Response to comments by Anonymous Referee #2

We are grateful for the constructive comments by an anonymous reviewer (hereafter:
reviewer) on our manuscript. Below we respond to all points raised in the review and how we

changed our manuscript accordingly.

General:

The manuscript deals with the formation of theater-head hydrological channels by analogical sandy box
experiments, testing different water supply processes (groundwater or association of precipitation and
groundwater) and different locations of water sources (local water table or distant water table). My
general point of view concerning this part of manuscript is quite positive, even if some clarifications
must be done. Indeed, authors used “seepage” word in the title and used “sapping” word in the text.
These are two different processes. At the manuscript reading, authors seem themselves unclear on what
process(es) they modeled. It is quite confusing. Therefore, it is necessary to add the definition of these
processes, list parameters that they differentiate and determine which process they model.

We can understand the view of the reviewer in this regard in terms of explaining more fully
the definitions of the terminology to avoid confusion for those unfamiliar with the definitions
of seepage and sapping. Seepage and sapping are of course linked: Seepage is the hydrological
process of groundwater coming to the surface and groundwater sapping is a
geomorphological process of erosion triggered by that seepage. We have extended the
introduction to explain these differences more fully. We stick to using seepage in the title as
seepage is the driving process, and other subsequent processes, other than sapping alone play
a role in the formation of the resulting valleys.

Minor points must be added concerning the experimental design and parameters to help readers. In my
point of view, they modeled seepage process in no cohesive material forming fluvial channels. They do
not find channel bifurcations. How could they explain that?

We have added text to explain our thoughts on the absence of the formation of bifurcation in
the discussion of the manuscript: the slope suppresses the formation of bifurcations.

Different Martian fluvial valley analogs have been explored in regards to the experiment results.
Although this approach seems interesting and promising, the choice of examples is not relevant and has
no direct relationships with parameters tested in analogical experiment. Indeed, they studied Martian
valley networks (not channel networks) with theater-heads showing a lowly branching pattern. This 2D
channel/valley organization is not observed in their experiments. Therefore, this part must be either
removed from the part dealing with analogical experiment in other manuscript or try to find good
Martian analogs without channel/valley bifurcations.

We disagree with the reviewer here. The formation of bifurcations was not observed in the
experiment. The aim of our manuscript is to provide a framework of the range of possible
landscapes and our experiments complement previous work. Our experiments are used to



improve our insight into seepage processes, which is required to complete the framework we
present. The Marian examples we use are classic exemplary cases that we use to show how our
framework maps onto these features. We think that some of the concerns raised here result
from confusion on the terminology used, we think they are now addressed within the new
introduction section where clearer definitions are outlined.

The second point concerns the valley formation in relation with the channel formation on Earth and
Mars. How do they explain the formation processes in regards to their experiment? The third point is
the origin of distant water table? How do they supply the distant water table, on Earth and on Mars?
What are the climatic implications?

This is a good point. We have now extended the last section of the discussion (5.5) to
incorporate sources of water for the groundwater system and relate this to previous work on
Martian hydrology (Harrison and Grimm, 2004 / Clifford 1993).

The fourth point and the more critical is the lithology. Is it possible to compare a no cohesive material
like sand to Martian lithology (expected to be volcanic rocks (from lava to volcanic ash) and locally
sedimentary rocks not sediments)?

The reviewer has a fair point here. The lithology on Mars is largely unknown. It is likely to be
very diverse in nature and in states of weathering or consolidation. This issue is unlikely to be
resolved soon. In our manuscript, the unknown material properties are an important reason
for focusing our research on entire landscapes rather than valley-head morphology alone
(page 131, lines 16-24 of initial manuscript). In section 5.2 we do deal with limitations of the
applicability of our experiment, and we direct the reader to Marra et al., 2014 / Icarus for
further discussion on this point.

This point is not discussed. The manuscript is well enough written, but requires typewriting corrections.

The revised manuscript is now extensively proof-read by the native speakers of our team.

Abstract

Rewrite abstract in regards to seepage vs sapping to be in line with the main manuscript outline or title.
Line 5. “but the climate implications are quite different”. Remove or explain why. Line 12. * We study
sapping: : :” seepage or sapping ? Line 14. Use another word than “piracy” or explain the physical
process. Lines 19-21. You mention only two Martian examples whereas you present other examples in
the part 4. Be coherent.

We have adjusted the abstract to avoid the use of the term sapping (we explain this term now
later in the introduction).

We rephrased the statement on climate to: “This morphological ambiguity hampers the
interpretation of formative processes and responsible hydrology of such valleys on Mars’.



