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in black reviewer comments
in red our response

in green changes in the manuscript

REV#1: (N. Roberts)

The manuscript is a re-submission of an earlier version that required very extensive modification to enable clear
communication of the conducted study. The authors have greatly improved this updated version, with the most notable

changes including:

Reorganization to follow a logical flow.
Removing superfluous material.

Improving the writing for correctness and clarity, although numerous minor errors remain.

A w b

Streamlining of display items, although several require further improvement for legibility.

With the major issues from the previous submission addressed, some of the finer points of the paper now come through. This
also highlights a large number of relatively minor issues, comprising mainly unclear/ambiguous statements or remaining
problems with the writing. A number of one-sentence paragraphs also remain. Several figures require additional

modification to ensure their legibility.

The site descriptions (of geomorphic markers and OSL dating) stand out as needing further attention. The authors provide
only very minimal geomorphic description of the valley-bottom features they study. Unfortunately, stratigraphic and
sedimentologic details are almost completely absent. Both the morphology and composition of the landforms/deposits

pertinent to the study need to be better, although concisely, characterized.

A large number of minor edits will need to be made. The reference list should be carefully checked against citations in the

text. The reference for Elyasi et al. (2014), which is cited on page 4, is missing. Others may be missing as well.

This revised manuscript can be accepted following some further, minor revision outlined below.
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TECHNICAL ISSUES (some of which relate to odd or ambiguous wording)

1. Title: Does the title really need to be this long? Also note that this landslide is a ‘rock avalanche’ not a ‘debris avalanche’

(see also comment below for page 2, line 20).
1. We agree.

1. We changed the title into “Reconstruction of the river valley evolution before and after the emplacement of the giant

Seymareh rock avalanche (Zagros Mts., Iran)”.

2. Page 1, line 25: 1 don’t understand the wording *...since the beginning of the landslide cut by Seymareh River...". Is this

supposed to mean the initiation of dam breaching?
2. We agree.

2. we changed the text into “...the initiation of dam breaching by Seymareh River...”.

3. Page 1, line 26: The main post-landslide erosion migrated to the toe of the source slope. Some erosion has certainly
occurred in the weaker units of the sources are, but his is on a different scale than that experienced in the valley bottom.
Ideally, the wording should reflect this difference, and could even not the different erosion patters (i.e. deep entrenchment of
the landslide debris and associated lake deposits in the valley bottom, compared to a shallow, well integrated drainage

network in the weakest lithologies of the source area).

3. We do not completely agree. Indeed, the erosive capacity of a drainage system within a basin is strongly conditioned by
changes in the base level. In this regard, the sharp drop in the base level following the dam breaching affected the entire

drainage network (including the one developed on the weakest lithologies of the scar area) increasing its erosive capacity.

3. We preferred to leave the wording unchanged, avoiding speculating on topics not covered by this study.

4. Page 1, line 28: The text *...the possible role of seismic forcing in anticipating the time-to-failure...” is confusing. |
presume the authors mean the role of seismic triggering in prematurely terminating the creep-controlled time-to-failure
pathway. If this argument is being made in the paper, consider citing Hermanns and Longva (2012) - as mentioned in the
review of the initial manuscript - as they discuss just such a situation (see their Figure 6.1). After reading the rest of the

manuscript, however, | see that this topic is really not fleshed out. In that case, should this topic even be part of the abstract?

4. We partially agree. Undoubtedly, the seismic trigger of the Seymareh landslide is not the subject of this study;



10

15

20

25

nonetheless, the results of this study have considerable implications for further researches in this perspective.

4. We left the wording unchanged for the aforementioned reasons.

5. Page 1, line 26: Why is this an ‘end-member case study’? Presumably this is because the landslide was so large. Clarify.
5. We agree

5. we changed the sentence into “... for such an extremely large case study...”.

6. Page 2, line 9: The shift from linearly increasing to nonlinearly increasing erosion needs to be clarified. Presumably the
authors mean that the nonlinear increase is a response to perturbation of valley-bottom erosion by bedrock landslides, but
this is unclear. The nature of the rate of increase — accelerating or deceleration — is also unclear. This would of course be
complex as impoundment of lakes will lead to short-lived deposition and storage of sediment, but their later drainage due to
dam failure will result in short-lived increases in erosion.

6. The shift from linear to non-linear increase of erosion is caused by the shift from prevailing river erosion to landslide-
related erosion caused by the reaching of threshold slope conditions associated with the hillslope material strength. This
statement refers to regional/long-term changes in landscapes and not to the possible local/short-term perturbations the

reviewer refers to at the end of this comment.

6. We rephrased as follows: “In response to rock uplift, relief and hillslope angles increase linearly in time mainly due
to fluvial erosion processes in landscapes affected by low to moderate tectonic forcing (Montgomery and Brandon,
2002; Binnie et al., 2007; Larsen and Montgomery, 2012). Nonetheless, such a linear increase in relief and hillslope
angles is limited by the reaching of the threshold slope conditions associated with the hillslope material strength
(Schmidt and Montgomery, 1995), until the latter is exceeded by gravitational stress giving rise to bedrock landslides.
This leads to a nonlinear increase in erosion rates in landscapes affected by long-lasting or high-rate tectonic forcing,
where the increase in the rate of channel incision is accommodated by an increased frequency of slope failure rather

than by slope steepening.”

7. Page 2, line 11: What is meant by ‘the ultimate conditions of rock mass creep’? Do the authors mean that rock mass creep

culminates in slope failure?
7. Yes, we mean that mass rock creep process can culminate in slope failure when the tertiary creep stage is reached.

7. We rephrased into “.... the terminal phase of mass rock creep...”.
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8. Page 2, first paragraph: The introduction of rock mass creep is missing key references to the different stages of creep (i.e.
mechanisms of stationary creep and accelerating creep), such as work by Saito and later on that of Petley and colleagues.

Citing a couple of these, particularly those directly applicable to bedrock landslides, would be very helpful to the reader.
8. We agree.
8. We added the following references:

“Petley, D. N. and Allison, R. J. (1997): The mechanics of deep-seated landslides. Earth Surface Processes and
Landforms: The Journal of the British Geomorphological Group, 22(8), 747-758.
Saito, M. (1969): Forecasting time of slope failure by tertiary creep. In Proceedings of the 7th International

Conference on Soil Mechanics and Foundation Engineering, Mexico City, Vol. 2, pp. 677-683.”

9. Page 2, line 13: What is meant by “‘generalized failure’?
9. We mean that the failure involved suddenly the entire slope.

9. We rephrased as “... sudden and complete slope collapse...”.

10. Page 2, line 17: There are two issues with the details in this sentence. Firstly, rock mass creep does not lead directly to
rock avalanches, but rather to preliminary transport mechanisms, largely sliding. Large rock slides, if able to accelerate and
run out, then transform into rock avalanches. Secondly, although creep may fragment the rock mass some prior to
catastrophic failure, rock mass fragmentation largely occurs during transport (see Davies and McSaveney, 2009. The role of
rock fragmentation in the motion of large landslides: Eng. Geol. 109). In either case, the fragmentation is not instantaneous

as the authors have suggested.
10. We agree.

10. “Catastrophic failures occurring in the accelerating MRC stage can evolve rapidly into rock avalanches due to the

fragmentation of rock masses during their transport (Hungr et al., 2001; Davies and McSaveney, 2009).”

11. Page 2, line 20: The second phase of failure of the Seymareh landslide was a rock avalanche, not a debris avalanche (this
also needs to be corrected in the title). See Hungr et al. (2001, cited in this sentence of the manuscript) and further details in
Hungr et al. (2014. The Varnes classification of landslide types, an update. Landslides 11). Why is the material type
specified in ‘largest subaerial rock landslide’? | am unaware of any subaerial soil/sediments failures larger than this and,

unless the authors know of one, ‘rock’ can be dropped. A citation would be good to support the statement — probably Roberts

4
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and Evans (2013) since the paper provides the more recent (and accurate) volume estimate for the landslide and

demonstrates in its supplementary material that is it larger than the Baga Bogd rockslide, Mongolia.
11. We agree.

11.We rephrased as “This work is focused on the evolution of the Seymareh River valley before and after the valley
was dammed by the landslide worldwide recognized as the largest subaerial landslide ever observed, the Seymareh

rock avalanche (Roberts and Evans, 2013) that occurred in the northwestern Zagros Mts. (lran).”

12. Page 3, line 16: Consider dropping “...the emplacement of...” as this study pertains to valley-bottom evolution due to

causation of the landslide as well as subsequent debris emplacement.

12. For sure, we reconstruct the evolutionary model of the Seymareh River valley before and after the landslide

“occurrence”.

12. We dropped *...the emplacement of...".

13. Page 3, line 17: Is it really necessary to abbreviate ‘Seymareh landslide’ to ‘SL’? Also, capitalization should be ‘the

Seymareh landslide’ as this isn’t a truly formal name.
13. We referred to Shoaei (2014), who named the Seymareh Landslide “SL”. Nonetheless, it is not necessary.

13. We changed “SL” into “Seymareh landslide” throughout the manuscript.

14. Page 5: This is a nice summary of Tucker and Singerland’s (1996) landscape evolution model. However, it is probably a
bit detailed for the background section. Considering moving the current, detailed description to the supplementary material
and presenting a summary only in section 2. The authors might consider noting very briefly how the chronostratigraphy
reported by Homke et al. (2004) agrees or disagrees with this model.

14. In our opinion the summary of Tucker and Slingerland’s (1996) LEM is functional for commenting Fig.3 and,
consequently, for justifying our reference to this model for the medium-to-long term evolution of the Seymareh River valley.
Furthermore, we did not address the request of noting very briefly how the chronostratigraphy reported by Homke et al.
(2004) agrees or disagrees with this model, since the T&S’s model was implemented to be representative of the landscape
evolution of the whole Simply Folded Zagros, while the Chronostratigraphy by Homke et al. is site-specifically referred to
the Changuleh fold. In our opinion the two works are not comparable.

