesethe rockfalls were triggered by
large (M >6) historical earthquakes. Nevertheless, not all large historical earthquakes triggered rockfalls. Simulations-show

b e s e b Bloele b oot b e e Ll b e el e Db le e oL lon - Considering the size
distribution of the past rockfalls in the study area and the reecenrrencerecurrence time of large earthquakes in the region, the
we estimate a probability of less than 5% to be affected by a destructive rockfall within a 50--year time-window-is-efless-than
5%.

We suggest here a comprehensive method to evaluate rockfall hazard where only past rockfall evidence exists in the field. We

show the importance of integrating spatial and temporal field-observations to assess the extent of rockfall hazard, the potential

block size-distribution, and the rockfall recurrence interval.
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1 Introduction

Rockfalls are a type of fast mass movement process common in mountainous areas worldwide (Dorren, 2003; Flageollet and
Weber, 1996; Mackey and Quigley, 2014; Pellicani et al., 2016; Strunden et al., 2015; Whalley, 1984). In this process, a
fragment of rock is detached from the-bedroeka rocky mass along a pre-existing diseentinuitiesdiscontinuity (e.g., bedding,
fractures) slides, topples or falls along a vertical or nearly vertical cliff. Individual fragments travel downslope by bouncing
and flying or by rolling on talus or debris slopes (Crosta and Agliardi, 2004; Cruden and Varnes, 1996; Varnes, 1978; Whalley,
1984, Wei et al., 2014). i

eubie-meters:-The rock fragments travel at speeds of a few to tens meters per second, and range in volume up to thousands of

cubic meters. Different mechanisms are known to trigger rockfalls: earthquakes (Kobayashi et al., 1990; Vidrih et al., 2001

rainfall and freeze-and-thaw cycles (Wieczorek and Jager, 1996; D’amato et al., 2016). Due to their high mobility, and despite

their sometimes small size, rockfalls are particularly destructive mass movements, and in several areas they represent thea
primary cause of landslide fatalities (Evans;+997Evans-andHuner;+1993(Evans and Hungr, 1993; Evans, 1997; Guzzetti,
2000; Keefer, 2002; Guzzetti et al., 2003; Guzzetti et al., 2005); Badoux et al., 2016)--. In mountainous areas human life and
property are subject to rockfall hazard (Crosta and Agliardi, 2004) and efforts are made to mitigate the hazard. Mitigation
measures for rockfall damage are primary based on hazard assessment, which integrates all available data to map and scale the
hazard (e.g. Guzzetti et al., 2003). The spatial extent of the hazard in many cases can be resolved using field observations of

documented historical rockfalls (Wieczorek and Jager, 1996) and computer modeled trajectories (Dorren, 2003 and references

therein). The temporal aspect of hazard and the triggering mechanism usually rely on historical reports, but rarely on direct

dating of past rockfall events (e.g. De Biagi et al., 2017; Kanari, 2008; Rinat et al., 2014). However, hazard estimation where

no historical documentation of past rockfalls exists (hence no documentation of neither the spatial and temporal extents), nor

any knowledge of the triggering mechanism, such as the case presented here, is rare or missing in literature.

The current study evaluates the rockfall hazard for the town of Qiryat-Shemona (northern Israel), by (a) studying the extent
and nature of past rockfall events using field observation; (b) Constraining the date of the rockfall events and their reoccurrence
interval using optically stimulated luminescence (OSL) dating (Wintle, 2008). Fhe-town-of Qiryat-Shemona(northernIsrael:
The possible temporal relation to known historical earthquakes, which might serve as a trigger, is also studied; (¢) computer-
modeling the most probable down-slope rockfall trajectories which outline the hazard-prone area. Particular attention is given
to the calibration of the computer modeling using mapping of past rockfall events and extracting geometrical and mechanical

parameters needed for the simulations from the field observations. This study presents a methodology for rockfall hazard

estimation where field evidence for past rockfalls are observed in the town vicinity, but the triggering mechanism, the timing

of past rockfall events and recurrence intervals are entirely unknown.

2 Study Area

The town of Qiryat-Shemona (population 25,000) is located in the northern Hula Valley (Fig. 1), one of a series of an

extensional basins developed along the active left lateral fault system of the Dead Sea Transform (DST) (Freund, 1965;
Garfunkel, 1981; Quennell, 1958). The town is built at the foot of the fault-controlled Ramim escarpment, which rises 800
meters above the west part of the town. New quarters of the town are being planned and built below the escarpment and up the
slopes above the town. These slopes are dotted with cliff-derived boulders with measured volumes of more than 100 m?, which
have apparently traveled down the slope by rockfall mechanism (Fig. 2). Pre-town aerial photos (dated ~1945) reveal additional
rock blocks with similarly estimated volume-range within the now built town premises. Thus, the field observations and aerial
photos interpretation suggest that the western neighborhoods of Qiryat-Shemona, located at the escarpment base, are subjected

to rockfall hazard.
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The rock sequence outcrops in the lower part of the slopes, west of the town (hereafter ‘the study area’; Fig. 1b) consists of
Lower Cretaceous rocks (Glikson, 1966; Kafri, 1991;): The sandstone of Hatira Formation outcrops at the base of the slope,
overlain by limestone and marl of Nabi Said Formation. Further up-slope, about 350 m above the town, outcrops the biomicritic
limestone of Ein-El-Assad Formation, creating a 40 m high sub-vertical cliff (Fig. 2). This cliff is the source for rockfalls in
the study area (see below). The Ein El Assad Formation is overlaid by a ~700 m Lower to Upper Cretaceous carbonate rocks
(Sneh and Weinberger, 2003a, b). Colluvium and rock-mass movement deposits were mapped on the slopes near Qiryat-

Shemona (Shtober-Zisu, 2006, Sneh and Weinberger, 2003a)-, identifying the blocks on the slope as originating from the Ein-

El-Assad formation. The slopes are generally covered with up to a few meters of soil. The studied area is located along a
primary fault zone of the DST (Weinberger et al., 2009).—Here-the-western-borderfault-of the Hula-basin branches-into-several
faultstowards-the-north-

Large historic and prehistoric earthquakes (M >6.5) along the DST are well documented: Ben-Menahem (1991), Amiran et al.
(1994), Guidoboni et al. (1994), Guidoboni and Comastri (2005), Marco et al., 2003, Marco et al., 2005, Marco et al., 1996,
and-Katz et al., (2010)) and Wechsler et al., (2014). Recurrence intervals for Mw = 6.5 and Mw= 7.0 earthquakes iswas

calculated to 800 and 3000 years in accordance (Begin, 2005)-, while another study suggests that the average recurrence

interval for a large earthquake (M >6.5) in this segment of the DST is ~1500 yr (Hamiel et al., 2009). Some of the significant

historical earthquakes induced slope failures (Katz and Crouvi, 2007; Wechsler et al., 2009; Yagoda-Biran et al., 2010).