We also rephrased 'groundwater piracy’ to the more common term ‘groundwater flow-piracy’
to make this part more clear. In our opinion, explaining the entire process is not appropriate
for an abstract.

The two examples of Louros and Nirgal are used to exemplify our framework, the other
‘examples’ where the reviewer points at are mere illustrations to make a more appealing
figure, which are not analyzed. We made this point clear in the abstract by rephrasing the
linking sentence to: “To exemplify our interpretive framework, we apply these results to two
Martian cases.’

1. Introduction

p.2. Lines 23-25. It will be good that you describe geometrically the theater-head channels or valleys
before listing terrestrial and Martian examples. In addition, it is necessary to discriminate formation
processes between valleys and channels.

We now explain the difference between valleys and channels in the introduction. Furthermore,
the addition an extra figure (2) helps in identifying the shape of these valleys for the reader.

p.3. lines 5-15. Be clearer between processes and observed objects. For example, Laity and Malin (1985)
explained the sapping process and not the seepage process.

We do not agree with the reviewer on their reading of the Laity and Malin paper. Just as our
work, Laity and Malin describe the valley formation by groundwater sapping, i.e.
undercutting and erosion by the seepage of groundwater. They also use both terms in the same
way we do. We hope our reformulated introduction will address this and avoid mis-
interpretation of these terms.

You mentioned that the “head-wall retreat is due to undercutting by water fall erosion of a hard cap
rocks (lamb et al. 2006) would be the best explanation for Snake river and Chilean valleys formation
(Fig. 1 d and e). You ignore the contribution of runoff, overflow effect at local scale and infiltration
forming temporary water table at regional scale. Lines 16-17. “the main argument against a
grounduwater origin of the Martian valleys is the limited erodibility by the low seepage discharge (Lamb
et al.,2006). 1t is quite surprising, isn’t it? How do you form valleys on Mars? Could you explain this
point. p.3.Lines 19-21. No, there are Martian examples showing these morphological relationships (e.g.,
Mangold et al., 2004, Mangold et al., 2008, Ansan et al. 2008, Lucas et al., 2009).

These points by the reviewer highlighted that this part of our introduction needed rephrasing.
We have clarified and restructured parts of the introduction based on the concerns of both

reviewers.

p.3.Lines 22-24. I do not understand your arguments about climatic implications. How do you supply
your groundwater table ?

We mean hydrological conditions, which we now explain explicitly in the text. Indeed,
groundwater also requires a source, but this source could be far away in both space and time,



which puts less constraint on the current and local conditions. We reformulated the text to now
read: “Waterfall erosion requires a large flood event or a long period with flowing water on
the surface, which requires atmospheric conditions to sustain liquid water. Whereas seepage
erosion could occur under surface conditions where liquid water is not stable, as the recharge
of groundwater could be far in the past.”

p.4. Line 1. Could you explain “ground water piracy” in terms of physical process.

This was explained in the previous sentence, we rephrased this to refer to that explanation
better.

P.4 Lines 24-25. Could add references as Schumm (1986), Dunne et al. (1980)

These references are used in the introduction to set the stage and describe previous work and
the current state of knowledge. In the lines referred to by the reviewer, we start describing the
aims of our research, which does not seem an appropriate place to cite this work again.

p.4. Lines 5-23. Once again, sapping or seepage ? Flow piracy ?

The sapping vs seepage terminology issue has been clarified in response to the reviewer’s
comments, see comments above. Seepage is the process of outflow, sapping the undercutting
by erosion. We avoid the use of sapping by using terminology as undercutting where
appropriate. Flow piracy has now been more fully explained at the first occurrence in the
introduction (4 paragraph)

p-4. Lines 24-30. Remove valley formation because you model only channel formation. Choose definitely
what you model: Seepage or sapping ?

The seepage-sapping terminology issue has been resolved, see above. In this case, the channel
/ valley terminology is correct, since we do model valley formation.

p.s. Lines 1-7. “shows the arrangement of multiple valleys” Is it really your main objective? In your
experiment you do not obtain multiple valleys with bifurcation.

We do show multiple valleys in our experiment. Indeed there are no bifurcations, but we
combine previous results with novel experiments to make a complete interpretive framework.
This is indeed the main objective.

Do you really constrain the climate conditions with your experiment? Give arguments.

This is a fair point of the reviewer, we do not constrain the climate conditions. Our research is
limited to the hydrological conditions, which we now explain more clearly in both the
introduction and discussion.

2. Methods



p.5. Lines 21-26. Could you justify your choices about sand granulometry, topographic slope of sandy
surface (0.22 mm-1) which is quite high for granular material. Why do you choose a partially sloping
impermeable floor with a decreasing in slope value by a factor 2? This leads to a wedge of sandy layer
from top to bottom of your experiment box, why this choice? How do justify the horizontal offset in
slopes between the sandy surface and the impermeable surface? Which implications do you expect?

