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Comments to the manuscript entitled “Relative Timing of Uplift along the Zagros Mountain Front Flexure Constrained by

Geomorphic Indices and Landscape Modelling, Kurdistan Region of Iraq” by Zebari et al. (doi:10.5194/se-2018-124).

The authors of this manuscript try to constrain the relative timing of uplift of three anticlinal folds of the Iraqi Zagros Mts.,
combining the results of landscape evolution models and geomorphic indices. The topic fits the ones of the journal and the
manuscript has the potential to be interesting for the international scientific community. Nonetheless, some general comments

and minor specific ones are listed below, suggesting that some important revisions are needed before publication.
General comments:

1) Considering the deformation style of the Folded Zone of the Zagros Mts. chain, the assumption of constant rock uplift seems
too simplistic. Doesn’t the evidence of NW-ward propagation of the Harir Anticline (used by the authors for supporting the
scenario of independent and diachronist uplift in different fold segments) affect the assumption of homogeneous and constant
uplift rate in each structure? In this frame, the hypsometric analysis performed for the entire anticlinal ridges seems to have no

sense, while [ would suggest using an approach to the hypsometric analysis such as the one proposed by Pérez-Peiia et al. (2009).

Authors: We built our model to estimate the time it will take the present day Harir Anticline to reach the maturity level of the
Akre Anticline under the assumption of constant climate and uplift rate. Then, we assume if the climate and uplift were the same
in the past, the Akre Anticline has started to uplift before Harir Anticline in that estimated time. For this reason and for the sake

of simplicity we used a constant uplift rate in the model.

We do not use absolute values of the geomorphic indices in our analysis, but we try to distinguish areas with relatively high
values from those with relatively low values. Therefore, we think there is no need for applying the approach proposed by Pérez-
Peria et al. (2009), because both the approach of Pérez-Peria et al. (2009) and our approach give similar results when it comes
to defining areas with high and low (hypsometric integral, HI) values. Pérez-Peiia et al. (2009) calculated HI for the given area
with specific grid sizes (500m, 1km and 2km) and then calculated Moran’s I index for each case to detect autocorrelation
patterns in the data distributions. They conducted hot spot analyses by using the Getis-Ord Gi* analysis within a specified
distance (5km) to map the clusters of high and low HI values. In our approach, we calculated HI (and other indices) for each
pixel by including the surrounding data of a specified distance based on the size of the used moving window. This means the
results already have a relation with the surrounding cell without using Moran’s I index and Getis-Ord Gi* analysis. In the
example given here (see the Figure below), first, we calculated HI from SRTM (30m resolution) by using a moving window of
3*3 km and resample it to a 500m grid, then we used the approach by Pérez-Peria et al. (2009) for the same SRTM data with a
grid of 500m and conducted Moran’s I index and Getis-Ord Gi* analysis for the cluster using 1.5 km distance. The results are

similar in aspect of defining clusters of high and low HI values. We added this information to the manuscript.
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a) HI calculated from the SRTM (30m) 100 * 100 cell (3*3 km) moving window and resampled to 500 m cells; b) Getis-Ord
statistic estimation with 1.5 km distance for the HI that was calculated from the SRTM (30m) and with a 500 m grid following the
method described by Pérez-Peria et al. (2009).

2) Also the use of the only equations for fluvial erosion and diffusion processes for landscape evolution modelling may be too
simplistic. Besides the justifications provided by the authors in section 5.2, it sounds not realistic that sedimentation on the slopes
of anticlines can be neglected over the time-span of landscape evolution modelling (105 years), as well as the assumption of

constant erosion rates (and climate!).