14. We left the wording unchanged
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15. Page 6, line 4: As these lakes no longer exist, use ‘included’ not ‘includes’.
15. We agree.

15. Done

16. Page 4, line 8: The meaning of “...identified in the merging of Seymareh River with a left tributary as the reason...” is

unclear. Naming the tributary would provide further useful context.
16. We agree.

16. “....in the merging of Seymareh River with the Kashgan River left tributary as the reason....”.

17. Page 7, line 4: What is meant by *...state of thickening...’?
17. We mean the compaction degree.

17. We removed it.

18. Page 7, line 4: In identifying locations for OSL sampling, what consideration was giving to selecting sediments that had
the highest likelihood to have been fully bleached during transport? Could Seymareh River’s high suspended sediment load
prevented full bleaching of sediment? Or is the assumption that any sediment making its way into the river is was fully

bleached during slope-wash transport to the river or one of its tributaries? Is not addressed here, this should be noted in the

discussion. Sample locations provided in many of the figures are very hard to make out due to the figures’ small scale.

18. The exposure to the light of the samples could cause the reducing or the total bleaching of the luminescence signal.
Therefore, the sampling was carried out according to a standard procedure (described in detail in the Methods section),
which clearly indicates to take samples from parts of the deposit lying at least 1 m below the top surface or below eventual
erosional surfaces recognized within the deposit. In this way one can prevent the signal to be reset. The limits of the OSL
method have been evidenced both in the results and in the discussion (Constraints to pre-failure valley evolution ) in which
minimum ages of 37334 ka and 312+45 ka for samples SEY 3 and SEY10 are presented, respectively, since these samples

were saturated due to their low concentration of quartz grains.

As for the low resolution of sample locations in figures, we agree. Nonetheless, in the Supplementary Material we provided
the single forms for each sampling sites, along with coordinates, photos and main sedimentological characters of the sampled

deposits.
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18. We enlarged the scale of figures.

19. Page 7, line 9: The description sounds like the tube may have been inserted vertically into the ground. The typically

protocol is to insert the tube horizontally into a vertical face. Clarify what was done.

19. The tube was inserted horizontally, as you can see also by the photos in the Supplementary Material.

19. “.... horizontally into a vertical face....”.

20. Page 7, line 10: The description of the 30 cm of sediment surrounding the tube is confusing. Does this mean the sampling
locations comprised zones of homogeneous sediment wide and thick enough that the tube could be inserted with an at least
30-cm zone of in situ sediment remaining around it? Or is this meant to indicate that when the sample was removed a zone

of 30 cm of sediment around it was somehow retained?
20. We mean that the sampling locations comprised zones of homogeneous sediment wide and thick at least 30 cm.

20. We rephrased as “...the tube was inserted into zones of homogeneous sediment at least 30 cm wide and thick.”

21. Page 7, line 22: What is the ‘SAR protocol’? This is neither explained in the text nor supported with a specification

citation. Presumably SAR is an abbreviation, and if so will need to be defined.
21. We agree.

21. we added the following explanation: “.... single-aliquot regenerative-dose (SAR) protocol (Murray and Olley, 2002;
Wintle and Murray, 2006) ....".

22. Page 8, line 1: The sentence starting on this line is quite hard to follow. Consider breaking it up based on the two
elements it describes: the sediment compositions of the terraces, and relationship of the terraces to landforms (i.e. inactive
fans). Also, stating the sediment consist ‘mainly’ of every possible sediment size is not helpful. Persuadably the lacustrine
deposits are finer the alluvial ones, but this is not clear from the description. What types of sedimentary structures are
present? What types of a depositional environment is suggested by the alluvial deposits — a high-energy braided system or a

low-energy meandering system?

22. We agree about breaking up the sentence. On the other hand, detailed description (including sedimentary structures,

depositional environment ecc.) of each sampled deposit had been already provided with the supplementary material.
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22. We rephrased into “.... Fluvial terraces consist of gravel, sand, silt and clay, in comparison to the lacustrine
deposits mainly composed by silt (detailed information on each sampled deposit is provided with the supplementary
material). Conglomerates outcropping immediately upstream and downstream of the landslide pertain to inactive

alluvial fans connected to a relict position of the valley floor, likely of a paleo-Seymareh river.”

23. Page 8, line 4: What is meant by the upstream markers in the midstream section? This is confusing given that the
previous line mentions upstream markers (up-valley of the landslide) and downstream markers (down-valley of the
landslide).

23. We agree. We corrected the typesetting mistake.

23. “.... In the upper reach of the Seymareh River valley, the geomorphic markers include ...”.

24. Page 8, line 10: What is meant by the natural damming being ‘extended’?
24. We agree.

24. “.... where Harrison and Falcon (1938), Roberts and Evans (2013) and Shoaei (2014) hypothesized this natural

damming lake could be located ....”.

25. Page 8, line 11: What evidence is there that these features were deposited during drainage of the lake as opposed prior to

dam incision?
25. We agree.

25. We removed “...which likely formed during the emptying phase of the lake...”

26. Page 8, line 11: What is the basis for the interpretation of the timing of fan delta formation? Note also that this is an
interpretation in the results section.

25. We agree.

25. We removed “...which likely formed during the emptying phase of the lake...”

27. Page 8, line 15: “‘Coherent’ is not the right word here. Presumably the point is that an older alluvial terrain underlying the
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lake’s fill sequence has been shown to predate the fill sequence. If | have correctly interpreted the implied stratigraphic
relationship, then the relative ages are demonstrated by the stratigraphy along. The interesting contribution of the OSL ages
here is that they quantify the time spans between deposition of the alluvial and failure of the landslide (ca. 7 ka) and between

failure of the landslide and the late phase of the lake (ca. 3 ka).
27. We agree.

27.We rephrased into “....The OSL age of 17.9£1.50 ka (SEY®6) obtained for an alluvial deposit at the base of the

lacustrine deposits predated by ca. 7 ky the emplacement of the Seymareh landslide, according also to the time

”

constraints provided by Roberts and Evans (2013)....".

28. Page 8, line 17: How is the flood plain ‘shaped’ onto the landslide. Presumably this is largely a depositional feature. Is

erosion also involved?

28. Strath terrace formation testify to phases of lateral erosion by the river. We identified also a surface with evidence of

river flooding.

28. We changed “shaped” into “formed”.

29. Page 8, line 17: Stating that ‘clear evidence of MRC’ was observed is unconvincing unless these features are described

here, including by citing the relevant figure.
29. We agree.

29. We rephrased into ‘As shown in Fig. 11, evidence of MRC driving towards stress concentration’.

30. Page 9, line 6: Black arrows are mentioned here, but since no figure is cited in this sentence, the location of these arrows

is unclear.
30. We agree.

30. We added the citation to the Figure 9 and 10.

31. Page 9, line 14: Why is this sentence set aside as its own paragraph?

31. We agree.
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31. We included it in the following paragraph.

32. Page 9, line 26: The relevant figure showing the knickpoint should be cited here.
32. We agree.

32. We added the citation of Figure 9.

33. Page 9, line 30: Explain why the base of the landslide debris sheet is important. Is it assumed to rest on the pre-failure

river channel (or close to it)? If this contact is being used to suggest that the modern river profile passing through the relict
landslide dam — at least in places — is coincident with the pre-failure river profile, the base of the landslide debris should be
represented in Fig. 9. The bedrock exposure in Fig. 7 is not visible without the annotation as that part of the figure is small
and completely in shadow. Is there a photo of the bedrock and its upper contact that would help convince the reader of this

interpretation?

33. We agree. The base of the landslide debris as well the upstream contact between lacustrine deposits and bedrock as
evidenced by benchmarks, are important because they suggest that actually Seymareh River is tracing its path before the

landslide event.

33. We added the basal contact of the landslide in Figure 9 and also a photo representing the contact between the bedrock

and the debris.

34. Page 10, line 22: The landslide volume was not estimated here. A citation is, therefore, required to attribute this estimate
to the proper pervious study, especially since the volume is not quantified anywhere else in the manuscript. Come to think of
it, why is that? Volume is a key metric of landslides, and is especially important in this case as the authors emphasize a

multiple times that this study addresses a particularly large landslide.
34. We agree.

34. We added the citation.

35. Page 10, line 28: This discussion requires some detail on the textural composition of the landslide dam, but such details
are missing here, despite being described in several previous geologic studies of the landslide. Internal drainage though the
dam — or at least parts of it — is extremely likely given the coarse nature of the debris. It would be helpful to note the role of

such drainage in other large damns (see the extensive literature on landslide dams, starting with the early work of John Costa

10
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and Robert Schuster). The Usoi landslide dam is probably one of the best examples to consider given its large size (>1 Gm3)
and relatively long duration of stability (in a historical context) due to the formation of stable internal drainage.
35 We agree

35 We added the sentence “A large literature treated the effects of infiltration on the longevity of large landslide dams
(Ischuk, 2011; Schuster and Alford, 2004; and references therein). Internal drainage through the Seymareh landslide
dam - or at least parts of it — is extremely likely given the coarse nature of the debris (Watson and Wright, 1969;
Roberts and Evans, 2013).” before the sentence “Nevertheless, the possible role of groundwater seepage within the
pervious natural dam in balancing the Seymareh River discharge and delaying the dam overflow remains a

guestionable topic to be approached and solved in future studies.”

36. Page 10, line 32: It is unclear whether these “fill terraces’ are envisioned as fluvial terraces. This is just one example of
the many instances where imprecise description of geomorphic and geologic features has weakened the author’s

interpretations and arguments.
36. In the geomorphological literature the subdivision among the fluvial terraces is between: fill terraces and strath terraces.

36. We added the word “fluvial’ to “fill terrace’ for a better comprehension.

37. Page 11, line 8: Is overly narrowly limited to this time? It seems possible that initial overflow could have predated this,
and that the fluvial sculpting and deposition noted farther downstream along the dam could have lagged a bit behind, if the
initial drainage was minor. Given the very limited geomorphic and geologic descriptions in section 4, it’s hard to interpret
such things.