3 Methods
3.1 Rock block inventory

Aln a given site, the size distribution of boulders resulting from past local rockfalls (recent or historical) is the best database

for assessing predicted rockfall block size. Thus mapping the blocks is crucial for hazard analysis, as suggested by previous

studies that required estimations or measurements of the number of blocks and their volumes (Brunetti et al., 2009, Dussauge-

Peisser et al., 2002; Dussauge et al., 2003; Guzzetti et al., 2003; Malamud et al., 2004; Katz and Aharonov, 2006; Katz et al.,

2011). In this study, a catalog of the past-rockfall derived boulders was constructed from two data sources: 76 blocks were

mapped and measured in the field and-with volumes varying between 1 m? and 125 m?. Additional 200 blocks were mapped

using pre-town aerial photos (dating to 1946 and 1951). 58 out of the 200 blocks mapped using the aerial photos were identified
and measured in the field as well (green rectangles in Fig. 3). These 58-blocksswhich-were-identified-both-en-the-aerial-photos
and-measured—in—thefield, were used to fit a correlation curve between field measured and aerial photo estimated block
volumes. The correlation was used for volume estimation of the blocks that were removed from the area during the
establishmentconstruction of the town, but were mapped on the aerial photos predating the establishment (142 blocks out of
200).
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_In summary, the catalog hesthosts a total of 218 boulders, which were mapped and their volumes were measured or estimated
from aerial photos. This rock block inventory is the basis for the prediction of probabilities for different block sizes for the

calculation of rockfall hazard and its mitigation.

3.2 Rockfall simulations

The down-slope trajectory of a rock-block (or the energy dissipated as it travels) is affected by slepethe geometry and surface

ialphysical properties of the slope and by-the-rock-blockgeometry-and material- propertiesthe detached blocks (Agliardi
and Crosta, 2003; Guzzetti et al., 2002; Guzzetti et al., 2004; Guzzetti et al., 2003; Jones et al., 2000; Pfeiffer and Bowen,

1989; Ritchie, 1963). Parameters that quantify these measures are used as input for computer-simulation of rockfall trajectories.
Several computer programs have been developed and tested to simulate rockfall trajectories: (Guzzetti-et-al2002): Dorren;

2003-and references-therein:-Giani-et-al-(2004)Guzzetti et al., 2002; Dorren, 2003 and references therein; Giani et al., 2004).
The current study uses the 2D Colorado Rockfall Simulation Program, CRSP, v4 (Jones et al., 2000) to analyze two significant

aspects of rockfall hazard in the studied area: First, the expected travel distance of rock-blocks along the studied slopes, which
signifies the urban area prone to rockfall hazard. Second, the statistical distributions of block travel velocities and kinetic
energy, which serves as an input for engineering hazard reduction measures. For the current analysis the model input
parameters are the topographic profile of the slope (extracted from 5 m elevation contours GIS database and verified in the
field), surface roughness (S), slope rebound and friction characteristics, (Rs: normal coefficient of restitution; Ry: tangential
coefficient of frictional resistance) and block morphology. S was measured in the field according to Jones et al., (2000) and
Pfeiffer and Bowen, (1989), where R, and R were estimated via a calibration process (see below).

The CRSP algorithm simulates rockfall as a series of rock-block bounces, and calculates the changes in the block velocity after
each impact with the slope surface, taking into consideration the rock and slope geometric and mechanical properties. Model
output is a statistical distribution of velocity, kinetic energy and bounce height along the downslope trajectory, including

stopping distances of the blocks (Jones et al., 2000)._The slope surface in CRSP is divided into slope cells, which boundaries

are defined where the slope angle changes, or where the slope roughness changes (Jones et al., 2000).

For the current study, we simulated the rockfalls characteristics along topographic profiles extending from the Ein-El-Assad
Formation, identified as the source for the rockfalls, downslope towards the town. 25 topographic profiles covering the study
area were extracted for the rockfall hazard analysis (Fig. 4), with high spatial density (30—100 m intervals) where the source
for rock-blocks is exposed above the town and lower spatial density (150-500 m intervals) further southwards. A single
simulation run (along each profile) modeled 100 rock-blocks, thus allowing the statistical analysis (Jones et al., 2000). CRSP
results for each profile were later integrated spatially to compile rockfall hazard maps and other hazard properties as detailed

below. The simulated block volumes were binned into size scales of 1, 10, 50, 100, 125 m?, with corresponding block diameters

of 1.3,2.7, 4.6, 5.8 and 6.2 m, respectively (assuming spherical block geometry).

3.3. CRSP calibration

The first step in hazard analysis using a computerized model is calibration of the model input parameter. Following Katz et al.
(2011), calibration was performed by comparing calculated traveling distance of rock blocks of a given size to field observed
ones, while adjusting the assigned model-parameters until best-fit was obtained, i.e., back-analysis.

In the current work, CRSP calibration using back-analysis was performed along four slopes with(pink lines in Fig. 3) located

at the N and S parts of the prominent Ein-El-Assad source outcrop, where a relatively high number of field mapped (50 blocks
out of 76) and aerial photo mapped rock-blocks (pinktines-inFig—3)-65 blocks out of 200) were observed. As an index for

calibration quality, we used the difference between the field-observed down-slope maximal travel distance along a selected

slope and the simulated maximal travel distance along this slope (hereafter AMD in meters), for a given block-size bin. We

4
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considered the model parameters as calibrated when AMD = +60 m (about 10% of average profile length). 80 simulation runs,
modeling the largest blocks with diameters of D of 5.8 m and 6.2 m along the four profiles were used for calibration
(Determined S value is 0.5 for D=5.8 and 6.2 m). These simulations resulted in the following coefficient value ranges: R,=0.2—
—0.25; R,=0.7—— 0.8, which are in agreement with suggested values for bedrock or firm soil slopes according to Jones et al.
(2000). These values were further revised and refined following the initial velocity sensitivity analysis (detailed in the
following).