We used natural sand to mimic natural processes as far as possible and the grain size was such
that the experiment progressed neither too quickly nor too slowly. We have added this detail
on the choices made and clarifications in the manuscript.

We stated in the original manuscript that the wedging was done to ensure seepage at the
surface and the fake floor was installed to reduce the amount of sediment required. This
clarification comes directly after the description of the setup, and we feel this is in the right
place. To guide the reader and give more focus to this part, we have also split this paragraph
in the revised text.

p.6. Lines 9-11. Could you explain clearer how does work your head tank? At which depth does water
flow: on entire tank height or at different heights? It is not clear in text and in Figure 2.

We have now clarified this point in the methods section.

p.6. Lines 20-28.Could you justify and explain your different mean discharges in local and distal
experiments (cf. table1): one order of magnitude?

In the local experiment, there was more groundwater flow due to the higher groundwater table
and a part of the precipitation fell directly into the valleys due to the uniform distribution of
precipitation. We have extended the first paragraph of section 3.2 to explain this in the
manuscript.

2.3 Valley development and eroded volume Change valley word by channel p.8. Line 25. Could you
explain why you use SLc (shape index of channel cross-section) and o.5 coefficient in your formula of
channel volume. You obtain for each channel the DEM by stereogrammetry, so you can extract directly
volume without this correction.

Full DEMs are only taken at a few points in time, whereas the length and width are captured
at each time-lapse interval, so using the volumes of the DEM does not give the desired
temporal resolution to show the cyclic behavior. Furthermore, we are not interested in the
exact volume of erosion, but mainly in the patterns of erosion.

We use the volumes from the DEMS to check if the calculations using width, length and
estimates of depth and valley shape are appropriate. Which they are, as shown in Figure 6. We
added a short paragraph at the start of section 2.3 to clarify the purpose of these data.

In addition, this formula is not appropriate because you want to calculate channel V-shape whereas you
obtain wide rectangular shape.



The formula is correct, we use the shape index to take into account the shape of the cross-
section profile (V vs U shaped), the factor of 0.5 is to correct for the longitudinal shape, which
is triangular (see Figure 5). We believe that the text is quite clear on this point and we have

made no change concerning this point.

p.9. Line 5. Once again, I do not understand your calculation strategy in erosion rate. Why do use the
density of sand? Why the high density value of your sand (2300 kg.m-3 and not 2300 kg.m-1)? How do
you measure the porosity of sediment at the begin of experiment and during the experiment?

In line with the points discussed above, we are interested in the patterns of change and check
calculated and measured erosion. Therefore we assume a default porosity and density for
sand, which are values that are not subject to change more than a few percent; taking a
measurement could introduce larger errors. Again, the short clarification we added at the start
should help evaluating the meaning and required accuracy of these calculations.

Indeed, the dimensions for density were incorrectly typed into the manuscript, we have
corrected this typographical error.

2.4 Martian landscape metrics In this part, change the word channel by valley because you analyze
valleys at the surface of Mars.

Indeed, we corrected this (and in other places as indicated by the reviewers).

p.9. Line 24. How do you analyze Nirgal valley whereas you do not have accurate DEM?

As stated in our methods, we use planform (x-y) valley segments, which does not require
elevation data. We rephrased the first paragraph of 2.4 to avoid the focus on the limited
resolution.

Here we present the morphological analyze of valley bifurcations but you do not write about that in
experiment methodology. It is incoherent.

We discussed this point already in this review: our experiments are designed to complete the
set of knowledge and together with previous experiment we provide a framework of
interpretation for these valleys. Our experiments do show details of groundwater-flow piracy
that causes the valley length distribution that we show with the data presented for the Martian
cases (this point is clarified in the introduction and discussed earlier in this response).

3.1. Distal groundwater source Here change the word “valley” by channel. p.11 Lines 13-15.

See discussion on valleys and channels elsewhere. Indeed, this instance should be channel, we
corrected this line.

Could you explain the physical process of “groundwater piracy? Why is typical of groundwater
sapping? Sapping, why? You model seepage.



We have modified the manuscript to explain this process in greater detail in the introduction
and at the end of section 3.1 where we mention groundwater piracy.

p.11. Line 17. “the valleys did not bifurcate, which is the result of the high initial slope” where ? at the
top or the bottom of sand layer? Do you test for small slope? In this case, do you observe bifurcations?