37 We agree that initial overflow could have predated the formation of the first strath. Nonetheless, the dated strath is the
oldest time-constrained marker of the dam breaching and since it is sculpted just few meters below the top of the landslide
deposit (which is incoherent), its age can be reasonably used for the calculation of the incision rates after the overflow. We

better specified this:

37 “The strath terrace sculpted on the landslide deposit and dated at 6.59+0.49 ka is the oldest time-constrained
marker of the natural dam breaching due to overflow, which caused the lake to empty” and “The oldest strath terrace
sculpted onto the landslide deposit and dated at 6.59+0.49 ka is just few meters below its top. Therefore, it can be
reasonably used to calculate the erosion rate affecting the landslide deposit after the overflow. The ratio between the
thickness of the eroded sediment below the strath surface (~120 m) and the time elapsed since the beginning of the

process (~ 6.59 ky) allows estimation of an erosion rate of 1.8 cm y-1 for Seymareh River along the gorge.”

11
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38. Section 5.3: Is a list really necessary here? | don’t see any reason not to use proper paragraph structure.

38. We don’t agree. In our opinion, in this case the list helps to better understand the sequence of events that took place in
the valley before and after the emplacement of the landslide. Moreover, the list is associated with Figure 12 that shows the

different time steps.

38. We left unchanged the list.

39. Page 12, line 25: Citations to relevant work are necessary when characterizing the typically creep behaviour of sepcific
lithologies.

39. We agree.

39. We added the sentence “To date, a quantification of such rheological properties is lacking for the lithological units
of the Kabir-kuh fold. Nonetheless, some inferences can be done according to previous studies on rock masses
affected by MRC (Apuani et al., 2007; Bozzano et al., 2012; Bretschneider et al., 2013; Della Seta et al., 2017).”

40. Page 12, line 30: The reduced lateral confining effect needs to be briefly explained.

40. The confining effect of the epicontinental and continental formation, like Gachsaran and Agha Jari Formation, is related

to their thickness upon the slope, which in turn depends on the dip angle of the strata below.

40. We rephrased into“... The attitude of the strata is moderately dipping downslope (15°-20°), leading to a lower
vertical thickness of (and consequently a reduced lateral confining effect by) the epicontinental and continental units,

such as the Gachsaran and Agha Jari Formation.”.

41. Page 12, line 31: Clarify that the reduction in incision necessary is for kinematic freedom of the landslide is relative to a
more steeply dipping sequence, which would require a greater depth of incision. Note that is also suggested based on
consideration of this landslide by Roberts (2008, his Figure 4.1).

41. We agree.

4i. We rephrased into “...Moreover, the low dip angle of the strata reduces also the vertical thickness of the Asmari
Formation caprock (Roberts, 2008) and consequently the incision necessary for kinematic freedom of the landslide,

relative to a more steeply dipping sequence, which would require a greater depth of incision.”

42. Page 13, line 16: Was does the naming change here to ‘the Seymareh giant landslide’?

12
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42. We agree.

42. We decided to use “...Seymareh landslide ...” throughout the manuscript.

FIGURES

1. Figure 3: Erroneous text in caption: *...to the Oberlander’s model...’

1. We corrected into “...according to the model by Oberlander (1985) and...”

2. Figure 5: Consider locating photo positions in one of the map figures.
2. Done

3. Figure 6: Some elements are overly complex and thus hard to read. Can the ‘gully’ symbols be removed? They add a lot
of visual complexity but are of little importance.

3. We simplified the symbol of gullies, improved the location of OSL sampling and adding the location of photos shown in
Figs.5and 7.

4. Figure 7: Consider locating photo positions in one of the map figures. Can a clear photo of the bedrock outcropping below
the landslide be added?
4. Done. We added a photo

5. Figure 8: Erroneous text in caption: *...the valley slopes evolution...’
5. Corrected.

6. Figures 9 & 10: Many features of the figure are far too small to be clearly legible. What is meant in the caption by
‘...upstream and downstream conglomerates; downstream fluvial terrace suite...”? The inset maps are too small and illegible
until I zoom in quite far in the PDF. The label font with coloured fill and think black outlines (i.e. the terrace labels) are very
hard to read because of the font/colouring used.

6. We deleted the features too small to be legible (the ones in the inset maps, that know are legible). We deleted
‘...upstream and downstream conglomerates; downstream fluvial terrace suite...” from the caption because it was not
necessary. We left the symbols for terraces unchanged because in our opinion they can be understood thanks to the naming
(Qt...) as well as their colors are the same used in the maps of Figs. 6 and 8. We represented, as requested, also the points

where the basal contact of the landslide is exposed in the gorge.

7. Figure 11: Indicate the source of the imagery in panel A (including the actual satellite image, not just ‘GoogleEarth’).
Represent scale in panel B.
7. Done

13



8. Figure 12: Where is the legend for the colour fills? Even if this is a full-page figure, it will be hard to read.
7. The legend for color fills is the same as in maps and long profiles (Figs. 6, 8, 9, 10) and we specified this in the caption.
Anyway, naming of the different terrace is specified in the figure. We also enlarged the text to make the figure more

readable.

LANGUAGE ISSUES (some examples only)

1. Page 1, line 10: Capitalization should be ‘The Seymareh landslide’. Alternatively, if threating this as a formalized

geographic feature, it should be ‘Seymareh Landslide...".
1. We agree.

1. “Seymareh landslide”.

2. Page 1, line 13: *...changes in landscape...” is incorrect English.
2. We agree.

2. “.... landscape changes...”.

3. Page 2, line 7: ’...by the reaching the threshold...".
3. We agree.

3. “.... the reaching of the threshold....”

4. Page 3, line 1: *...evolution of the dam lake drainage...’. What is ‘dam lake’ meant to be? Dammed lake?
4. We agree.

4.“.... Evolution of the dammed lake drainage....”

5. Page 3, line 13: ‘the Sichuan’ is imprecise and confusing. This should be ‘the Sichuan River basin’.

5. We agree.

14
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5. “.... Sichuan River basin....”

6. Page 3, line 18: Placing the compound modifiers ‘pre-failure and post-failure’ after the terraces seems awkward. This
sentence is quite long and hard to follow, so consider breaking it up.

6. We agree.

6. “Detailed geomorphological mapping, correlation and dating of certain geomorphic markers (Burbank and
Anderson, 2012) represented by pre- and post-failure fluvial and lacustrine terraces have been performed upstream
and downstream of the landslide dam. We provide new time constraints to the Seymareh River valley evolution and
outlining the role of the geomorphic processes both as predisposing factors for MRC processes and as response to this

giant gravitational instability.”

7. Page 3, line 25: For clarity, consider “...originates convergence since Late Cretaceous time’ as this is ongoing. Also, the
current use of hyphens is confusing and, since ‘Late Cretaceous’ is an official part of the geologic timescale, incorrect. Also

use of the backslash later in the line is confusing.
7. Simply a typesetting error.

7. We removed the hyphens.

NOTE: | have not listed issues beyond this point, but there are many that will need to be addressed.

We hope the new version of the manuscript, according to the above listed change addresses all the language issues.

15
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New constraints to river valley evolution before and
after the emplacement of the largest-landslide-on-the-exposed-Earth
surface: the Seymareh rockslide—debris avalanche (Zagros
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Abstract. The-Seymareh Landslide , detached ~10 ka from the northeastern flank of the Kabir-kuh fold (Zagros Mts.,
Iran), is recognized worldwide as the largest rock slope failure (44 Gm?®) ever recorded on the exposed Earth surface. Detailed
studies have been performed that have described the landslide mechanism and different scenarios have been proposed for
explaining the induced ehanges-in-landscape . The purpose of this study is to provide still missing time constraints to
the evolution of the Seymareh River valley, before and after the emplacement of the Seymareh Landslide , to highlight
the role of geomorphic processes both as predisposing factors and as response to the landslide debris emplacement.

We used optically stimulated luminescence (OSL) to date lacustrine and fluvial terrace sediments, whose plano-altimetric
distribution has been correlated to the detectable knickpoints along the Seymareh River longitudinal profile, allowing the
reconstruction of the evolutionary model of the fluvial valley. We infer that the knickpoint migration along the main river and
the erosion wave propagated upstream through the whole drainage network caused the stress release and the ultimate failure
of the rock mass involved in the landslide. We estimated that the stress release activated a Mass Rock Creep (MRC) process
with gravity-driven deformation processes occurring over an elapsed time-to-failure on the order of 10? ky. We estimated also
that the Seymareh damming lake persisted for ~3500 years before starting to empty ~6.6 ka due to lake overflow. A
sedimentation rate of 10 mm y* was estimated for the lacustrine deposits, which increased up to 17 mm y! during the early
stage of lake emptying due to the increased sediment yield from the lake tributaries. We calculated an erosion rate of 1.8 cm
y! since the beginning of the landslide cut by Seymareh River, which propagated through the drainage
system up to the landslide source area.

The evolutionary model of the Seymareh River valley can provide the necessary constraints for future stress-strain numerical

modeling of the landslide slope to reproduce the MRC and demonstrate the possible role of seismic fercing in
oRtelnotag the time-to-failure for such an end-member case
study.
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1 Introduction

Tectonically active landscapes are very dynamic systems in which threshold conditions on hillslopes are often reached.
Therefore, there are considerable implications for natural hazards related to seismicity and to the geomorphic coupling between
hillslopes and rivers, with both fluvial control on hillslopes and landslide affecting the fluvial network. In response to rock
uplift, relief and hillslope angles increase linearly in time due to eresional processes in landscapes
affected by low to moderate tectonic forcing (Montgomery and Brandon, 2002; Binnie et al., 2007; Larsen and Montgomery,
2012). Nonetheless, such a linear increase in relief and hillslope angles is limited by the reaching of the threshold slope
conditions associated with the hillslope material strength (Schmidt and Montgomery, 1995), until the latter is exceeded by
gravitational stress giving rise to bedrock landslides. This leads to a nonlinear increase in erosion rates in landscapes affected
by long-lasting or high-rate tectonic forcing, where the increase in the rate of channel incision is accommodated by an increased
frequency of slope failure rather than by slope steepening. These slope failures may represent the ultimate-conditions
of mass rock creep (MRC; Chigira, 1992)-precesses contributing to the development of gravity-driven
deformations due to time-dependent rheology. This kind of deformations can evolve into generalized-failure and
slope collapse when the increased strain rate leads to an accelerating deformation-
The strain limit conditions are reached when the stationary creep stage evolves into the accelerating creep stage-
Failure is typically associated with mass strength reduction as an effect of rock mass damage
occurring over time during the ongoing gravity-driven deformations (Eberhardt et al., 2004; Stead et al., 2006). Fhe-ultimate
collapsefor MRC leads-to- rock avalanches

originating-from-the-instantaneous fragmentation of rock masses (Hungr et al., 2001
).