The predicted seismic peak ground acceleration (PGA) for the studied area is 0.26 g (Shapira, 2002). Assuming a PGA (@) of
0.3 g with frequency (f) of 1 Hz (Scholz, 2002), the calculated initial horizontal velocity (#4.U;) of the rock block is 3 m/s (¥.U.
= a/f). Sensitivity analysis was performed for two end members of ¥-efU, =0 m/s (simulating a-seismic triggering of a
rockfall) and U, =3 m/s (simulating seismic triggering). Where, R, = 0.12 yielded AMD = -90 m and -80 m for ¥.U,= 0 m/s
and #.U, = 3 m/s, respectively; and R, = 0.25 yielded AMD = +160 m and +150 m for #.U,= 0 m/s and #.U, = 3 m/s,
respectively. Thus, we infer that initial velocity has no significant effect on travel distance. An exponential regression curve

was fitted for AMD—s-the above R, values (at#=0.12, 0.2, 0.25) vs their corresponding AMD values (-90, -30, +160 m#s),

which yieldsyielded AMD = 0 m (minimum difference between observed and simulated maximum travel distance) at R,= 0.22.
Thus, calibration is-satisfiedwas determined optimal for R, = 0.22. We estimate that 0.01 change in Rn will yield 15-30m

change in maximum travel distance. Calibration profiles are 450 m-750 m, yielding 2%-3% variability for 0.01 change in R,.

CRSP output is less sensitive to changes in the tangential coefficient R in comparison to changes in the normal coefficient R.

Hence R; value was determined to 0.7using70 following our initial calibration—Fhis value, which is also recommended by

Jones et al (2000) for firm soil slopes.
FurtherTo validate these coefficients, further simulation runs along the four calibration profiles were performed for all block

sizes (D= = 1.3-3m-6.2 m), using the above detailed best-fit eoeffietent-values: R, =0.22; R,=0.70 and the field-measured

surface roughness S values S=0.1, 0.3, 0.4 m for block diameters D=1.3 m, 2.7 m, 4.6 m respectively, and S=0.5 m for D=5.8
and 6.2 m (all S values were measured in the field per block diameter); R, =0-22:+R,=0-70-_according to CRSP software

manual). All slope cells were given the same values to maintain model simplicity. The travel distances of simulation results

were compared with the observed travel distances (from field mapping and aerial photo mapping). The fit between observation

and simulation is plotted in Fig. 5. These results can be divided into two behavior patterns: (a) mid-size and large blocks (D
>3 m; green, orange and red circles): the observed and simulated results are close to the 1:1 ratio; for large blocks (D >4 m),
simulated travel distance is a little longer, which yields a more conservative result. (b) small blocks (D< 3 m): some blocks are
close to the 1:1 ratio, while others demonstrate significantly longer observed travel distances. This longer observed than
simulated travel distance of smaller blocksP<3#) may be explained in a few ways: First, smaller blocks may be more subject
to creep, being more affected by water runoff and slope material movement due to their lower weight. Therefore they may
travel further down after the rockfall event took place. Another possible interpretation is that the construction of town has
created a different topographical setting than the slope at the time of rockfall events in the past. To circumvent this discrepancy
for the hazard analysis, we use only the larger blocks.

Sensitivity analysis for block shape resulted in an insignificant difference between simulations done with sphere, disc or
cylinder rock-block shapes. Accordingly, we used sphere shape rock-blocks in the prediction simulations because they yield

maximum volume for a given radius and thus tend toward a worst-case scenario analysis (Giani et al., 2004; Jones et al., 2000).

3.4 OSL age determinations

For OSL age determinations of rockfall events, colluvium or soil material from immediately underneath the rock blocks was
sampled. This approach constrains the time since last exposure to sunlight before burial under the blocks (following Becker
and Davenport, 2003). For sampling we excavated a ditch alongside the rock block to reach the contact with the underlying

soil using a backhoe, then manually excavated horizontally under the block and sampled the soil below its center. The Sampling
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of soil was performed under a cover to prevent sunlight exposure of the soil samples. A complementary sediment sample was
taken from each OSL sample location for dose rate measurements. Locations of sampled blocks are marked in Fig. 3. Rockfall
OSL age determination was based on the assumption that the sampled blocks did not creep or remove from their initial falling
location. Thus, only very large blocks between 8 and 80 m?, weighing tens to hundreds of tons, were sampled. OSL equivalent
dose De was obtained using the single aliquot regeneration (SAR) dose protocol, using—arange-of with preheats fof 10 s @
220—-2602°Cy and a cutheat 20° below preheat (Murray and Wintle 2006). The-gamma-and-cosmic-doserates-were No. of

discs” is the number from those measured that was used for calculating the De. Over-dispersion (OD) is an indication of the

scatter within the sample beyond that which would be expected from experimental uncertainties. Ages calculated using the

Central Age Model after rejection of outliers. Gamma dose rates measured in the field using a-ealibratedthe gamma counter
are lower than gamma seintillator—Adpha-and-beta-dose rates were-calculated from the eeneentrationconcentrations of K, U;

and Th;-andK—in-the-complementary-sedimentsample: (with the cosmic dose calculated from burial depth).

4 Results
4.1 Size distribution of rockfalls

Rock-blocks, a result of rockfall events, are commonly observed along the slope west of Qiryat Shemona, at the foot of the
Ein-El-Assad Formation. Their volume varies, from the smallest pebbles to boulders tens of cubic meters in volume. In places
the blocks form grain-supported piles, revealing impact deformations on their common faces such as chipped corners and
imbricated blocks separated along previous fracturing surfaces. To determine rockfall hazard and risk, information on the
frequency-volume statistics of individual rockfalls is necessary (Guzzetti et al., 2004; Guzzetti et al., 2003).