The discussion of headward valley bifurcations is based on previously published experiments
available in the literature but this discussion should not be included in the results section. We
have removed the comparison of our experiments to previous experiments from this section.
The relevant discussion on this point was already included in the discussion section of the
manuscript and was superfluous in any case.

p.11 Line 23. Change the word “mud flow”. It is not appropriate here, it would correspond to
concentrate flow but not mudflow. Idem p.12 line 13.

Indeed, the reviewer is correct. We rephrased these sentences.

p.11 Lines 5-14. I do not understand where you measured channel width (Fig. 6 and 7). Is it at the
head? At outlet? A mean value? Could you clarify this.

We clarified this point in the methods section (2.3): the width is taken just downstream of the
head where the walls are parallel to each other.

I suggest to permute §3.2 with §3.3 because it is easier to understand the influence of local topography
on distal groundwater table.

Good suggestion, we moved these sections.

3.2. Effect of initial morphology on distal experiment. In this experiment you have channel widening
and deepening without increase in headward erosion. It is interesting but you do not analyze what
experiment parameters could influence this process. You remain evasive suggesting that only
groundwater piracy would be the main parameters and the channel geometry develops independently
from the initial topography. It is not really the case, because they do not crosscut previous channels.
Could you investigate which parameters (geometry of water table, slopes etc: : :) in your experiment
could explain this final morphology?

The valleys that develop in the Distant after local experiment are of similar size and spacing
as the Distal source experiment (with an initial flat surface). Therefore we conclude, that the
initial morphology does not have a significant effect on the valley development from a distal
groundwater source. The reason for the absence of cross cutting is simply the result of the
valleys developing in the same direction.

We do agree that the details mentioned by the reviewer influence the details of the
morphological development, but it is the aim of our manuscript to show the differences
between contrasting initial and boundary conditions (slope, no slope, local, distant). Looking
at details and understanding these processes even better is an interesting challenge for further



research and requires experiments focusses on those details. For the interpretation of the valley
patterns on the scale of landscapes, as we provide in this manuscript, we believe we have
chosen the right scale and the correct level of detail.

3.3. Local groundwater source Why do you model a discharge with a higher factor of 5 than that in
distal groundwater source? It could have to misinterpretation when we compare experiment results.
This water comes from local precipitation in your experiment. What was the precipitation rate? In
which terrestrial climatic conditions?

Discharge rates of the experiments are explained and quantified in the methods section, we
incorporated the comments of the reviewer there. The higher factor between the constant-head
tank and precipitation experiment is the result of the design of the precipitation experiment
where we wanted infiltration in the flat area and nearby seepage. The resulting and reported
discharges are merely the result of that design. We added a sentence to the end of section 2.1
to clarify. Secondly, the experiments were carried out in terrestrial conditions, which we now

state in section 2.1.

p.13. Line 13. “valley heads with a v-shaped planform (Fig. 3b-ii)” It is not clear on your figure.
However this paragraph is quite convincing. But you have no channel bifurcation.

We have indicated the v-shaped heads in the figure with the time-lapse images. Indeed there
were no bifurcations, as expected for the steep slope.

3.4. Effect of initial morphology on local groundwater table. This part is interesting but authors do not
analyze completely the experiment result. It is pity. Channels widen and stretch out by headward
erosion up to flat surface where a feather morphology develops. You observe channel bifurcation ! Which
is process at the origin of that? Which parameters control that because you have not overpression?
Could you explain.

The points raised by the reviewer here are already part of the revised manuscript, we describe
the widening of the valleys and the overflow of the flat upstream area. However, the
bifurcations that develop here are purely the result of converging overland-flow, which is a
completely different process than the bifurcation that develop due to the groundwater flow
processes described in the discussion of the paper. Since this is a different process and this last
stage of the experiment does not contribute to the goal (effect of initial morphology), and we
have thus shortened this section. Furthermore, in many places we now try to be as clear as
possible when it comes to “headward bifurcations’, to avoid confusion.

4. Examples of Martian valley system. This part is not convincing in relation with the experimental
results. Valley vs channel? Could you explain? Examples are not well chosen. This part must be
reworked.

The aim of our work is not to just recreate a few seepage valleys and find perfect analogues to
them, the overarching aim is to create an interpretative framework for a range of possible



morphologies. We do this by combining previous to novel experiment. Therefore, to show the
applicability of our work, we choose more complex systems with multiple valleys that split as
this both shows the piracy effect and bifurcation dynamics as indicated in previous work. For
our purpose, i.e. contrasting a more local vs a more distal scenario, we think our chosen case

studies work well in showing those differences.

We expanded the introduction paragraph of section to explain our reasons for these examples
to the reader more fully.