This work is focused on the evolution of the Seymareh River valley before and after the valley was dammed by the landslide
worldwide recognized as the largest subaerial reck-landslide ever observed, the Seymareh rockslide—debris- avalanche

that occurred in the northwestern Zagros Mts. (Iran). Different interpretations have been proposed
so far by the scientific community to explain the generation of such an exceptional event and different scenarios have been
hypothesized for explaining the induced changes in landscape. Harrison and Falcon (1937, 1938) provided much of the present
knowledge on the rock avalanche, including the geology and structure of the source area, the general geomorphology and the
basic geometry of the landslide. Oberlander (1965) included a short appendix on the landslide in his study of Zagros streams
and discussed its origin in relation to the activity of Seymareh River. Later, in the 1960s, Watson and Wright (1969)
characterized the geomorphology and stratigraphy of the debris, discussed the origin of the initial rockslide, and examined the

debris avalanche emplacement mechanisms. Roberts (2008) and Roberts and Evans (2013) provided a detailed model of how
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the geological and tectonic evolution of the Kabir-kuh fold predisposed the slope to such a large-scale failure, including
formation of structural/kinematic and rheological control, and inferred a seismic trigger. Specifically, Roberts and Evans
(2013) obtained from a charcoal-rich layer approximately 15 m above the base of the lacustrine sequence with a **C age of
8710 years BP. Based on the interpretation of three separate radiocarbon ages provided additionally by Griffiths et al. (2001)
an estimated radiocarbon bracket age of the Seymareh event was suggested between 9800-8710 “C years BP. Yamani et al.
(2012) provided some general details on the evolution of the dam lake drainage, describing a sequence of entrenched
lacustrine terraces upstream of the landslide dam. Finally, Shoaei (2014) reviewed the possible mechanisms of failure and
interpreted the post-failure geomorphic features through analyzing the processes responsible for the formation and erosion of
the landslide dams of the Seymareh, Jaidar and Balmak (called also Chah Javal) lakes by using available annual sedimentation
data and field measurements of the deposits in these lakes.

Despite the number of scenarios proposed so far, quantitative constraints on the river valley evolution before and after the
emplacement of this giant landslide are still missing, which could help in quantitatively modeling the trigger
scenario of this end-member case study of massive rock slope failures. In this regard, recently, some works (Bozzano et al.,
2012, 2016; Della Seta et al., 2017; Martino et al., 2017) have focused on the role of landscape evolution rates on the
development of MRC processes. Among these, Bozzano et al. (2016) demonstrated that erosion rates play a key role in the
development of MRC processes within the rock masses and, consequently, in their possible evolution into massive rock slope
failures, even without invoking transient external forcing (e.g., earthquakes). Furthermore, evidence of giant rock slides due
to MRC that caused valley river damming have been recently documented by Zhao et al. (2019) in the Sichuan ;
these rockslides are related to the effects of river knickpoint propagation and inner gorge formation and serve as a further
confirmation of the combined role played by the fluvial dynamics and the geological structural setting.

This work is aimed at filling the knowledge gap in landscape evolution associated with the emplacement-of the-Seymareh
Landslide(hereafter referred-to-as-SL): Detailed geomorphological mapping, correlation and dating of
certain geomorphic markers (Burbank and Anderson, 2012) represented by fluvial and lacustrine terraces
pre—and-post-failure-have been performed upstream and downstream of the landslide dam-in-orderte provide new time
constraints to the Seymareh River valley evolution and-te outline the role of the geomorphic processes both as predisposing

factors for MRC processes and as response to this giant gravitational instability.

2 Regional geological and geomorphological framework

The Sk detached from the northeastern flank of the Kabir-kuh fold, the largest and highest anticline in the
Pusht-e Kuh arc, in the northwestern part of Iran (Vergés et al., 2011). The Zagros mountain range is part of the Alpine-
Himalayan orogenic system that originates from the Late- Cretaceous-Cenozoic convergence between Africa/ Arabia-
Eurasia (Talbot and Alavi, 1996; Stampfli and Borel, 2002; Golonka, 2004; McQuarrie, 2004; Mouthereau et al., 2012). The

Zagros orogen was traditionally classified by distinctive lithological units and structural styles into four NW trending tectono-
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metamorphic and magmatic belts (Fig. 1). These are bounded by defects on a regional scale such as the Main Zagros Thrust
(MZT), High Zagros Fault (HZF) and Mountain Front Fault (MFF) (Agard et al., 2005 and references therein). These tectonic
units are from the inner to the outer sectors of the belt are: the Urumieh Dokhtar volcanic arch, the Sanandaj-Sirjan Zone, the
Imbricate Zone, the Zagros (or Simply) folded belt and the continental Mesopotamian Foreland (Fig. 1).

Seismicity is distributed in a 200-300 km wide area of the Zagros mountain range (Hatzfeld et al., 2010, Paul et al., 2010,
Rajabi et al., 2011), with a sharp cut along the Main Zagros Reverse Fault in the NE (e.g., Yamini-Fard et al., 2016), with
recurrent earthquakes of Mw 5-6 and exceptional earthquakes of higher magnitude, i.e., up to Mw 6-8 (see supplementary
material). The Sk occurred in a very densely seismically active area and recurrence rate of nearby strongly
felt earthquakes considerably higher than the rate of slope steepening led Roberts and Evans (2013) to hypothesize that seismic
forcing may have played a primary role in triggering the landslide.

The outcropping formations in the Kabir-kuh anticline date to a time interval ranging from the Late Cretaceous to the early
Miocene and are characterized by different lithological and rheological properties (Vergés etal., 2011). Since the geo-structural
setting of the fold flanks represented a crucial predisposing factor for the catastrophic massive rock slope failure (Roberts and
Evans, 2013), we referred to the most detailed stratigraphic column proposed by James and Wynd (1965), Alavi (2004) and to
the detailed mapping of the Kabir-kuh fold conducted by the Iran Oil Operating Companies (Setudehnia and Perry, 1967;
Takin et al-.,1970; Macleod, 1970). Specifically, the investigated area includes the middle and low reaches of Seymareh River
starting approximately 60 km upstream of the Sk down to the SE termination of the Kabir-kuh fold. In Fig.
2, the geological map of the study area, the stratigraphic column and two geological cross-sections related to different structural
sectors are reported.

It is noteworthy that, in the Kabir-kuh anticline, the Pabdeh Formation is composed of three rheologically contrasting members,
which crop out in the St scar area: i) the lower Pabdeh member (150 m thick), which is dominated by
marls and shales, ii) the Taleh Zang member (50 m thick), consisting of platform limestone, and iii) the upper Pabdeh member
(150 m thick), composed mainly of calcareous marl. The Asmari Formation creates a carapace originally covering the top of
the Kabir-kuh fold, while in the synclinal valleys between the Kabir-kuh fold and the adjacent folds, the Asmari Formation is
overlapped by a Miocene-Pliocene succession (Homke et al., 2004). Referring to the Changuleh syncline studied by Homke
et al. (2004), the foreland stratigraphy includes the following: i) the Gachsaran Formation (early Miocene - 12.3 Ma, thickness
approximately 400 m), composed of salt, anhydrite, marl and gypsum; ii) the Agha Jari Formation -(12.3 Ma — 3 Ma,, thickness
approximately 1400 m); and iii) the Bakhtiari Formation (3 Ma — early Pleistocene, thickness approximately 900 m). The Agha
Jari Formation consists of sandstones and conglomerates, linked to the evolution from deltaic to fluvial transitional
environments (Elyasi et al., 2014), and the Bakhtiari formation consists of conglomerates characterized by coarse and mud-
supported grains, sandstones, shales and silts and marks the onset of syn-orogenic fluvial environment conditions (Shafiei and
Dusseault, 2008).