We used the field mapped blocks to determine their volume distribution. In total, we consider this field catalog complete for
block size >1 m? and consists of 76 blocks ranging in volume up to 125 m? (mode= = 56:25 m?). Following Malamud et al.
(2004), the volume distribution of the mapped blocks eanbeis determined using the probability density, p, of a given block
volume Eq. (1):

dN

P =" (M

~ Nav

where N is the total number of blocks, dN is the number of blocks with volume between V and V+dV, and a is the scaling
exponent. Our results show that the volume of the individual rock blocks from the studied area exhibits a distinct negative

power law behavior, with a scaling exponent of the right tail of o =-1.17 (R? = 0.72; Fig. 6). This conforms to what was found

by others who examined natural rockfalls with observed o ranging: -1.07 - -1.4, e.g., Guzzetti et al. (2003) Malamud et al.
(2004) Brunetti et al. (2009). The scaling exponent is also similar to the value o = -1.13 obtained experimentally by Katz and
Aharonov (2006), while Katz et al. (2011) found a larger scaling exponent, o = -1.8.

Since our data yield a moderate inner consistency R?=0.72 we round the power to -1.2 (instead of -1.17). In accordance, the

probability density function (PDF) for rockfall volume (p) may be presented as a power law of the form (Dussauge-Peisser et

al., 2002; Dussauge et al., 2003; Guzzetti et al., 2003; Malamud et al., 2004) Eq. 2):(2), where Vis the given block volume in

m3:

p=04V1— ¢ (2)

To simplify the hazard evaluation;_and relate to the more prominent hazard which larger block sizes impose (thus removing

the 1 m? smaller blocks from the simulation runs) the block volumes were binned into size scales of 10, 50, 100, 125 m?, with

corresponding block diameters of 2.7, 4.6, 5.8 and 6.2 m; respectively (assuming spherical block geometry). CumulativeField

mapped cumulative frequencies were used to derive cumulative probabilities for each block size (Table 1). The probability
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values per block diameter (Table 1) were fitted a regression curve in Excel (R*= 0.97), yielding the probability (pp) for a block

of given diameter (D) or smaller following Eq. (3):
pD = 0.412Ln(D) + 0.262 3)

The cumulative probability calculated from Eq. (3) per block diameter differs from the cumulative probability calculated in

Eq. (2) per its matching block volume because of the differences in data-sets and usage of the two equations: Eq. (2) power-

law details our full field-observed data of block sizes and is used to characterize the dataset and compare it to other block

catalogs in other studies. While Eq. (3) yields a simulation-specific empirical prediction for probability of occurrence for the

larger block diameters (D>=2.7 m; V>=10 m?), which were actually used later in the CRSP simulations for hazard analysis.

4.2 Simulations of block trajectories

For the hazard analysis, we ran computer simulations along 25 profiles including the four profiles used for the calibration (Fig.

3), using the calibrated parameters and the measured topographic-profiles as the model input. A total of 100 computer runs;

eachrun-—simulating—the—fall o 100-individual-bleeks; were performed (four runs on each of the 25 profiles:, using block
dimeters 0f2.7,4.6, 5.8, and 6.2 m separately;), each run simulating the fall of 100 individual blocks (totaling 10,000 simulated

single block trajectories). These results were used to analyze the hazard in the study area.

4.2.1 Stop angle and stop swath

The %% stop angle' is defined as the slope angle of the profile cell at which cumulated x% of simulated blocks stop and, in

accordance, the ‘stop swath' is defined as the distance (m) along-the-profilecelwith-the-correspondingto-stop-angle-that the
simulated blocks covered until all of them (100%) stopped. FeraExample: if the total 100% step-angle;—al+travelingof the

simulated blocks wil-stepstopped within a profile cell that has 5° slope and the last one of them stopped after covering 65

meters along that cell — the 100% stop angle is 5° and the stop swath distaneeis 65 m. The 50% and 100% stop angle and stop

swath data were extracted from the CRSP simulation analysis (Fig. 7). 100% stop angles for all profiles (red circles in Fig. 7)
have-vary between 3°-12° with a mean of 7.7° withand SD = 2.3° (range-0f3°1215=6.4°-10.0°); 50% stop angles (blue
triangles) hawve-vary between 3.2°-25.8° with a mean of 10° withand SD = 5.3%° (16=4.7°-15.3°). All other cell slope angles
in all profiles (gray circles) vary widely between 7°-88%-ameng® with a mean 0f29.4° with SD=17° (16=12.4°-46.4°). Among

them very few are less than 10°. Stop swath distances range between 8-mte--105 m, havingwith a mean of 38 m withand SD
=24 m: (16=14-62 m). Only in two profiles (out of 25) did the stop swath distance exceed 65 m. In both these cases, 100%

stop angle is steeper than in most other profiles (10°-11°). Further details and illustration for slope cells and stop angles are

given in Fig 7. No significant correlation was found between 100% stop angle and stop swath distance.

4.2.2 Rockfall hazard

Rockfall hazard map for Qiryat-Shemona is presented in Fig. 8. The hazard map was compiled from the simulated maximal
travel distance (where 100% of blocks stop) of the largest blocks (D >4.6 m, V >50 m?®) with the probability of occurrence, pD
=11% (Eq. 3). The calculated block trajectories cross the town border and mark the town premises that are subject to rockfall
hazard along 8 out of 25 simulated profiles (#8—# — #14 and #16, marked by t in Fig. 9). The area subjected to rockfall hazard
is about 1.55 km?, currently including several houses (according to the last updated google Earth image from Nov 2014). For
D=4.6 m, block impact velocity varies between 9.5-13.7 m/s and kinetic energy between 7,400—16,300 kJ (Table 2). CRSP
simulated maximal travel distance and CRSP velocity and kinetic energy analysis points at town border impact locations are

plotted in Fig. 9. andYellow line represents the

CRSP 100% stop line calculated for large blocks (D is 5.8 m and 6.2 m). Yellow-black triangles mark simulated stop points;

Orange-black triangles mark simulated town border impact points (those labeled with a sword ‘1’ mark locations of rockfall
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impact at town border) where kinetic energy was calculated. For details of the kinetic analysis at these locations refer to Table
2.

4.3 OSL age determination of rockfalls

OSL ages were determined for eightnine rock blocks: with volume range of 8 m? - 80 m?. The leeationslocation of these blocks
is marked in red circles in Fig. 3. These ages range from 0.79 to 849.7 ka, with uncertainties of 9-406% - 14% (Table 3).