Authors: The use of equations for fluvial erosion and diffusion processes only and neglecting the sedimentation in the model is
explained in section 3.2. In such a landscape with steep slopes, the detachment-limited erosion due to the fluvial system tends to
be the dominant process. Even if there is some fluvial sedimentation, it will be too small to affect the landscape. In addition, no
notable sites of fluvial deposition were found on the anticline and its flanks from the field investigation and from satellite
imagery. We add this information in the new version of the manuscript to clarify the reason for neglecting slope deposition
(Section 3.3 Lines 5-9). In the model, the applied parameters were constant, while the erosion rate varies with the instant
upstream drainage area and instant slope following the stream power incision law. The climate was kept constant for the sake of
simplicity. The average of modeled paleo-precipitation anomalies for at least the last 300 kyr in the Eastern Mediterranean was
close to zero as seen from the record of Lake Van in Turkey, some 200 km NNW of our study area (see the Figure below).
Furthermore, considering the dimensions of the area, the changes in climate, if any, would have been constant over the entire

study area, hence, affecting the three anticlines in the same way.
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Precipitation anomalies for Lake Van, Turkey, for the last 300 ka (data were obtained from Mona Stockhecke by personal

communication, Stockhecke et al., 2016).

3) The authors justify the choice of the present topography of the Harir Anticline as LEM input asserting that in this structure the
evolved drainage network overprinted the pre-existing one. Looking at Fig. 6 it seems that the drainage has a pattern similar to
the one described by Ramsey et al. (2008; Basin Research (2008) 20, 23—48, doi: 10.1111/5.1365-2117.2007.00342.x) as
evidence of lateral propagation of folds in the Zagros. This implies a diachronic fingerprint in the drainage network which could

void the sense of performing the hypsometric analysis for the entire anticlinal ridges.

Authors: In order to resolve this problem and in order to overcome the limitations of performing the hypsometric analysis for the
entire anticlinal ridges, we recalculated the hypsometric curves as total weighted mean of hypsometric curves for all drainage
basins that have an area of more than 0.25 km? within each anticline. The manuscript was modified accordingly (Section 3.1.1,

Page 6, Lines 7-9; Figs. 6, 9. And 13).

4) Some of the units stratigraphically above the Cretaceous limestones outcropping on the anticlines’ crest are transitional to
continental (i.e. the Bakhtiari Fm.), thus likely being affected by lateral variability of thickness. What about the effects on the
uplift rate calculation based on thickness? Furthermore, this uplift rate was calculated based on the thickness and elevation of

units on the anticline crest, but (again) is it correct to extend such a rate to the entire folds given their lateral growth?

Authors: Since we have calculated the uplift rates based on the exhumed and exposed thickness since the onset of the MFF at 5
Ma, the variation in thickness of the units overlying the Cretaceous carbonates will affect the used uplift rate in the model. This
thickness varies in between these three anticlines and even along strike within one anticline. The thickness of the units overlying
the Cretaceous carbonates in the area ranges from ~ 2.0 km to maximum of 2.7 km. The uplift rates calculated based on these
thicknesses will be in between 0.0007 to 0.0008 mm/yr. This range is not significant to noteworthy effect on the result of our
model. We used the thicknesses found in well Bijeel-1, which is in a central part with respect to the three anticlines, to calculate
the uplift rate. There will be variation also along a single anticline and we tried to overcome this by neglecting the two ends of
anticlines in our analysis, and here our scope is to make a comparison in between the three anticlines omitting changes along a

single anticline. We have clarified this in the new version of the manuscript (Section 4.3, Page 12, Lines 13-30).
5) There are several repetitions over the manuscript (see “specific comments”™).
Authors: We reviewed the manuscript and tried to remove the repetitions wherever they existed.

6) Some original data (geological cross sections of Fig. 4) are referred to in the geological setting, while should be better

described in the results.



Authors: Fig. 4 is now moved to the result section and is described there (Section 4.3Page 12, Lines 13-30; Fig 10).

7) In some cases, the interpretations seem not supported by data. For example, the fit between some of the hypsometric curves
obtained with LEM and the ones computed for the three analyzed anticlines is not evident in Fig. 10 and the “minimum RMS”
invoked by the authors to demonstrate the fit is not quantified. On the other hand, authors provide a quite specific timing for the
inferred “delay” in the deformation sequence of the three folds which is based on this “fit” and use it to support the diachronic
scenario of fold development. In my opinion such a constrain is weak, if based on the hypsometric analysis. Other doubt

interpretations are listed in the specific comments.