The reported cross-sections intersect the synclinal valley of the Seymareh River. The dip angle of the northeastern flank of the

syncline considerably decreases from NW to SE from 45° (section A-A") to 18-20° (section B-B'). Therefore, along the section

4
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A-A'the Cretaceous-Paleogene bedrock (from the Sarvak Formation to the Asmari Formation) offers a greater accommodation
volume to the continental and epicontinental formations (Gachsaran Formation and Agha Jari Formation), as the synclinal axis
is located at a lower elevation than in the B-B' section.
The Zagros Range globally provides one of the most spectacular examples of landscape evolution in response to active
tectonics (Bourne and Twidale, 2011) because its drainage network clearly adapted to the growth of the thrust-fold structures
(Ramsey et al., 2008) and to the erodibility of the outcropping formations (Oberlander, 1985). Oberlander (1968) suggested
that the drainage network in the NW Zagros was superimposed from structurally conformable younger horizons. In his model,
the breaching of hard geological units of the antiformal ridges follows a phase of river cutting and expansion of the fold axial
fold basins through the softer overlying units. In the Kabir-kuh fold, the transverse cutting of the Asmari limestone, and the
exposure of the underlying more erodible Pabdeh-Gurpi marls, leads to the formation of a low-relief landscape with synformal
ridges on which the new through-going drainage system can be developed. In Oberlander’s hypothesis, it is the Pabdeh and
Gurpi marls that facilitate the creation of a low-relief landscape across the anticline crests and are therefore integral to the story
of drainage superimposition.
Tucker and Slingerland (1996) computed a numerical landscape evolution model, calibrated on the Kabir-kuh fold, to
understand how the growth and propagation of the folds, the different lithologies and the drainage network can influence the
sediment flux from a tectonically active belt towards the foreland basin. The authors calibrated the landscape evolution model
with the current topography of the range, obtaining time constraints for landscape evolution modeling. According to the
Oberlander model, Fig. 3 shows four main steps that describe the landscape evolution of the Kabir-kuh fold with the timing
provided in the model by Tucker and Slingerland (1996).
Step 1 - Approximately 4.3 Ma, in response to the initial stages of fold growth, an orthoclinal drainage develops, parallel to
the main structures. The tributaries flowing along the flanks of the folds transport debris, which is deposited in the synclines.
In the Kabir-kuh fold the carbonate core is still buried by the Miocene cover units.
Step 2 - Approximately 3.8 Ma, as soon as the deformation front migrates towards the SW, new folds raise with a progressive
adjustment of the drainage to these morpho-structures. The previously deposited sediments are remobilized and transported
towards the depocenter of the syncline basins and partly outside; the syn-orogenic deposits are strongly eroded along the
crests of the anticlines, thus exposing the underlying formations. This causes a topography characterized by resistant
hogbacks that flank the inner cores.
Step 3 - Approximately 2.4 Ma, with the ongoing deformation, the drainage develops in a “trellis” pattern. The river erosion
affects the erodible units located stratigraphically between the limestone of the Asmari Formation and the inner core of the
fold. At the end of this step the Miocene cover is completely removed from the ridges and the river erosion also affects the
marls and evaporites of the syn-orogenic formations in the valleys, exposing the underlying limestone of the Asmari
Formation.
Step 4 - Approximately 1.6 Ma, due to the continuous uplift and exhumation of younger, more external folds, the sediment

accumulation becomes negligible and the Asmari limestone is strongly eroded giving rise to syncline ridges. The following
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Quaternary landscape evolution is then likely driven by the evolution of the drainage network and is also influenced by

climatic factors and by the slope-to-channel dynamics.
The model by Tucker and Slingerland (1996) is the unique numerical model existing on the Kabir-kuh fold and this motivates
our choice of using it as a reference for the medium-to-long term evolution of the Seymareh River valley. The Seymareh River
valley is arranged parallel to the Kabir-kuh fold and its evolution was inevitably influenced by the exceptional landslide event
that temporarily dammed it, causing the formation of the three-lake system which includes the Seymareh, Jaidar and
Balmak lakes (Fig. 4). The valley evolution before and after the event is well recorded by Quaternary landforms preserved
along the valley. Yamani et al. (2012) focused on the post-failure evolution of the valley describing four levels of terraces
upstream of the landslide dams as a sequence of lacustrine terraces. Shoaei (2014), in addition to evaluating the longevity of
the Sk dams, identified in the merging of Seymareh River with a left tributary as the
reason for strong river incision at the base of the northeastern flank of the Kabir-kuh fold and as a possible causal factor for
the Sk collapse.
However, none of the previous studies on the Quaternary evolution of the Seymareh River valley provided absolute dating of
geomorphic markers (mainly fluvial terraces) preserved upstream as well as downstream of the landslide dam or provided
robust and quantitative constraints to the pre-failure valley evolution as a possible geomorphological factor for failure

occurrence.

3 Methods

The geomorphological study of the area was carried out first through the analysis and interpretation of remote sensing data,
such as aerial photos (National Cartographic Center of Iran, aerial photo, scale:1:20000, acquired on 24 August 1955), Google
Earth satellite optical images (2018 Landsat Imagery) and vector topographic maps (National Cartographic Center of Iran,
topographic map of Kuhdasht, scale: 1:25,000), which led to the first detection of possible geomorphic markers within the
Seymareh River valley. Vector topographic data also allowed the construction of a 10 m Digital Elevation Model (DEM) for
terrain analyses and led to the projection of the possible geomorphic markers along the river longitudinal profile (Wilson and
Gallant;, 2001; Burbank and Anderson, 2012). The DEM was obtained by the ArcGIS 10® software package, starting from
vector topographic data (contour lines, hydrography and point elevation) and using the ANUDEM interpolation algorithm
(Hutchinson et al., 2011 and references therein). To automatically extract the hydrographic network from the DEM and then
to project the geomorphic markers along the longitudinal river profiles, some of the ArcGIS® 10 tools of the Hydrology
toolbox were used (Flow Direction, Flow Accumulation, Reclassify, Stream Order and Stream to Feature), setting the flow
accumulation threshold according to that proposed for the fluvial domain (101 km?) by Montgomery and Foufoula-Georgiu
(1993). The longitudinal profile was therefore transformed into a route along which the elevation of the top surfaces of
geomorphic markers identified in the area were projected through the Linear Referencing Tools (Create Route and Locate

Features along Route).
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A geological and geomorphological field survey was then carried out with the aims of mapping the most significant active and
relict landforms for the Quaternary evolution of the Seymareh River valley and of sampling the corresponding deposits in
order to date them with the OSL method (optically stimulated luminescence; Murray and Olley, 2002; Wintle and Murray,
2006; and references therein).

OSL sampling is a very delicate and quite complex technique. In fact, it is absolutely necessary to prevent the sample from
being exposed to light because the luminescence signal could be reduced or even reset. In choosing the most suitable site to
sample, of course, levels were identified with original sedimentary structures, avoiding bioturbations and post-depositional
alterations. Once the site for sampling was identified, it was important to carefully clean off the slope and prepare, according
to the state-of-thickening;-consistency or cementation of the material, the equipment necessary for taking the sample, without
it being exposed to light. Furthermore, to minimize the effects of cosmic radiation and to thereby avoid the risk of rejuvenated
ages, the samples were taken at least one meter below the topographic surface (or below eventual erosional surfaces identified
within the deposits). All of the samples, mainly characterized by fine-grained loose sediments (size <2 mm) were taken directly
by using a hammer to insert a metal tube into the-ground , which must be isolated from light and
humidity immediately after collection. To maximize the uniformity of the natural radioactivity of the burial period, the sampled
material was surrounded-by-at-least-30-cm- of homogeneous sediment

From the same level where it was sampled, an additional 500 - 800 g of sediment was extracted to evaluate natural radioactivity
(if the annual dose rate measurement is not performed in situ), for the mineralogical and granulometric analyses, as well as to
determine the moisture content.

The OSL dating was performed by the LABER OSL Laboratory, in Waterville, Ohio (U.S.). Quartz was extracted for
equivalent dose (De) measurements. In the OSL laboratory, the sample was treated first with 10% HCI and 30% H,O; to
remove organic materials and carbonates, respectively. After grain-size separation, the fraction of 90-125 pm size is relatively
abundant, so this fraction was chosen for De determination. The grains were treated with HF acid (40%) for approximately 40
minutes to remove the alpha-dosed surface, followed by 10% HCI acid to remove fluoride precipitates. Luminescence
measurements were performed using an automated Risg TL/OSL-20 reader. Stimulation was carried out by a blue LED
(A=470+20 nm) stimulation source for 40 s at 130°C. Irradiation was carried out using a 90Sr/90Y beta source built into the
reader. The OSL signal was detected by a 9235QA photomultiplier tube through a U-340 filter with 7.5 mm thickness. For De
determination, the SAR) protocol was
adopted. The preheating temperature was chosen to be 260°C for 10 s and the cut-heat was 220°C for 10 s. The final De is the
average of the Des of all aliquots, and the final De error is the standard error of the De distribution. For each sample, at least
12 aliquots were measured for De determination. The De was measured using SAR on quartz, and the aliquots that passed
criteria checks were used for final De calculation.

Recycling ratios were between 0.90-1.1, and recuperation was relatively small. The cosmic ray dose rate was estimated for

each sample as a function of depth, altitude and geomagnetic latitude. The concentration of U, Th and K was measured by
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neutral activation analysis (NAA). The elemental concentrations were then converted into the annual dose rate, taking into

account the water content (lab measured) effect. The final OSL age is then: De/Dose-rate.

4 Results

The best geomorphic markers preserved in the study area are represented by a lacustrine terrace and two suites of fluvial

terraces. The suites are distributed both upstream and downstream of the landslide debris, marking the evolutionary stages of

the valley, respectively, after and before the landslide emplacement. Fluvial and-lacustrine-terrace-deposits-mainhy-
consist of gravel, sand, silt and clay, and-conglomerates

outcropping
immediately upstream and downstream of the landslide pertain to inactive alluvial fans connected to a relict position of the
valley floor, likely of a paleo-Seymareh river.
In the middle reach of the Seymareh River valley, the—upstream geomorphic markers include: inactive, terraced
conglomeratic alluvial fans (Cg_m), a terraced lacustrine deposit and a suite of four orders of fill terraces (named from Qt1_m
to Qt4_m). The geometry of the terraced conglomerates (section A-A'"in Fig. 2) can be associated with alluvial fans generated
on the flanks of a former synclinal valley by streams likely forming the tributaries of a paleo-Seymareh river whose path was
to the SW of the present one. The fill terraces are entrenched in the terraced lacustrine deposit of Seymareh Lake upstream of
the landslide, in the area where Harrison and Falcon (1938), Roberts and Evans (2013) and Shoaei (2014) hypothesized the
natural damming lake could be extended (Figs. 5 and 6). Prograding lacustrine fan deltas formed by tributaries of
Seymareh Lake have been recognized—which-likelyformed-during-the-emptying-phase-of the-lake. In this sector, we
successfully dated 4 samples (SEY4, SEY5, SEY6, and SEYS8; Table 1 and supplementary material); —in particular the
lacustrine deposit at two different stratigraphic levels, 560 and 590 m a.s.l., which provided OSL ages of 10.4+0.90 ka (sample
SEY8) and 7.37+0.73 ka (sample SEY4), respectively. The OSL age of 17.9+1.50 ka (SEY6) obtained for an alluvial deposit

at the base of the lacustrine deposits is-coherent-with the age-ef-emplacement of the Sk—as-already
inferred by Roberts and Evans (2013).
A suite of 2 strath terraces and a flood plain shaped onto the landslide debris along the Seymareh River gorge have

been identified (Figs. 7a and 7b), which are important markers of the evolution of the natural dam because they formed after
its cut likely due to an overflow of the damming lake. Here, we successfully dated one sample taken on a strath terrace (SEY9;
Table 1 and supplementary material), which provided an age of 6.59+0.49 ka as time constrain for the initial stage of lake
emptying.
In the lower reach of the Seymareh River valley, the downstream geomorphic markers include: inactive, terraced conglomeratic
alluvial fans (Cg_l) and a suite of four orders of fill terraces (named from Qt1_I to Qt4_I) downstream of the Sk