5 Discussion
5.1 Triggering conditions for rockfalls in the studied area

We interpret the field observed grain supported structure of aggregations of blocks of various sizes, with impact deformations
(e.g., chipping) on their common faces as evidence for catastrophic events, involving numerous blocks. Long-term erosion
which results in single sporadic block failures would have resulted in matrix-supported blocks and not in the evidence observed
here. We conclude that the rockfalls were mainly triggered by discrete catastrophic events such as earthquakes or extreme
precipitation events. The question of a triggering mechanism in the case of a catastrophic rockfall event is an important one
when attempting to evaluate the temporal aspect of rockfall hazard. The recurrence time of an extreme winter storm or a large
earthquake may give some constraints on the expected recurrence time of rain-induced or an earthquake-induced rockfall,
respectively. Furthermore, it might suggest a periodical probability for the next rockfall to occur when hazard is calculated.
The correlation of rockfall events to historical extreme rainstormsrainstorm events is limited due to the lack of long enough

historical rainstorm record. NeticeablyevenfollowingHowever, in the 74 years of documented climatic history for the studied

area (measurements at the 5 km away Kfar-Blum station since 1944: IMS, 2007) no significant rock-mass movements and
rockfalls were reported in the study area. Thus period includes the extremely rainy winters of 1968/69 and 1991/92, in which
annual precipitation in northern Israel was double than the mean annual precipitation (IMS, 2007);-re-significantrock—mass

Furthermore, the winter of 2018-2019 (during which the current study is being prepared for publication) breaks a five-year

drought that was the worst Israel has experienced in decades (Time of Israel, 2019), with massive floods, snowfall, overnight

freeze and rainstorms in Northern Israel, including in the study area. The authors of the current study received 1%-hand personal

correspondence (photos, videos and descriptions) from hikers on the studied slope, which observed some dismantling of rock

blocks in their location during one of the large rainstorms in Jan-2019. Yet no rockfall events were documented in the study

area during this extreme winter season. Contrastingly, Wieczorek and Jéger (1996) reported that out of 395 documented

rockfall events in the Yosemite Valley which occurred between 1851 and 1992, the most dominant recognized trigger for slope

movement was precipitation (27% of reported cases), and point out the influence of climatic triggering of rockfall. Based on

this significant difference of observations for rockfall triggering mechanisms, we suggest that rainstorms may not provide a

major triggering mechanism for rockfalls in our study area. A possible correlation between the dated rockfall events and

historical earthquakes is analyzed below.

5.2 Non-random temporal distribution of rockfalls and correlation to earthquakes

The following discussion relates to blocks of sizes equal or larger than 8 m? (D>2.5 m) as the OSL dated blocks were of sizes

8-80 m?). These volumes fit the CRSP simulation analyses of all blocks in the study. as the smallest simulated block for the

hazard estimation was 10 m? (D=2.7 m).

The wide range of OSL ages, between 7660.9 ka and $+00-years9.7 ka before present (Fig. 10 and Table 3), rules out the

possibility of a single rockfall event. Given the rich historical earthquake record in the vicinity of the studied area, the positive
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correlation between rockfall events and historical earthquakes may shed light on the triggering mechanism of the rockfalls. A
similar approach was used by Matmon et al. (2005), Rinat et al. (2014) and Siman-Tov (2009);-whe. The latter dated rockfall
events ~-30 km SW fremof the studied area, where he found a positive correlation between rockfall events and historical
earthquakes, dated 749 AD and 1202 AD. To perfermanalyze this possible correlation, we overlaid the 89 OSL ages with a set
of 9 large historic earthquakes that-ececurred-inthe-vieinity-of the study-area-(Table 4, Fig. 10)-—Thissetcontains-earthgquakes
that), which comply to these cumulative terms: (a) occurred within the time spans of the OSL ages; -(b)_their maximum
estimated intensity is at least ‘IX’ en-anin EMS maeroseismielocalintensity-seale(European Macroseismic Scale) and/or their
estimated moment-magnitude is 6 or larger; (c) the distance between theour study area and affected localitiesreperted does
not exceed 100 km (following Keefer, 1984).

The 89 OSL ages (Table 3; Fig. 10) span over the past 88069700 years with a mean of one ageoccurrence per 1,000 years. The
validation of OSL age clustering was obtained performing a binomial distribution test, which gives the discrete probability
distribution P(k,p,n) of obtaining exactly & successes out of # trials. The result of each trial is true (success) or false (failure),

given the probability for success (p) or failure (1-p) in a single trial. The binomial distribution is therefore given by Eq. (4):

P(k,p,n) = (Z)pk(l —p)* %, where (Z) = k!(:ik!) 4)

A ‘success’ was defined when the date of a given earthquake (out of the nine candidates in Table 4) with a £50 years time
window, coincides in time with one of the OSL ages with the same error range (£50 years). Since the selected limited time
window is £50 years (+0.05 ka), the test was performed only for OSL ages that correspond to relatively accurate historically
recorded earthquakes (last 2,800 years): 759 and 199 BC, 363, 502, 551, 659, 749, 1033 and 1202 AD. The OSL ages within
this range are of QS-3 (1.56+0.431 ka), QS-4 (1.0-89+0.461 ka), QS-6 (2.21+0.56ka);QS-93-0+£12 ka) and QS-11
(Z2=01.7£0.2 ka). The selected nine historical earthquakes, each with a £50 year time window, span over 900 years out of the
given 2,800 years period (for each event, a £50 year time window spans 100 years). Therefore, the probability p for a single
random earthquake to occur within this period is p = 900/2800=0.32. The number of trials # is the number of earthquakes n =
9. In five cases (the earthquakes of 199 BC, 363 AD, 502 AD, 55+-AD;-1033-ADB;1202 AD), a success (match between an
earthquake and an OSL age) is obtained; (363 AD matches two OSL ages QS-3 and QS-11), therefore the number of successes

is k=5. This fit between OSL ages and earthquakes is detailed in Fig. 11. Accordingly, the binomial distribution is P(k, p, n)=
P(5,0.32,9)=0.09, i.e., there is a 9% probability to randomly obtain such a distribution of events in time-randomly. Hence,
we suggest that the OSL age distribution is significantly clustered around dates of the discussed historical earthquakes, with
91% confidence level, thus suggesting a likelihood of seismic triggering for the rockfalls in the studied area. Assuming that
magnitadesixM>06 earthquake-ertargeris needed for rockfall triggering (following Keefer, 1984) and based on the recurrence
time of 550 years given for these earthquakes (Hamiel et al., 2009), we predicted a ~550 years recurrence time for rockfalls in
the studied area.