5. Discussion. Once again, you model channels not valleys !

We do not agree with the reviewer on this point. We have both in the experiment. There are
fluvial channels conveying the water and there is valley formation by erosion and incision.
Valley formation is the main thing we are after. We have added terminology in the introduction
to avoid confusion.

p. 17. Line 16. It is very ambiguous “The general morphology of our experimental channels (by seepage)
agrees well with studies on sapping” Could you clarify. You discuss the nature of material as major
parameter in experiment result (sand). You do not discuss the geometry of your experimental model on
channel formation (thickness of sand, variation in slope between the upper and bottom surface, etc: : :)

Scale-effects of the experiments are discussed in a later section, 5.2, and are not discussed here
for clarity to the reader. That section (5.2) has been extended based on the concerns of both the

reviewer.

5.4. Headward channel bifurcation You conclude that the lack of bifurcation is due to the high slope in
your experiment. Is it the only parameter? Others experiments obtain bifurcation with a horizontal
surface. It is the only geometric parameter (topographic surface?)?

The bifurcation behavior mainly depends on slope and is favored by groundwater from a local
source, as explained in paragraph 2 of section 5.4, flat horizontal surfaces and a local source
increase the tendency to bifurcate. Our experiments do not feature these bifurcations as there
is a steep slope, i.e. we study one extreme end of the parameter space, which complements
previous experimental work. We have not changed our manuscript in light of this point, since

we think section 5.4 adequately discusses this point.

5.5.0rigin of Martian examples This part must be reworked, examples are not in correlation with your
experiment results. You wrote sapping and seepage, which is very confusing. You do not discuss the
scaling between your channels and Martian valley, the lithology on Mars: : :The analogy is quite
limited.

Our experiments were not designed to be a direct scale model or analogue to these Martian
cases. Instead, they are designed to provide insight into the processes and morphological
development associated with seepage erosion. We added a paragraph to section 5.2 on scaling
where we explain our view and the applicability of the experiments.



Table1. Could you add the signification of each term in legend, for example d=day etc: : :

For consistency, we changed hr. to h. for hours and we added explanation to the legend as

suggested by the reviewer.
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Abstract. Theater-headed valleys can-form

butsuch-valleys-ean-also-be-the-Valleys with theater-shaped heads can form due to the seepage
of groundwater or as a result of knick-point (waterfall) erosion generated by overland flow. This
morphological-ambiguity-ambiguity in the mechanism of formation hampers the interpretation of
formative-processes-and-responsible-hydrelogy-ef-such valleys on Mars, especially-due-to-insufficient

articularly since there is limited knowledge of material properties. Instead-ofsingle-valley-merphology;

metries-of the-entire landseape-Moreover, the hydrological implications of a groundwater or surface
water origin are important for our understanding of the evolution of planet Mars and quantification

of valley morphologies at the landscape scale may provide diagnostic insightin-insights on the for-
mative hydrological conditions. However, flow patterns and the resulting landscapes are-different

fer-different-produced by different sources of groundwater and-are poorly understood. We aim to
inerease-our-improve the understanding of the formation of the-entire-landseapes-by-seepage-from
different sources-of groundwater-and-to-entire valley landscapes through seepage processes from
different groundwater sources that will provide a framework of landscape metrics of such-systems-to
atd-for the interpretation of such landseapessystems. We study seepage-fromlocal-and-distal-sources

of-groundwaterin-groundwater seepage from a distant source of groundwater and from infiltration of
local precipitation in a series of sandbox experiments and combine our results with previous experi-

ments and observations of the Martian surface. Key results are that groundwater flow-piracy-acts-on

distally-fed-valleys——whiehflow piracy acts on valleys fed by a distant groundwater source and re-
sults in a sparsely dissected landscape of many small and a few large valleyswhilelocally—fed-valleys

. In contrast, valleys fed by a local groundwater source, i.e. nearby infiltration, result in a densely dis-
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sected landscape. In addition,

while locally-fed-valleys-valleys fed by a distant groundwater source grow towards that source while
valleys with a local source grow in a broad range of directions and have a strong tendency to bi-

furcate, particularly on fla

these-resultsflatter surfaces. We consider these results with respect to two Martian cases—The-valleys
m-; Louros Valles show properties of
seepage by a local source of groundwater and Nirgal Vallis shows evidence of a distal-soureeof

sroundwater—distant source, which we interpret as groundwater flow from Tharsis.