(Figs. 7c and 8). Here, we successfully dated three samples from the fill terraces deposits (SEY3, SEY10, SEY11;

Table 1 and supplementary material). The ages obtained provide useful time constraints to the main depositional events during
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the pre-failure valley evolution. Minimum ages of 373+34 ka and 312+45 ka have been obtained for samples SEY3 and SEY 10,
respectively, since these samples were saturated due to their low concentration of quartz grains, and SEY 11 was dated at 60+5
ka.
The above-described geomorphic markers of the Seymareh River valley have been mapped and reported in morpho-
stratigraphic profiles. The most significant landforms for the valley slope evolution are presented with a detail for the post-
failure fluvial and lacustrine terrace suites upstream of the landslide dam (Fig. 6) and the pre-failure fluvial terrace suite
downstream of the landslide dam (Fig. 8), respectively.
Figures 9 and 10 report the longitudinal profile of Seymareh River, along which, in addition to the geomorphic markers, were
projected also: the benchmarks of the basal contact of the Quaternary deposits on the bedrock, the projection of points
corresponding to the top of the St debris, the upstream and downstream limits of the landslide, the location
of the OSL sampling, and the projection of the outcrop of the Bakhtiari Formation (Fig. 9), which is rarely preserved and marks
the initial alluvial infill of the Seymareh River valley. Figure 9 shows the height distribution of the pre-failure geomorphic
markers. The benchmarks along Seymareh River indicate a mostly bedrock channel, and the longitudinal profile is
characterized by two knickpoints located upstream of the St and downstream of the lowest suite of alluvial
terraces (as indicated by the black arrows: The geomorphic markers downstream and upstream do not
belong to the same suite of terraces, as their projections along Seymareh River do not have any topographic correlation to each
other (Fig. 9 and 10). The tops of all the fluvial terraces downstream of the Sk are located lower in height
than the most important knickpoint located immediately upstream and sculpted in the bedrock. Figure 10 shows the height
distribution of the post-failure geomorphic markers. The markers are represented by: i) the horizontal lacustrine terrace formed
by the incision of the deposits pertaining to the Seymareh Lake, formed as a consequence of the landslide damming; ii) the
two levels of the strath terraces and a flood plain formed on the landslide debris during the initial stages of dam cutting and
emptying of the lake; and iii) the four fill terrace levels formed after the emptying of the Seymareh Lake.
The geomorphological field survey, supported by a remote survey based on optical satellite and aerial images, also allowed us
to demonstrate the evidence of gravity-induced features of the downslope dipping strata, along the scar of the SL

Fig. 11)
Clear, evidence of MRC driving towards stress concentration and failure has been recognized in gravity-induced folding within
the thin-layered Pabdeh Formation just below the sliding surface of the Sk (i.e., that cannot be ascribed to
parasitic structural folding). Furthermore, impressive buckling of the downslope dipping strata, which crop on the sliding
surface of the Sk , have been interpreted as a release of concentrated stresses due to the post-failure rebound

caused by the collapsed rock mass.
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5 Discussion

5.1 Constraints to pre-failure valley evolution
The longitudinal profile of the Seymareh River and the geomorphic markers preserved mainly downstream of the landslide
dam provided new constraints on the pre-failure valley evolution. The major knickpoint located immediately upstream of the
SE- is the most interesting to be analyzed in relation with the landslide event: Its shape in the
longitudinal profile clearly let us identify it as a “slope-break knickpoint” (Kirby and Whipple, 2012; Boulton et al., 2014),
thus developed as a knickpoint retreating in response to a persistent perturbation to the fluvial system (Tucker and Whipple,
2002), as frequently observed in tectonically active regions. The location of this knickpoint upstream of the SL-

and the eutcrop of the basal contact of the landslide at the bottom of the Seymareh River gorge (Fig. #a7c)
suggests that this shape of the longitudinal profile was already developed before the failure, meaning that the erosion wave
which generated the knickpoint affected the Sk slope foot before the failure occurrence.
The poorly preserved, well-cemented alluvial fan conglomeratic deposits outcropping upstream of the landslide lie on the
Miocene Agha Jari Formation, at a higher elevation than the outcrops of the Bakhtiari Formation. Their remnants are aligned
in correspondence with the axis of a relict synclinal valley, likely corresponding to a very early stage (Pliocene?) of the
Seymareh valley evolution. On the other hand, the conglomerate deposits outcropping downstream of the landslide (Cg_I) are
closer in height to the major knickpoint, thus suggesting that they were in equilibrium with a local base level corresponding to
the early propagation of the major knickpoint. Furthermore, they must be younger than the Bakhtiari Formation, which is
preserved at higher elevation.
The alluvial terraces preserved downstream of the Sk likely mark the valley evolutionary stages during the
major knickpoint retreat (Demoulin et al., 2017). Along the longitudinal river profile, the uppermost outcrops of each level of
this terrace suite were swept away by the landslide, which unfortunately prevents estimation of the rates of knickpoint retreat.
Nonetheless, according to what was observed by Bridgland et al. (2017) about river terrace development in the NE
Mediterranean region, the sedimentation phases should correspond to cold periods. In particular, Bridgland et al. (2012)
observed, in the valleys of the Tigris and Ceyhan in Turkey, the Kebir in Syria and the trans-border rivers Orontes and
Euphrates, a regular terrace formation in synchrony with 100 ka climatic cycles that can be correlated with MIS 12, 10, 8, 6
and 4-2. Therefore, the minimum ages obtained for the SEY3 and SEY 10 samples could be reasonably extended to 478 ka
(MIS 12) and 374 ka (MIS 10), respectively, and the OSL age of the SEY11 fits well with the Last Glacial Period.

5.2 Constraints to post-failure valley evolution
The geomorphic markers preserved upstream of the landslide dam provided new constraints on the geomorphic response of
the Seymareh valley to the 44 Gm?® natural dam- Such a response was first the formation of three

lakes (Seymareh, Jaidar and Balmak; Fig. 4) whose persistence and evolution is well recorded by the deposits outcropping in
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the valley. In this regard, the estimation of a sedimentation rate of 10 mm y* in the Seymareh Lake was obtained using the
OSL ages of 10.4+0.90 ka and 7.37+0.73 ka for the lacustrine deposit sampled at 560 and 590 m a.s.l., respectively.

The strath terrace sculpted on the landslide deposit and dated at 6.59+0.49 ka constrainsis the eut

of the natural dam due to overflow, which caused the lake to empty. The lake overflow was likely caused by the

gradual filling of the reservoir with lacustrine deposits, which progressively reduced the dam infiltration section.

Nevertheless, the possible role of
groundwater seepage within the pervious natural dam in balancing the Seymareh River discharge and delaying the dam
overflow remains a questionable topic to be approached and solved in future studies. Despite their interpretation as
progressively younger lacustrine deposits by Yamani et al. (2012), the four terrace levels entrenched in the terraced lacustrine
deposit show a longitudinal downstream gradient, which, along with their sedimentological characters, identify them as
fill terraces. Furthermore, the OSL age obtained for the lacustrine deposit at the base of the Qt2_m terrace (sample SEY8) is
10.4+0.90 ka, demonstrating that the suite of alluvial terraces is entrenched into the same (and unique) lacustrine deposit. The
OSL age of 4.49+0.48 ka obtained for the Qt1_m terrace (sample SEY5) provides time constraints to the emptying phase of
Seymareh Lake. Such time constraints are fine-tuned by the age of the strath terrace formed on the landslide debris, which
corroborate the initial stage of lake emptying at 6.59+0.49 ka (SEY9). As indicated by the age of the Qt1_m terrace (of
4.49+0.48 ka), the Seymareh Lake likely persisted up to ~5 ka, much longer than the 935 years estimated by Shoaei (2014).
Since the top of the lacustrine deposit lies at 630 m a.s.l., an increased sedimentation rate of ~17 mm y* can be inferred for
the late stage of the lake evolution, which is in agreement with an increased sediment yield from tributaries during the early
stages of lake emptying (Fig. 5d).

to calculate the erosion rate affecting the landslide deposit
after the overflow. The ratio between the thickness of the eroded sediment (~120 m) and the time
elapsed since the beginning of the process (~ 6.59 ky) allows estimation of an erosion rate of 1.8 cm y* for Seymareh River
along the gorge. The cut of the landslide dam induced a new change in the fluvial base level, bringing the slope-to-valley floor
system into disequilibrium. For this reason, a dense drainage system was set on the scar area, which, due to the high erodibility
and low permeability of the less competent Pabdeh-Gurpi Formation immediately below the sliding surface on the Kabir-kuh

ridge NE slope, has generated the badlands mapped in Fig. 6.
5.3 Evolutionary model of the Seymareh River valley

The landscape evolution of the Seymareh River valley before and after the failure occurrence can be summarized in the

following six phases:

11



10

15

20

25

30

1. Setting of a paleo-Seymareh river into a synclinal valley, likely developed in the Pliocene, to the west of the present
position of the Seymareh River and deposition of fan deposits (Cg_m) (Fig. 12a).

2. Development of the valley with local base level correlated to the Seymareh longitudinal profile segment upstream of the
major knickpoint along the Seymareh River and coeval to the deposition of the Bakhtiari Formation (late Pliocene-early
Pleistocene) (Fig. 12b).