Not all historic earthquakes are represented in our OSL data set, such as the 1759 AD (Ambraseys and Barazangi, 1989; Marco
etal.,2005) and 1837 AD (Ambraseys, 1997; Nemer and Meghraoui, 2006) earthquakes, which both induced extensive damage
to cities not far from the studiedstudy area (Katz and Crouvi, 2007). This lack of evidence could be explained by OSL under-
sampling, or because earthquakes only trigger rockfalls that were on their verge of stabiityinstability (Siman-Tov et al., 2017).

Based on the above analysis we correlate the past rockfalls to historic earthquakes as follows:
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a.  0QS-943-0+=10QS-4 (1.0+0.1 ka ) fits the historical earthquake of 1033 AD.
b. QS-3 (1.6+0.1 ka ) and QS-11 (1.7£0.2 ka) fit the historical earthquakes of 363 AD and 502 AD, and only lack ~40 years

in error margin to fit the one of 551 AD. Since the 502 AD was reported on shoreline localities only in the DST area, we

find the 363 AD a better rockfall triggering candidate. We suggest that the two ages are clustered around one of these

earthquakes, hence suggesting they represent one rockfall event in the 363 AD earthquake. however, we cannot completely

rule-out the possibility that these were two separate rockfall events, both triggered by large earthquakes in 363 AD and
502/551 AD.

c. QS-6(2.1+0.2 ka) fits the 199 BC earthquake-and-.

d. QS-13 (3.240.4 ka) lacks ~30 years in error margin to fit the 759 BC earthgquakes—QS-9-alse—fits—the 2050-2100-BC
earthquake.

e. QS-5(4.0£0.767 ka), QS-9 (4.3+0.6 ka) and QS-12 (4.4£095+0.4 ka) fit the 2050/2100 BC earthquake (or two separate
events) suggested by Migowski et al. (2004). This also fits the findings of Katz et al. (2011) and Yagoda-Biran et al.

(2010), who found evidence for earthquake and earthquake-induced slope failure east of the Sea of Galilee (ca. 50 km
south from study area, along the DST) with OSL ages of 5.0+0.3 and 5.2+0.4 ka, respectively, suggesting the area had

experienced one or more strong earthquakes. We therefore suggest that these OSL ages cluster around a single rockfall

event triggered by a large earthquake within the period of 3.7-4.9 ka.

f.  OS-1(8.7£1.0 ka) may correlate with an earthquake event suggested by Daeron et al. (2007) on the Yammunneh Fault in

Lebanon dated to 8.4-9.0 ka (identified in a paleoseismic trench 50 km north of the study area).

5.3 Rockfall- hazard for the town of Qiryvat-Shemona
53-1-Area subject to rockfall hazard

The nature of the analyzed past rockfall events in the studied area can be used to constrain the possible characteristics of the
expected future rockfall events and premetedirect hazard mitigation. The predicted probabilities Pp for specific rock fall with
a given block diameter or smaller, derived from the regression curve (Eq. 3), are presented in Table 1. Pp(2.7), the cumulative
probability for a block of D = 2.7 m (V = 10 m?) or smaller is 0.67. Consequently, the probability for traveling blocks of 2.7<
D< 6.2 m (10< V< 125 m®), is I-Pp(2.7) = 0.33 or 33%. The occurrence of larger, more destructive blocks amongst these (D
=4.6 m - 6.2 m or respectively, V = 50 - 125 m%) is Pp= 11%. Despite their lower probability, these blocks would reach the
farthest distances; and hence pose the largest hazard to town.

appears-in-Fig—8—About 50,000 m? (0.05 km?) of the westernmost;-eurrently inhabited and built; urban area (eut-of1-55-knm?

de-the-urbanized-area)is mapped

under direct rockfall impaethazard-hazard (considering the large blocks: D =4.6 m - 6.2 m), as well as the slopes above this

part of the town (Fig. 8). This hazard mapping may be used to plan mitigation actions and also as a basis for future urban

planning.
We note that the main road eenneetionconnecting the town southwards, which can serve as evacuation route, is ret-under
highmarginally beyond the rockfall hazard- mapped zone (Fig. 8). We also note that some smaller blocks (D< 3 m) were

mapped from the historical aerial photos predating town establishment further down slope below the simulated 100% blocks
stop (Fig. 3; blue circles in Fig. 65). As suggested above these might be blocks that traveled farther downslope by creeping
after the rockfall event. Another possible explanation is that these now inhabited parts of the slope were altered and even

levelled by the construction works. Hence the simulated profile extracted from current topography is different from the slope
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topography on which these smaller blocks traveled before the construction of town. No detailed topography maps pre-dating

town establishment is available to verify this.

The stop angle results (Fig. 7) indicate that most blocks (>50%) keep traveling down-slope until the slope angle decreases to
10°-15°. All blocks stop where the slope angle decreases to values between 5.5°-10.0°. Combined with the stop swath distance
results (Sect. 4.2.1 above), considering the means and SD's, CRSP results indicate that falling blocks would stop after covering
a distance of 14- m- 62 m_from the source on a slope angle of 5°-10° at the point of stopping. This conclusion may help when

considering rockfall mitigation design.

5.3:24 Rockfall hazard probability

WeWe discuss the hazard probability by addressing three terms: time dependency, size dependency and susceptibility.

Time dependency: we derive the recurrence time for rockfalls in the study area by correlating OSL dating of rockfall events

to past earthquakes, as detailed above. Thus, we can calculate the probability of a rockfall occurrence Pgp in the next 50 years,

assuming earthquake magnitude M=Mw = 6 as the threshold for rockfall: Pro = 50/550 = ~0.09 or 9%. We do not present a
time-dependent earthquake recurrence interval calculation because the time passed since the last large earthquake is not well
constrained.