Authors: We don’t find a better way of comparing the evolved landscape with that of the more mature anticlines in term of
maturity rather than using hypsometric curves and other indices. Here, we used minimum RMS to find the closest curve
statistically. Also, we have recalculated the hypsometric curves for output as the weighted mean of hypsometric curves for basins
with area larger than 0.25 km2 within each anticlinal ridge weighted by the basin area within that anticline, and we have
compared to that of the relatively more mature anticline. The specific time that we come calculate is the run time of the model
that matches bests with the mature anticline. And with such model it is also difficult to assign a specific tolerance with + and

assign a margin of error. We provide the updated calculations in the new version of the manuscript (Fig 9).
8) Section 5.1 doesn’t sound necessary.
Authors: We removed this section.

9) In the Discussion new data are presented (i.e. Fig. 13), but it is not explained how they have been obtained, in particular the

calculation of the slope/area. Is it obtained using just the drainage network or the whole topography?

Authors: The data were obtained from the drainage network extracted from SRTM DEMSs, so the slope is the stream slope at any
specific point and the area is the upstream drainage area from that point. We added a short note in the methods about it in the

new version (Section 3.2, Page 7, Lines 27-28).

10) In the Conclusions authors refer to the three analyzed anticlines as “active folds”, while in section 5.2 they state that the

youngest unit affected by folding is the Mio-Pliocene Bakhtiari Fm.

Authors: The Upper Bakhtiari Fm is also the youngest stratigraphic unit in the area. We point to this as the start for folding and
consequent uplift and calculate the exhumed and exposed thickness of older strata in the area. When the Pliocene units are

folded, it means that the folding should have been active in Pleistocene-Holocene (Section 5.1, Page 13, Lines 21-24).
Specific comments and technical corrections

-TITLE: I would suggest to change the title into: “Relative Timing of Uplift along the Zagros Mountain Front Flexure (Kurdistan

Region of Iraq): Constrains by Geomorphic Indices and Landscape Evolution Modelling”
Authors: Done.

- ABSTRACT:

PAGE 1, LINE 13: maybe “fold and thrust belt” and not “fault and thrust belt”

Authors: Done.

- INTRODUCTION:

PAGE 2, LINES 16-17: Why “The timing of this activity is expected to differ along-strike”? Any reference or explanation?



Authors: In the literature, different times have been assigned to the onset of uplift in different part of the Zagros. This is
explained in the next sentence in the manuscript by stating the activity period in the Iranian part of the MFF, referring to the

corresponding citation (Section 1, Page 2, Lines 16-23).
- GEOLOGICAL SETTING:
PAGE 4, LINE 31: change “river terraces” into “terraced alluvium”.

Authors: Here we mean aggregational river terraces that presents in varies elevated layers along the side of major rivers in the
area. These sediments have been mapped and described under the term of “reviver terraces” (Jassim and Goff, 2006: Sissakian,

1997).

PAGE 5, LINES 18-19: I suggest not to refer to new data in the geological setting. Fig.4 should be described (if made with

newly surveyed data) in the Results.

Authors: We have moved this to the result section (Section 4.3, Page 12, Line 17-30).
- DATA AND METHODS:

PAGE 5, LINE 26: the hypsometric curve is not an “index”

Authors: Separated.

PAGE 5, LINE 27-29: the definition/meaning of the geomorphic tools is vague and in some cases, not correct (i.e. “The

hypsometric curve and the hypsometric integral highlight raised and flat surfaces”).
Authors: Edited.

PAGE 6, LINES 3-4: in general, the convex vs. concave shape of the hypsometric curve not necessarily reflects the “maturity” of
a landscape (in terms of its absolute age) but can also depend on the type and rates of earth surface processes which dominate the

landscape evolution (e.g. linear incision vs. hillslope diffusion processes).

Authors: Rephrased.

PAGE 6, LINES 10-11: again, the meaning of HI is not clearly defined. Please, rephrase.