1 Introduction

Valleys with theater-shaped heads exist in the landscapes of Earth and Mars. On Mars, examples of
such valleys are ferexample-Louros Valles (Fig. 1a) and Nirgal Vallis (Harrison and Grimm), [2005)).
Terrestrial examples can be found in the Atacama Desert in Chile (Fig. 1b), on the Canterbury Plain,
New Zealand, on the Colorado plateau and on Hawaii (Schumm and Phillips| [1986; Howard and|

KocEeII, ml; Craddock et al.|, m Furthermore, much smaller --buat-examples that are similar in
shape, are valleys that emerge in eroding riverbanks (Fig. 1c) or those on the beach that develop

during a receding tide (Higgins), 982|; [Otvosl [1999 |;|Fox and Wilson, 2010} [Hagerty}, [T991).
ing-Such theater-headed

explanation—for—the—erodible sediment (e. LHoward and McLaneL . These valleys form due

to headward erosion that is produced by mass-wasting processes where groundwater seeps to the
surface (Fig. 2a). In this paper we define seepage as the hydrological process of groundwater emergin
at the surface and groundwater sapping as the geomorphological process of erosion by undercuttin

which is triggered by seepage, although not all erosion by seepage of groundwater results in undercutting.

We define a valley as an erosional geomorphological feature, where a channel is a body of flowin
water. The aim of this study is to investigate valley formation that develops from groundwater
seepage that is sufficient to maintain an active channel.
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Valley formation by seepage (Fig. 2a) is different from valley formation by overland flow. In
the former, headward progression is the result of knickpoint retreat and fluvial incision (Fig. 2b).
However, overland flow can also produce similar theater-headed valleys when incising into a substrate
with an erosion resistant top-layer (Lamb et all 2006). This process is a likely candidate for the

formation of the theater-headed valleys next to the Snake River in Idaho (Fig. 1d)and-the-Chilean
valleys([Fvimet at 20T
TFhe-main-argument-againsta-groundwateroriginof-. The ambiguity in the mechanism of formation
of the valleys hampers the interpretation of their origin based on their theater-shaped morpholo
alone. This ambiguity is particularly problematic for the Mafﬁaﬂwal}ey&t&fhe—hrm{eekefedibﬁﬁy

explanation of theater-shaped valley-heads on Mars where direct field observations and material
properties are lacking, and a long period of weathering obscures morphological details.

of entire landscapes with multiple valleys may help in the interpretation of the-Martian-—valleysthese
Martian valleys, when single entities have an ambiguous origin. An important feedbackfor-mechanism
for the landscape formation by groundwater seepage is flowpiraey,-groundwater flow piracy: since
Valleys are topographlc depressions, henee-they attract more groundwater from their surreunding;
o)-surroundings,
resulting in a decrease of discharge to nearby valleys. (Howard and McLane, [T988). As a result,
smaller valleys cease to develop in favor of larger valleys. Landscape metrics may provide-information
on-show the presence of feedback-mechanisms-like-groundwaterpiracythis feedback mechanism.
Furthermore, the-angle-of-valley-bifurcations;—and-the-splitting of valleys during their headward
development (headward bifurcation) produces typical angles between valley segmentsDevauchelle et al] (2012);/Glines and Fassett (
In case of valley formation by seepage from uniform precipitation, the theoretical angle between

valley segments becomes 72° (Devauchelle et al.,[2012). Such properties as well as the orientation of
valleys eeuld-indicate-the-(Jaumann and Reiss| WZI) can be extracted from the landscape and show

the responsible hydrological systeman

Our knowledge of fhe—gfetmdwa{e%sappﬂigg/rgyym processes and their relation to
landscape evolution is rather-limited. Particularly as systems with only groundwater processes are
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absent on Earth and previous experimental-studies were mostly limited to the same boundary con-

ditions of groundwater from a-an_upstream constant-head tank (e.g. [Howard and McLane), [1988;
Lobkovsky et al.} [2004; [Schorghofer et al.l 2004} [Pornprommin et al, [2010; Marra et al, 2014a).

These experiments simulated a distant groundwater source and showed the basic morphology of

sapping vatleys-reveating-valleys formed by groundwater seepage and also revealed the importance
of groundwater flow piracy as a key process for valley evolution. However, alternate hydrological
systems exist where other processes play-arole-whichresults-are significant and result in a different
landscape evolution. Ferexamplesin-In contrast to a-distant groundwater source, aloeal-groundwater
groundwater seepage could come

from nearby infiltration of precipitation. Such systems exist on Earth (Abrams et al.,[2009; Fig. 1f)
and have been studied in experiments to some extent (Berhanu et al. [2012)), but require more at-

tention in terms of their morphological impact on landscape dynamics. We hypothesize that a local

groundwater source, e.g. as result of locally infiltrated precipitation, results in less groundwater flow
piracy compared to groundwater that first travels some distance ;-beeause-atocal-before seepage to
the surface, because seepage from a nearby source is less influenced by the regional-topographie
gradient-topographic gradient responsible for flow piracy. Since flow piracy is an important mech-
anism in the formation of theater-headed-valleys by groundwater seepage, we expect a—different
different and distinct morphological development for locally-fed-sapping-valleys—valleys formed
by seepage from a local source compared to those produced by distally fed systems. Specifically,
distant sources of groundwater produces landscapes with abandoned valleys whereas in landscapes
produced by local sources of groundwater, there are no or hardly any abandoned valleys.