3. Emplacement of the downstream fan deposits corresponding to the Cg_I conglomerates (early Pleistocene) and generation
of the four orders of Middle-Late Pleistocene alluvial terraces (Qtl_I-Qt4 I) preserved downstream of the landslide and
formed during the progressive migration of the major knickpoint, which is presently located upstream of the landslide (Fig.
12c¢).

4. Sk event (~10 ka), according to the *C ages by Roberts and Evans (2013) and to the OSL ages
provided in this work for the lacustrine deposits (Lac) (Fig. 12d).

5. Formation and permanence of the Seymareh Lake (~10-6.6 ka), according to the “C estimated ages by Roberts and Evans
(2013) and to the OSL ages provided in this study for the lacustrine deposits (Lac) (Fig. 12e). The progressive infilling of
the lake reservoir progressively reduced the infiltration section on the upstream side of the landslide dam. The presence of
a minor emissary on the downstream side of the landslide debris cannot be excluded.

6. Overflow of the lake and cut of the natural dam with formation of the first strath terrace (6.59+0.49 ka), followed by a
second strath terrace and a flood plain during the emptying of the lake, which upstream is associated with the sedimentation
of a fluvio-lacustrine sequence at the top of the lacustrine sediments (Fig. 12f).

7. Complete emptying of the lake and generation of the suite of fill terraces entrenched in the deposits of Seymareh Lake
(4.5 ka. - Present) (Fig. 129).

5.4 Implications of the evolutionary model for future back-analysis of the St

According to the multi-modeling approach proposed by Martino et al. (2017), Quaternary landscape evolution modeling of
slope-to-valley floor systems plays a key role as a tool for chronological constraints to the creep evolution of entire slopes
(Bozzano et al., 2016; Della Seta et al., 2017).

The geomorphic processes developed before the failure of the Sk likely acted as predisposing factors for
MRC processes in the rock mass successively collapsed. Kinematic freedom, both at the top and on the fold flank was created
by the incising network of streams that dissect the Asmari Formation carbonate caprock following the major joint set in the
Asmari Formation already described in Roberts and Evans (2013; and references therein). In particular, the headward erosion
of streams towards the anticline’s structural high described by Oberlander (1968), caused the expansion of the fold axial basins
through the softer units, determining the upslope kinematic freedom. In the timing proposed by Tucker and Slingerland (1996)
the latter was reached at approximately 1.6 ka. Stress release at the slope base was definitely produced by the Middle-Late
Pleistocene upstream migration of the knickpoint along the Seymareh River longitudinal profile. Unfortunately, since the

emplacement of the landslide swept away the uppermost outcrops of the alluvial terraces formed in response to the upstream
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knickpoint migration, the rate of knickpoint migration cannot be inferred. Nonetheless, an elapsed time-to-failure on the order
of 102 ky, since the kinematic freedom at the slope base was reached, can be reasonably estimated by the age of the oldest
terrace in the lower reach of the river minus the age of the landslide occurrence.

It is noteworthy that the stratigraphy of the source rock mass, also described in detail by Roberts and Evans (2013), accounts
for different rheological behaviors, which could have induced differential strain rates within the slope leading to failure

according to a MRC process-

More particularly, the
time-dependent visco-plastic behavior, more typical of clayey and marly deposits, which have lower viscosity values, can
justify time-dependent (creep) strains which could have generated high stress concentration within the higher viscosity level
over time (i.e., mostly characterized by elasto-plastic rheology), inducing their cracking and leading to failure. In fact, a

stiffness contrast exists between the upper member of the Pabdeh Formation and the overlying Asmari Formation. The attitude

of the strata is moderately dipping downslope (15°-20°), and a reduced
lateral confining effect is-due-to-continental-and- epicontinental depesits-ascribable-to- the
Gachsaran and Agha Jari Fermations . Moreover, the low dip angle of the strata reduces the vertical thickness

of the Asmari Formation caprock

Therefore, the results of this work have implications for a future back-analysis through stress-strain numerical modeling of the

Sk because they can be used to constrain the elapsed time since MRC initiation and ultimate failure
conditions. Such a perspective is to be regarded as a key challenge for dimensioning such an end member event in regard to
both time and space distribution as well as for evaluating the possible role of impulsive triggering actions (i.e., strong to very

strong earthquakes) in anticipating the time-to-failure of the slope.

6 Conclusion

In a multi-modeling approach to the study of MRC processes affecting slopes at a large space-time scale, the performed
geomorphic analysis allowed us to constrain the evolution of the Seymareh River valley in the northwestern Zagros Mts.,
before and after the failure of the largest landslide ever recorded on the exposed Earth surface. The identification and OSL
dating of different suites of lacustrine, alluvial and strath terraces constrained in time the major pre- and post-failure
evolutionary steps of the river valley system.

The oldest geomorphic markers in the Seymareh River valley are represented by relict conglomerates preserved upstream of
the landslide, which demonstrate the early (Pliocene?) position of a paleo-Seymareh river flowing into a synclinal valley close
to the northeastern flank of the Kabir-kuh fold.
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Drainage evolution associated with the growth of the Kabir-kuh fold was characterized by the deep incision of the stream
network, which allowed the kinematic release of the rock mass involved in the Seymareh giant-landslide. Such a stream
incision was accompanied by the retreat of a major “slope-break knickpoint” along the Seymareh longitudinal profile, time-
constrained by the age of a suite of river fill terraces. According to the age of pre-failure terraces, in the middle-late Pleistocene
the erosion wave reached the portion of the Kabir-kuh fold that ~10 ka was affected by the S According
to the timing of the landscape evolution model proposed by Tucker and Slingerland (1996), the upper slope underwent
kinematic release about 1.6 ka. Therefore, the collapse was prepared by MRC processes acting over a time window of 102 ky;
The geomorphic response to the landslide dam consisted in the formation of three lakes, among which Seymareh Lake persisted
for ~3500 years before its emptying phase started ~6.6 ka due to lake overflow. A sedimentation rate of 10 mm y* was
estimated for the lacustrine deposits, which increased up to 17 mm y! during the early stage of lake emptying due to the
increased sediment yield from the lake tributaries. Since ~4.5 ka, a suite of four alluvial terraces upstream of the landslide
demonstrates the alternating erosion/deposition phases of the re-established Seymareh River.

An incision rate of 1.8 cm y! was estimated since the beginning of the landslide cut by Seymareh River, and such a strong
erosion started propagating up to the landslide source area where badlands developed, eroding the marly Pabdeh-Gurpi
Formation.

The results obtained here provide new constraints to the valley evolution in view of future stress-strain numerical modeling of
the MRC process that involved the St slope before its generalized collapse. Such a modeling could also
be considered to discuss the possible role of impulsive triggering (earthquakes) in anticipating the time-to-failure due to the

gravity-driven deformational processes.
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Figure 1: Simplified structural map of the Zagros mountain range with location of the. MZT, Main Zagros Thrust; HZF, High
Zagros Fault; MFF, Mountain Front Fault; BR, Bala Rud fault zone (modified from Casciello et al., 2009).
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Figure 2: Geological Map, stratigraphic column and cross sections of the study area.
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Figure 3: Evolution of the drainage network in the Zagros chain sector of the Kabir-kuh fold, according to the Oberlander’s model
5 (1985) and with the timing provided in the landscape evolution model by Tucker and Slingerland (1996). See the text for explanation
of the four steps. (modified from Oberlander, 1985).
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Figure 5: Geomorphic markers upstream of the-SktheSeymareh landslide, represented by a suite of four orders of alluvial terraces
entrenched in the lacustrine deposits (Lac) of Seymareh Lake upstream of the landslide, in the areas where Harrison and Falcon
(1938), Roberts and Evans (2013) and Shoaei (2014) hypothesized the natural damming lake could be extended. a) Overall view of
the suite of terraces; b) example of fluvial terrace deposit; c) example of lacustrine deposit; d) evidence of a prograding lacustrine

fan delta formed by one of the right tributaries of Seymareh Lake during its early emptying phase.
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Figure 6: Map of the lacustrine and alluvial terrace suite and of the most significant landforms for the valley slope evolution
upstream of the SkSeymareh landslide.
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Figure 7: Geomorphic markers upstream of the Sk-Seymareh landslide. a) A-strath-terrace Strath terraces and a flood plain

developed over the landslide debris, which are important markers of the evolution of the natural dam since they testify to the mement
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efthe-overcoming of the damming lake and the overflooding of the river onto the landslide debris, respectively; b) detail of the strath
terrace deposit sampled for OSL dating; c) Fhebedrock exposure below the landslide debris along the modern river profile passing

through the relict landslide dam; d) the suite of fluvial terraces downstream of the SLSeymareh landslide; the Qtl level is poorly
preserved and not visible in this photo.