Authors: Redefined.

PAGE 7, LINE 1: change the order of terms into “Nh, NHI and NSR”

Authors: Done.

PAGE 7, LINE 5: Digital Elevation Models (3.1.5.) are not Geomorphic Indices. This section should become 3.2
Authors: Solved (Section 3.2, Page 7, Lines 10-28).

PAGE 7, LINE 22: soil creep is mentioned as second main process inputed in LEM. Maybe the authors should refer more

generally to hillslope diffusion processes.
Authors: Done.

PAGE 7, LINE 23-24: see general comment 2): it sounds strange that over the time-span of the modelling the sedimentation on

slopes can be neglected.



Authors: Here we mean sedimentation from the fluvial system. We clarified this meaning in the manuscript (see our response to

the general comment 2 above).

PAGE 8, LINE 8: again, the authors refer to “soil creep” (see comment above).
Authors: Replaced.

PAGE 8, LINES 17-18: see general comment 3).

Authors: This may be the case for the majority of anticlines in the Zagros Belt, initiating from a segment, growing laterally, and
then linking in the plunging end. This is addressed in the new version by recalculating the hypsometric curves as total weighted

mean of hypsometric curves (see our answer to general comment 3).
PAGE 8, LINE 30: authors refer to “time steps” before defining them.

Authors: We redefined time step as follows: “In this approach, we ascribed values for m/n ranging from zero to one, and X was

calculated for each time from Eq. 7.
PAGE 9, LINE 13: “Kd = 0.001 m2yr-1”: why exactly this value?

Authors: Diffusivity coefficient varies with the thickness of soil (regolith) and since the soil is rare and very thin when it occurs,

we assigned a low coefficient as explained by (Fernandes and Dietrich, 1997).

- RESULTS:

PAGE 10, LINE 6: “HI values are maximum at the Greater Zab River”: maybe authors mean that HI values are minimum?
Authors: Typo, edited.

PAGE 10, LINE 6-12: This part seems not necessary and the authors should pay attention to the meaning of HI when calculated
for square areas and not for single basins. In this case HI measures how rapidly elevation changes and not strictly the amount of
incision.

Authors: We rephrased the paragraph.

PAGE 10, LINE 13-18: results concerning roughness analysis are quite obvious...is it really necessary?

Authors: We rephrased and reduced this section.

PAGE 10, LINE 26-34: this part should be moved to the methodological section.

Authors: It has been rephrased to match the results and unnecessary parts have been removed.

PAGE 11, LINES 11-12: authors state that “In the landscape modelling, various simulations with different parameters and time
spans were performed”, nonetheless they do not provide details on the simulation (neither in the supplementary material). How

did they select the best outputs?
Authors: The results are added in the supplementary material and referred to in the manuscript.

PAGE 11, LINES 13-14: authors state that “The evolving drainage system overprints the pre-existing one in the input and
gradually becomes more deeply incised from the anticline flanks curving toward its core (Fig. 9)”. This is not evident in Fig. 9,

according to what already explained in the general comment 3).



Authors: We think it is clear how the erosion is carving deeply toward the anticline core as it can be noticed from the contour

map. Here, we show the 1000-contour line to show that (see the Figure below).
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Black is the 1000-contour line from the input and red is the 1000-counter line from the output after 100 kyr.

PAGE 11, LINES 15: change “plain” into “flat”.
Authors: Done.
PAGE 11, LINES 20-22: see general comment 7)

Authors: We addressed this by recalculating the hypsometric curves for output as the weighted mean of hypsometric curves for
basins with area larger than 0.25 km? within each anticlinal ridge weighted by the basin area within that anticline, and we have
calculated HI for the output and compared to that of the relatively more mature anticline (see our answer to the general

comment 7).

- DISCUSSION:

Is section 5.1 necessary?
Authors: The section is removed.

PAGE 12, LINES 14-15: what the authors mean with “The maturity level along these anticlines therefore represents the level

when these carbonates cropped out in their latest stage”?
Authors: The section is removed.