In this paper, we aim to irerease-improve our understanding of groundwater seepage processes,
specifically on the resulting valley formation —Jn-erderto-expand-ourknowledge-on—thepossible
range-of processes;we-at a landscape scale using morphological experiments. We specifically study
the difference in morphological development of valleys that emergefrom-distant-andJoecal-seurces
of groundwater in-sealed-experimentsresult from a distant groundwater source (simulated with an
upstream constant-head tank), and a local groundwater source (simulated by infiltrating precipitation).
Furthermore, we combine our experimental insight with previous studies in order to eever—show
a complete range of pessible-sapping systemslandscapes formed by groundwater seepage under
different conditions. The objective is essentially-to provide a framework that shows the arrange-
ment of multiple valleys, i.e., the orientation and length distribution that resultresults from different

hydrological boundary conditions. These properties will aid in the identification of the formative

processes when the single valley morphology is ambiguous, and will constrain the hydrelogical

often-eited-underlying hydrological conditions. To demonstrate the application of this framework for

landscape interpretation, we use two frequently cited cases of groundwater seepage on Mars, Nirgal
Vallis and Louros Valles, and relate their landscape metrics to the possible sources of groundwater.
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2 Methods
2.1 Experimental design

We-condueted-several-We conducted a series of flume experiments in the Total Environmental Sim-
ulator (TES) facility at the University of Hull to study-investigate the morphological development
of theater-headed valleys by seeping-groundwater-groundwater seepage. Moreover, with these ex-
periments we stadied-the-effeet-of groundwaterseepage i : i
simulated-groundwaterseeping from-a-distalsouree by simulated the difference between groundwater
seepage generated by a distant source of groundwater, using a fixed-head-constant groundwater level

at the upstream end of the setap-—As-alocal-souree-of groundwater,we-applied preeipitation-on-th

entire-experiment-domain; using-an-intensity-experimental setup, and groundwater seepage produced
by infiltration of precipitation applied over the entire experimental domain. The distant groundwater
source was maintained using a constant-head reservoir at a level below the sediment surface and

the precipitation was generated using an array of nozzles spraying water at a rate lower than the
infiltration capacity of the sediment. We repeated both experiments with an idealized initial mor-

phology and with a heterogeneous initial morphology that was the result of a previous experiment.
In this section, we present the setup, the initial topography and applied boundary conditions across
the experimental set.

The initial idealized morphology consisted of a volume of sand with a median grain size of
0.7 mm, that comprised (1) a flat area of 1.7 m upstream and (2) a slope of 0.22mm™"! for 3.5m

(Fig. 3), which was egtatuniform over a width of 4 m. Fhe-We used natural, moderately angular sand

to mimic natural groundwater and surface flow processes. The grain size was such that groundwater
flow was neither too rapid nor too slow for the formation of valleys within a reasonable period of
time. The sloping section ensured seepage of groundwater from a hydrostatic groundwater level, i

The sediment was placed on top of a partially sloping impermeable floor to increase groundwa-
ter flow in the downstream half of the setup and to reduce the amount of sediment required. This
floor was flat for 2.6 m and the slope was 0.11 mm™! for 2.6 m. Pond liner ensured the imperme-
ability of the floor and walls. A rough cloth on top of the pond liner prevented the entire block of
sediment from sliding down the smooth pond liner surface. The total sediment depth was 0.5 m in
the upstream flat part, sloping towards the downstream end. At the downstream end, a row of 6 cm

high bricks truncated the wedging slope to prevent the sediment from sliding down. In addition, the

small spaces between these 10 cm wide bricks acted as initial surface perturbations. This ensured

evenly-distributed-channelnitiation-valley initiation was evenly distributed over the entire width of

the sediment surface.
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was designed to simulate a distant groundwater source and was constructed opposite of the sloping
wedge of sediment. It spanned the entire width of the-setup-using-and depth of the sediment fill with
a 0.6 mm mesh fabric, braced with chicken wire and steel gratings —To-simulate-alocal-groundwater
systemat the water-side to retain the sediment and avoid collapse into the reservoir under the weight
the entire width and depth at the upstream side of the flat section of the sediment fill.