Size dependency: Based on the field mapping of block sizes and the expected block sizes which correspond both to the sizes

of OSL dated blocks and the CRSP simulation block diameters (Table 1; Fig. 3), the probability of a given block size or smaller

is predicted by Eq. (3). Considering_the time dependent probability and the probabilities for given block sizes detailed above,

the probability for rockfall hazard per specific block size (Hz) may be predicted as Eq. (5):
HR=(1_PD)‘PEQ Q)

where Pp is the cumulative probability per block diameter D (Table 1) and Pgo is the rockfall occurrence probability calculated

above to be 9%. Accordingly, predicted Hx for the next 50 years for block diameters D between 2.7-and--6.2 m is Hx—~3% and

Susceptibility: As presented in Figures 8-9, the urban area and the area of open slopes above it subjected to rockfall hazard
extends to about 1.55 km?. We conclude that this area has a probability Hg of ~1%-3% for impact by rockfall in the next 50

years.

6. Conclusions

In this work, we studied rockfall hazard for the town of Qiryat--Shemona (northern Israel) to demonstrate computer-simulation
based hazard evaluation in cases where the study area is residing belew-a-eliffin an aprieria priori exposure to rockfall hazard,
but no documentation of reeent-or-past reekfalsrockfall events is available. To overcome this lack of observations, we derived

the needed geometrical and mechanical parameters for the computer hazard analysis-fromfield study-of pastevents—\Welocated

areas-subjectto-currentrockfall hazard-at the south-western-quarters-of town-modeling from a field study of downslope blocks.

In particular, we analyzed the spatial distribution of individual rock-blocks which are the result of the past rockfalls and used

this analysis for calibration of the model parameters.

OSL age determination of several past rockfall events in the study area suggests that these rockfalls were triggered by large
(M>6) historical earthquakes, and in accordance, the estimated rockfall recurrence interval is hundreds of years. Nevertheless,

we conclude that not all historical large earthquakes triggered rockfalls- in the studied area. Additionally, we infer that the
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downslope travel distance of the blocks is not significantly affected by the magnitude of seismic accelerations. However

earthquakes appear to play a significant role as the triggering mechanism of the rockfall. We found that falling blocks would

come to a stop once the slope angle decreases to around 5°-10°.
The field--calibrated simulation results indieate-thatinindicated rockfall hazard at the studied-slopefallingblocks-would-stop

aftercoveringa-distaneesouth-western quarters of several-tens-of meters-oneetown as well as at the slope-angle-deereasesto
around—5°10%slopes above the town. Considering the size distribution of the past rockfalls in the study area and the

reoeceurrencerccurrence time of large earthquakes_in the area, the probability to be affected by a destructive rockfall within a

50 years time-window is efless than 5%.
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Tables
Table 1. Size distribution of the mapped rock blocks (N=76)
predicted cumulative
Volume bin (m?) Diameter (m)* Cumulative frequency*
Probability Pp**
1 1.3 - -
10 2.7 50 0.67
50 4.6 71 0.89
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100 5.8 74 0.99
125 6.2 76 1

* No data collected for blocks smaller than 1 m>: (cumulative frequency is zero).

** Pp is calculated using Eq. [3] for a given block diameter or smaller.

10

15

20

Table 2. Predicted velocity (m/s) and kinetic energy (kJ) of falling blocks at town border*

D (m) 1.3 2.7 4.6 5.8 6.2
Profile Vel Ex Vel Ex Vel Ex Vel Ex Vel Ex
14 12.3 290 10.8 1,950 12.1 12,400 11.7 23,000 12.3 28,500
13 125 310 122 2,600 12.6 13,900 12.4 27,100 12.6 34,000
12 11.1 240 10.0 1,700 1.7 11,500 113 22,000 114 27,500
11 | 124 295 115 2,300 | 12.0 12,300 | 12.7 27,300 12.7 34,000
10 93 165 83 1200 95 7400 93 14,600 9.3 19,000
8 10.5 220 113 2,200 115 11,400 116 22,900 138 40,300
9 n/a n/a 13.0 2,950 137 16,300 138 32,300 11.7 29,000

25 * Values presented are maximal simulated velocity (Vel) and Kinetic energy. (Ex) per rock diameter (D). Profiles listed (7 out
of total 25 simulated profiles) are only those which are predicted to impact town border. Analysis points located at distances

along slope which are equal or up to 50 m shorter than the town border. See text for detail.
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Table 3. OSL age field and laboratory data, with age determination results:
Block | Depth K U Th E: Ext. B Total Re. op D A
oc! ept! +cosm. - xt. o xt. e e
Sample* g Y dose of (%) =
No. (m) (uGy/a) | (%) | (ppm) | (ppm) | (uGy/a) | (nGy/a) . (Gy) (ka)
(uGy/a) discs
24+
QS-1 015 1.2 945 0.80 1.3 6.0 7 745 1697102 21/22 s 152 8.7-0+1.10
36
1.56+0.13
QsS-3 008 0.7 762 1.0 2.0 8.4 10 995 176794 20/21 25 2.79+0.21
1
1.0-89+0.4
QS-4 010 0.6 577 1.0 1.6 6.6 8 910 149577 21/24 51 1.56+0.31
61
4.3.8+00-
QS-5 007 0.5 744 0.76 1.3 4.0 6 680 1429+85 25/25 29 5.74+0.93 5
3
2.21+0.50
QS-6 064 0.4 554 0.46 1.3 4.9 6 520 108064 22/25 42 2.3+0.51
2
4.3+0.6=1
QS-9 013 0.3 455 0.65 1.6 7.1 8 712 1175462 24/25 62 5.0+0.6 4
221.7+0.7
QS-11 016 0.3 536 0.58 1.7 6.3 8 665 1209+67 22/23 60 2.71£0.93
2
QS-12 036 1.2 905 1.08 1.9 9.0 10 1041 1256+108 23/25 38 8.8£0=-7.6 4.45+0.94
QS-13 017 0.4 486 1.05 1.8 8.6 10 1003 148173 24/25 53 4.7£0.5 3.240.4

* QuartzgrainGrain size extraeted-for all samples wasis 74-125 um, except for samples QS-1_and QS-2, for which grain size