PAGE 12, LINES 17-19: authors state that “A landscape survives when its uplift is not completely counterbalanced by erosion
(Andreani and Gloaguen, 2016; Burbank and Anderson, 2012; Pérez-Pefia et al., 2015)”: it does not sound. . .maybe authors refer

to relict landscapes?
Authors: Yes, we mean that. We made this clear in the new version of manuscript to avoid confusion.

PAGE 12, LINES 21-22: the sentence “The locations dissected by rivers show high surface roughness” seems obvious and not

necessary.

Authors: Removed.



PAGE 12, LINES 29-31: “The same effect is visible in swath topographic profiles (Figs. 12c and 12d): in Harir Anticline, there
is a clear topographic step with a higher slope angle, while in Akre Anticline the slope is gentler and more linear”: to outline this

evidence swath profiles are not necessary. . .if they can provide further evidence, the latter should be discussed.
Authors: We removed these swath profiles.

PAGES 12-13: “This can be interpreted with one of these premises: either both anticlines started to uplift successively (first
Akre, then Perat, and finally Harir), or all of them started at the same time but with different uplift and exhumation rates (Akre
the fastest, Harir the slowest)”. This concept is repeated too many times over the manuscript. Furthermore, to justify the different

geomorphic stage of the three folds with different uplift rates, shouldn’t the latter be “fastest” in Harir and “slowest” in Akre??

Authors: Due to high erodibility of the Upper Cretaceous — Lower Eocene succession in the area, it is flattened to the local base
level by erosion wherever it crops out and does not make a notable topography. The indices measured for these anticlinal ridges,
which are made of the Cretaceous carbonates, express the erosion action since the exposure of the carbonates. Based on these
indices the Akre is relatively more mature than Harir, so the carbonate rocks must have been exposed to the erosion for a longer
time than in Harir. Therefore, Akre’s carbonates were at the surface before Harir’s carbonate, either through an earlier onset of

uplift or by a faster uplift rate, hence faster exposure to erosion.

PAGE 13, LINE 13: How much does the assumption of constant rock uplift affect the results obtained? Since it is a “strong”

assumption you should give an estimation of that.

Authors: Since there are only data about the uplift rates in the area averaged over the last 5 Ma and for simplicity of the model,
we had no option rather than applying a constant uplift rate. To know the effects of constant (linear) uplifi on the result, we need
to apply nonlinear uplift rates and compare the results. Using any nonlinear uplift rates will be arbitrary. The uplift rate used in

our model was estimated from the exhumed and/or exposed thickness from the onset of the MFF.
PAGE 13, LINE 15-26: This part of the discussion is not so clear. E.g. how did the authors perform the slope/area ~ analysis?

Authors: The slope/area curve was obtained as an average trendline for the streams in each anticline. The slope is for specific
points at defined distance along the stream; where area is the upstream watershed area at each point. It is now better explained

in the manuscript (Section 3.2, Page 7, Line 27-28; Section, 5.1 Pages 13-14, Line33-34 and 1-4).

Some statements seem wrong: e.g. “In the Akre Anticline, this relationship [slope/area] is negative (Fig. 13b), which means that
the streams have a concave shape and the segments with steeper slopes have migrated toward the core of the anticline. This
implies that tectonic activity in the Harir Anticline is younger than in the Akre Anticline. Therefore, the premise of having Harir
Anticline starting its uplift later than Akre Anticline is most likely”. Why a higher uplift rate in the Harir couldn’t have caused

the same effect?

Authors: We mean that the Harir Anticline was not exposed to erosion for a longer time, so the streams have not had as much
time to carve deep in to the anticline as at Akre. Considering a unique onset, if Harir had a higher uplift rate, it would be
exposed to erosion earlier than Akre, hence experienced more maturity, but it did not. Considering different onsets, even with a

higher uplift rate, Harir should have been exposed to erosion later than Akre to have less maturity as it does.