BEDROCK
~ Sin-Orogenic Units (Miocene-Present)

[ Pre-Orogenic Units (Cretaceous-Miocene) /£ : AR

STRUCTURAL FEATURES

—4— fold axis ”

' : : 48°0'E
GRAVITATIONAL LANDFORMS A :
landslide deposit: landslide scarp:
active inactive active inactive
m fall — fall
i‘"vvv" slide ——~- slide
F750] complex complex 0 5 10 km

FLUVIAL AND RUNOFF LANDFORMS
- alluvial plain
fluvial terraces:
[/ Qt4_| (6045 ka)
[ ] Q3 | (=312¢45ka)
I Qt2_) (237234 ka)

B ol ~+ -+ bedrock channel

alluvial fan -~ water gap

B co —— gully

GUOJA « o+« wind gap
r
©
E

400 —

300 T I I

2000 4000 6000
m

28



BEDROCK
Sin-Orogenic Units (Miocene-Present)
1 Pre-Orogenic Units (Cretaceous-Miocene)

STRUCTURAL FEATURES
—— fold axis

GRAVITATIONAL LANDFORMS A

landslide deposit: landslide scarp:
active inactive active inactive

m fall — fall

R slide ——- slide

vy
7] complex

FLUVIAL AND RUNOFF LANDFORMS
~ alluvial plain
fluvial terraces:

[/ Qta_l (6045 ka)
[0 Qt3_| (2312445 ka)

I Qt2_| (2372434 ka) .
- at_l ~—— bedrock channel
771 alluvial fan “——= water gap

BEEEY Co_I gully and tributary valley

« - wind ga )

600 A . OSL SAMPLES:
©
£

400 —

300 | | |

2000 4000 6000
m

Figure 8: Map of the alluvial terrace suite and of the most significant landforms for the valley slepessiope evolution downstream of
the SLSeymareh landslide.
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Figure 9: Projection of the pre-failure geomorphic markers {upstream-2 eam-conglomerates;:-down

suite}-along the longitudinal profile of Seymareh River. They are named according to the legend of Figs. 6 and 8 (see the text for
explanation). The obtained OSL ages are indicated.
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facustrine—depesits—relative—to—theSeymareh—ake—suite). They are named according to the legend of Fig. 6 (see the text for
explanation). The obtained OSL ages are indicated.
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Figure 11: Scar area of the S=-Seymareh landslide.a) front view of the scar area with the location of sites where evidence of buckling
has been recognized;_ (Source Google Earth®: Image © 2018 CNES/Airbus, Image © 2018 DigitalGlobe, Image ©
Landsat/Copernicus); b) ductile buckling deformations within the- layers of the Upper Pabdeh Member which cannot be referred
to parasitic structural folding due to their localisation just below the SkSeymareh landslide sliding surface and to their reduced

persistency (both lateral and vertical) within the rock mass; c) brittle buckling deformation of the Taleh Zang Member along the

scar area.
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Figure 12: Evolutionary model of the Seymareh River valley. See text for explanation. Traces and legend of geological cross-sections

are reported in Fig. 2.
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Table 1: OSL ages obtained for the geomorphic markers recognized in the Seymareh River valley. Detailed information and photos

of sampling sites are available in the supplementary material.

DESCRITRION COORDINATES ELEVATION (m | OSL AGE (ka) | ERROR (ka)

SAMPLE

as.l)
SEY4 lacustrine deposit 33°13.197°N 590 7.37 +0.73
47° 18.382°E

SEY5 alluvial terrace | 33° 13.437'N 607 4.49 +0.48
deposit (Qt1_m) 47°18.219°E

SEY6 alluvial deposit | 33°13.291'N 580 17.9 +1.50
beneath the | 47° 18.358’E
lacustrine deposit

SEY8 lacustrine depositat | 33° 7.402’N 560 104 +0.90
the base of Qt2_m | 47° 28.795’E

SEY9 deposit of a strath | 33°4.462°N 570 6.59 +0.49
terrace on landslide | 47° 34.197’E
debris

SEY3 alluvial terrace | 32°59.591'N 485 >373%* +34
deposit (Qt2_I) 47° 46.144°E

SEY10 alluvial terrace | 32°59.335’N 436 >312%* +45
deposit (Qt3_I) 47° 46.071E

SEY11 alluvial terrace | 32°59.265'N 400 60 15
deposit (Qt4_I) 47° 45.869°E
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S1. The Zagros Fold-Thrust Belt, Tectonics and Seismicity

The Seymareh Landslide occurred in the latter tectonic domain, included between the High Zagros Fault (HZF) to the northeast
and the Mountain Front Fault (MFF) to the southwest. The Simply Folded Belt involve in spectacular folds the 12—14 km thick
sedimentary rocks of the Arabian margin succession covering the continental basement (e.g., McQuarrie, 2004 and references
therein). The irregular geometry of the MFF that bounds the Simply Folded Belt southwestward from the Mesopotamian
foreland basin, describes salients and reentrants (McQuarrie, 2004; Sepehr and Cosgrove, 2004): respectively, from northwest
to southeast, the Pusht-e Kuh Arc (Lorestan), the Dezful Embayment, the Izeh Zone and the Fars Arc. A representative
balanced cross-section of the Dezful embayment (Blanc et al., 2003) indicates ~49 km of shortening across the Simple Folded
Zone. Homke et al., 2004 provide the dates of 8.1 and 7.2 Ma for the onset of the deformation in the front of the Push-e Kush
Arc (related to the base of the growth strata observed in the NE flank of the Changuleh syncline) that lasted until 2.5 Ma,
around the Pliocene-Pleistocene boundary. A long-term shortening rate of ~10 mm y* was derived for the deformation in the
Simple Folded Zone, which is the same as the present-day one derived by GPS measurements (Tatar et al. 2002).

Seismicity is distributed in a 200-300 km wide area of the Zagros mountain range (Hatzfeld et al., 2010, Paul et al., 2010,
Rajabi et al., 2011), with a sharp cut along the Main Zagros Reverse Fault in NE (e.g. Yamini-Fard et al., 2016). Looking at
the depth and magnitude of recent earthquakes (Fig. S1), the seismogenic faults can generate recurrent earthquakes of Mw 5-
6 and exceptional earthquakes of higher magnitude, i.e. up to Mw 6-8. These seismogenic faults follow the general trend of
the Zagros, having NW-SE direction in the northwestern portion of the chain, while in the southeastern part they assume an
E-W trend; they are characterized by high-angle planes (40-50°) reaching depths between 4 and 19 km (Hatzfeld et al., 2010;
Paul et al., 2010, Rajabi et al., 2011). The earthquakes, which originate at a variable depth of 12-19 km, are probably located
in the crystalline basement or at the interface with the Cambrian-Pliocene cover, whose thickness reaches about 12 km. The
shallowest earthquakes, located at 4-8 km of depth, are located inside the sedimentary cover and, in general, these events do
not produce surface ruptures, probably due to the presence of marly and evaporitic levels that accommodate the deformation
(Hatzfeld et al., 2010; Leturmy and Robin, 2010; Navabpour et al., 2010; Paul et al., 2010; Saura et al., 2011).
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Figure. S1: Magnitude and depth of the recent earthquakes recorded in the Zagros Mountains (source: IRIS Earthquake Browser,
https:/iwww.iris.edu/hg/inclass/software-web-app/iris_earthquake_browser).
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S2. OSL sample details

Sample No. SEY3

Sample Location (lat. and long required, country, state, county optional)

LAT: 32° 59.591’N; LONG: 47° 46.144’E - WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):

SANDY-GRAVELLY ALLUVIAL DEPOSIT. WE SAMPLED A SANDY LAYER

Stratigraphic and/or geomorphic context, sketch below (or attach photo):

TERRACED ALLUVIAL DEPOSIT (LEVEL 2 OF 4 — same terrace sequence of SEY10 and SEY11)

Estimate of burial moisture content:

The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)

485 ma.s.l.

Burial depth (meters from surface)

~15m



10

Sample No. SEY4
Sample Location (lat. and long required, country, state, county optional)
LAT: 33°13.197°’N; LONG: 47° 18.382’E — WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
VARVED LACUSTRINE DEPOSIT.

Stratigraphic and/or geomorphic context, sketch below (or attach photo):

on

Estimate of burial moisture content:

The one expected for a lacustrine deposit in arid climate
Elevation (meters above sea level)

590 m a.s.l.

Burial depth (meters from surface)

~25m



Sample No. SEY5
Sample Location (lat. and long required, country, state, county optional)
LAT: 33°13.437°’N; LONG: 47° 18.219°’E - WESTERN IRAN
Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
5 ALLUVIAL PLAIN DEPOSIT. WE SAMPLED A SANDY LAYER.

Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 1 OF 3 - same sequence of SEY6 and SEY8)

10 Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
607 m a.s.l.
Burial depth (meters from surface)
15 ~15m
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Sample No. SEY6

Sample Location (lat. and long required, country, state, county optional)
LAT: 33°13.291°’N; LONG: 47° 18.358’E — WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
ALLUVIAL PLAIN DEPOSIT. WE SAMPLED A SANDY LAYER.

Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 3 OF 3 - same terrace sequence of SEY5 and SEY8)

Estimate of burial moisture content:

The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)

587 ma.s.l.

Burial depth (meters from surface)

~5m
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Sample No. SEY8

Sample Location (lat. and long required, country, state, county optional)

LAT: 33° 7.402’N; LONG: 47° 28.795E - WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
SANDY-GRAVELLY ALLUVIAL PLAIN DEPOSIT. WE SAMPLED A SANDY LAYER

Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 2 OF 3 - same sequence of SEY5 and SEY6)

Estimate of burial moisture content:

The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)

561 ma.s.l.

Burial depth (meters from surface)

~25m
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Sample No. SEY9

Sample Location (lat. and long required, country, state, county optional)
LAT: 33°4.462’N; LONG: 47° 34.197°E - WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
SANDY-GRAVELLY ALLUVIAL DEPOSIT. WE SAMPLED A SANDY LAYER

Stratigraphic and/or geomorphic context, sketch below (or attach photo):

Estimate of burial moisture content:

The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)

570 ma.s.l.

Burial depth (meters from surface)

~15m



Sample No. SEY10
Sample Location (lat. and long required, country, state, county optional)
LAT: 32°59.335’N; LONG: 47° 46.071’E — WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
SANDY-GRAVELLY-CONGLOMERATIC ALLUVIAL PLAIN DEPOSIT. WE SAMPLED A SANDY LAYER

Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 3 OF 4 - same sequence as SEY3 and SEY11)

52 o AT o i
10 Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate

Elevation (meters above sea level)

436 ma.s.l.
Burial depth (meters from surface)

15 ~2m
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Sample No. SEY11

Sample Location (lat. and long required, country, state, county optional)

LAT: 32° 59.265’N; LONG: 47° 45.869’E - WESTERN IRAN

Sample depositional environment (e.g. eolian-medium sand, alluvial fan):
SANDY-GRAVELLY-CONGLOMERATIC ALLUVIAL PLAIN DEPOSIT. WE SAMPLED A SANDY LAYER

Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 4 OF 4 - same sequence as SEY3 and SEY10)

Estimate of burial moisture content:

The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)

400 ma.s.l.

Burial depth (meters from surface)

~1m
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