88-125 um was used. Water moisture estimated at 15+5%. The quartz was etched by concentrated HF for 40 minutes.
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Table 4. Selected historic earthquakes, candidates as possible rockfall triggers in the studiedstudy area*
Max estimated
Date Age local age cluster OSL samples
int./magMag.
1202 AD 0.81 ka X 979?(();—;;7_16& QsS4
1033 AD 0.97 ka IX-X 1.0 +0.1 ka QS-4
749 AD 1.26 ka X no-fit
659 AD 1.35 ka X no-fit 0QS-3
551 AD 1.46 ka VII-IX 1.5=0.15ka QS-3
502 AD 1.51 ka X 1.7 £0.25 ka QS-3,0S-11
363 AD 1.64 ka X no-1it S-3, QS-11
199 BC 2.21ka X 2.2 £0.60 ka QS-6;-QS-9-QS-H
759 BC 2.77 ka -M173) 3.2+045ka QS-9-QS-H13
2050-2100 BC Ca.42ka M 6.8-8.0 R QS'%;C&IZ*QS'
n/a Ca. 69 ka M 7.0 8.7:0 1.0 ka QS-1

* A list of candidate rockfall triggering earthquakes, which contains historical earthquakes that: (a) occurred within the time
spans of the OSL ages; (b) maximum estimated intensity is at least ‘[X’ on an EMS macroseismic local intensity scale and/or
their estimated moment-magnitude from previous paleoseismic studies is 6 or larger; (c) the distance between the study area

and affected localities reported does not exceed 100 km (following Keefer, 1984).
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Figure Captions

Figure 1 (a) Location map of the study area on the backdrop of major faultsfault segments of the DST; (Ro=Roum, Y=Yammunch
H=Hatsbaya, Ra=Rashaya; S=Serghaya); Inset shows the plate tectonic setting of the DST; (b) Orthophoto map of the study area (black
rectangle). The rockfall source, Ein-El-Assad Formation (EEA), is marked by a blue line; town border in red dashed line.

Figure 2 A-bleck-atitsstop-site-and-the-The source for rockfalls:, the cliff of Ein El Assad Formation, at the back-—Fhe and a rock-block at
its stop site. This large boulder, ~41 m?, is block no 016 (Table 3), under which ©SL-sample QS-11 for OSL age determination was excavated.

Figure 3 Blockmappingareas:—green-outhine—field-mappingMap of fallen rock-blocks in the studied area;—where-. Green squares are 76
blocks >}-m3(green-squares)-were-mapped_in the field within the area marked by green outline; these blocks were used to calculate the

block volume distribution (PDF) detailed in Fig. 6; Yellow squares are 200 blocks mapped using aerial photos within the area marked by
black rectangl blocks sampled for OSL age determmanon are marked in red circles;

es).. Size of squares denotes block diameter bins, see legend. Pink lines
represent slope proﬁles on Wthl’l CRSP cal1brat10n 51mulat10ns were run.

Figure 4 Location of 25 simulation profiles of rockfall trajectories. Faults traces are from Sneh and Weinberger (2003a). The source for the
rock-falls (Ein-el-Assad formation) is marked with blue line.

Figure 5 Field observed distance from the source and maximal simulated travel distances of rock blocks. Block diameters are both size- and
color-coded. The 1:1 line (x=y) is plotted in gray.

Figure 6 Probability density function (PDF) of field measured, D >1 m?, block volumes (N=76).

Figure 7 (a) Schematic illustration of the CRSP modelled slope cells and explanation of the terms ‘x% stop angle’ (e.g. 50% stop angle is
the angle of the slope cell where 50% of the blocks stop) and ‘stop swath’ (the farthest distance along the slope where 100% of the blocks

stop). (b) Slope gradients of slope cells and gradients at different-stop angles. Tangential denetes-axes (X and Y axes) denote simulated
profile numbemumbers 1to 25 Radlal deneteelaxls denotes the slope angles Gradlents for all cells per proﬁle are plotted on an arc between
0 and 90 ef= g alongpro h A h ; °.degrees: Red circles
are 100% stop angles (slope angle of the proﬁle cell at which cumulated 100% of s1mulated blocks stop) blue tr1angles are 50% stop angles;
gray circles are all other cells in each-prefite-the profile. For example: the cells along profile 16 have slope angles that vary between 8°-36°;
the 100% stop angle is 11° (red circle) and the 50% stop angle is 8° (blue triangle). The red line represents the mean of all 100% stop angles
for all profiles at 7.7° and the thick black lines represent its SD of 2.3°.

Figure 8 Rockfall hazard map of the study area. The area subject to rockfall hazard is defined from the source escarpment to 100% stop line.
Map compiled from maximal travel distance of 25 rockfall simulation profiles performed using CRSP (green lines in Fig. 4).

Figure 9 Rockfall hazard map for the town of Qiryat Shemona. Yellow line represents the CRSP 100% stop line calculated for large blocks
(D is 5.8 m and 6.2 m). Yellow-black hazard triangles mark simulated stop line and town border impact location for each profile; Orange-
black hazard triangles mark simulated-stop-tine-and town border impact location for each profile; profile numbers in yellow refer to simulated

profile numbers; indices with sword label ‘t’ mark locations of rockfall impact at town border:-inset-black rectangle-outlines-enlarged-map

area. Map location is shown on the inset.

Figure 10 Summary of OSL ages pletted—n—+an der—an 0
years-in-(black circles with error bars;-) plotted in chronologreal order and selected historical earthquakes suggested as rockfall tr1ggers using

datafrom-earthquake eatalogs-and paleeseismie-datain(shown as vertical gray lines, chronologically labeled at top axis:): see text for details.

Figure 11 Clustering of OSE—-ages—around-historical-earthquakedates—Five—sueeesses™for-rockfall events using binomial non-random
emporal d1str1but1on testedeﬁnedrusmg a +50 years time- w1ndow+se&tem—feedeta+9—ver&eal4me&ar%@~year&ﬁme—wmdeweund
£ e e Geboses sl sl B es-are. Dated OSL

roekfall ages rnarked in black c1reles bV the1r eentral OSL ages w1th +50 years black error bars (—blaek—}and the1r lab reported error range
{erayy—ranges in light-blue bars. Historical earthquake dates are marked on top axis and plotted with £50 years time window (red stripes
bounded by red solid lines represent time windows). See text for details about binomial distribution results and usage.
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