“Since the Upper Cretaceous carbonates in Harir Anticline were exposed later than in Akre Anticline, a landscape evolution
model is a viable approach to estimate the exposure time difference. Here the model is built for the first premise of different
onsets of uplift. Even if the second premise of different uplift rates is correct, the estimated time difference of the carbonate

exposure will only be 28% less than that for the first scenario. As described in section 4.2, the calculated uplift time difference



between Akre and Harir anticline is 200+20 kyr, and if the second scenario is correct, the time difference of the carbonate
exposure would be 144+14.4 kyr” This sentences are confused and the interpretation is not clear and a bit circular (choice of

scenario based on modelling, based on constant uplift rates. . .).

Authors: Since the first premise is better evidenced from the present-day morphology of both anticlines, we do not need to add an

additional assumption based on the second scenario, so we have removed this part from the manuscript to avoid confusion.
PAGE 13, LINE 27-34: see general comment 2).
Authors: We addressed this in new version of the manuscript as explained in our answer to general comment 2 above.

PAGE 14, LINE 8: The variations in stratigraphic thickness in between the anticlines is constrained by field data? And how does

this variability affect the calculations of uplift rates?

Authors: Since we have calculated the uplift rates based on the exhumed and exposed thickness since the onset of the MFF at 5
Ma, the variation in thickness of the units overlying the Cretaceous carbonates will affect the used uplifi rate in the model. This
thickness varies in between the three anticlines and even along strike within one anticline. The thickness of the units overlying
the Cretaceous carbonates in the area ranges from ~ 2.0 km to maximum of 2.7 km. The uplift rates calculated based on these
thicknesses will be in between 0.0007 to 0.0008 m/yr. This range is not noteworthy to effect on the result of our model. For this
we used thickness in the well Bijeel-1, which is in a central part with respect to the three anticlines, to calculate the uplift rate.
There will be variation also along a single anticline, we tried to overcome this by neglecting the two ends of anticlines in our
analysis, and here our scope is to make a comparison in between the three anticlines omitting changes along a single anticline.

We made this more clear in the new version of the manuscript (Section 4.3, Page 12, Lines 17-30).
PAGE 14, LINE 13-26: Is this part really necessary and functional?

Authors: This paragraph is added in order to explain the tectonic framework of further propagation of deformation in the SE
side of the Greater Zab River and presence of another anticline to the south and southeast of Harir Anticline. And to explain the
fold relay and to make sure that the uplift was not continuous from the NW to SW but rather in separated segments that

propagated NW-ward until folds had linkage with each other.

- CONCLUSIONS: See general comment 10

Authors: The answer is provided under general comment 10 above.
FIGURES:

FIG.1: 1) I suggest to change “transform fault” into “strike-slip fault” in legend; ii) I suggest to add a legend for the different

colors in transparency (e.g. the rose one corresponds to 2 zones. . .); check the use (or not) of parenthesis in the naming of zones;

Authors: i) Done, ii) the colors in transparency characterize different morpho-tectonic zones of the Region. The names of these
zones are given on the map, hence there is no need for a legend. The names within the parenthesis are equivalent names of these

zones in the Iranian Zagros in the literature. This is made clear in the manuscript.

FIG.2: 1) I suggest to draw the border between different units in map; ii) check the numbering of the figures recalled in the sketch
(they do not correspond to the figure recalled)

Authors: i) Done, ii) Done.

FIG.4: move and comment it in the Results.



Authors: Done.

FIG.5: symbols for wind gap and limit of Cretaceous limestone outcrop are not visible in figure Fig 6.

Authors: We have updated and improved all figures in the manuscript.

FIG.6: Symbols for the strike-slip component of displacement are missing

Authors: There are no strike-slip faults within the Fig. 6.

FIG.7: 1) I suggest to prepare a new figure after having used the approach by Pérez-Pefia et al (2009) to the hypsometric analysis.

Authors: Same response as in the general comment 1; a new figure was added to the supplementary material, covering the entire

study area.
FIGs.8, 9, 10: to be revised according to the comments on the analytical procedures.

Authors: These Figures were revised, accordingly.