For the experiment with precipitation as the water source, we used a—series—an array of spray
nozzles above the setup to supply water over the sediment surface. These nozzles were set—te
spray-at-such-discharge-fed with a discharge such that the water infiltrated;~which-correspends-with

a-diseharge-spray infiltrated in the flat area and seeped-out on the sloping wedge. The discharge feed
was slightly lower than the infiltration capacity of the sediment. A rising groundwater table induced

seepage, but, in contrast to the constant head tank, the seepage areas were fed by leeally-nearby
infiltrated groundwater. Twelve spray nozzles with square spray patterns were used ;—which—were
pressurized-to ensure uniform spray distribution and pressurized water was fed from a ring main to
ensure equal spray rates for all nozzles.

We carried out five experiments with the above described boundary condition combinations (Ta-

ble [T) —ExperimentPistalunder terrestrial conditions. The experiment labelled Distant source.
was carried out entirely-with-the-constant-head-tank-as-boundary-conditionwith the constant-head
tank throughout as the boundary condition using the initial topography described above. The final
morphology-of-this-surface morphology from the Distant source experiment was used as initial mor-
phology of experiment—Local-after Distal”the experiment labelled Local after distant, which was
run with water input from the spray nozzles. Experiments—FLoecal™The experiment labelled Local
precipitation was run with water input from the spray nozzles on the above-described initial topog-
raphy. Experiment~Loeal2=-was-onty The experiment labelled Local precipitation 2 was run to
generate an initial morphology with the same conditions as “Eeeal”-but-Local precipitation and this
experiment was ceased early. The final morphology of “Leeal2-Local precipitation 2 was the initial
morphology of “Bistal-afterleeal”Distant after local, which was subject to groundwater flow from

2.2 Experimental imagery and elevation models

We captured the morphological development of the experiments using time-lapse photography. These
images allowed-enabled us to study the experiments in detail from different angles. Moreover, we
derived ehannel-valley dimensions from orthorectified time-lapse images. The time-lapse setup con-
sisted of six cameras (Canon PowerShot A640), mounted around the experimental setup (see C1-C6
in Fig. 3), which were synehronously-triggered-triggered synchronously at set intervals. These inter-
vals differed-ranged from 30 s to 5 min, based on the pace-of-the-morphological-developmentinrate
of morphological development during the ongoing experiment (values in Table EI)



For each experiment, time-lapse imagery from four angles-were-processed-to-a-single-orthoreetified
image—Camera’s-cameras (C1, C2, C4 and C5) were processed to construct a single orthorectified
photograph (Fig. 3)were-used-to-construect-orthorectified-images. Orthorectification was eenducted

205 on-the-initial-surface-elevation-model—Using-implemented using the ‘Image Processing” and the
“Camera Calibration’ Toolboxes in the MATLAB software suite, Orthorectification was performed

using the initial surface elevation

remain-eorreet model, due to absence of elevation data at each time-step. This method resulted in

210 warped imagery in areas with elevation change, i.e. within the valleys. However, these images were
used to extract valley lengths and widths which are calculated from the distances between non-eroded
valley walls. The outside edge of these walls form in the original surface and are therefore correctly.
Wlmusmg this method. We—peffefmed—mﬂe-}ap%eefehefee&ﬁea&en

215

For detailed morphological analysisand-morphometrical-analysis;—we-collected-, we generated

digital elevation models and orthorectified images at the end of each experiment using a large set

of images and a structure-from-motion (SfM) algorlthm (]Forsyth and Ponce, [2011). In addition, we

al-every day during the
220 Distant source and Distant after local experiment at 1rregu1ar intervals (TableE[)

also acquired these data s

elevation model and associated orthorectified image ;-we-took-a-set-of-about-70—106-were derived
from 70 to 100 digital images with about 80 % overlap. We took these images by hand, allowing us

225 to capture the area of interest. Twenty-four targets with known coordinates within the experimental
setup enabled referencing of the images. Camera positions and orientations were solved using these
known target coordinates and matched features between images. To inerease-improve the quality
of the result, we removed features in wet areas in—order-to eliminate faulty matches in reflective
areas due to different lightning angles between images. Elevation models were generated for each

230 set of images, which were processed to a gridded elevation model with 1 mm cell size and a 0.5 mm
orthorectified images. We used a Canon 550D DSLR camera with an 18-55 mm {/2.8 lens to take
the photos, which we processed in RAW format to 16 bit TIF images to eliminate compression
artifacts. We used Agisoft PhotoScan for SFM processing 2014).

In-addition;-we-used-aA laser scanner to-ebtain-was also used to obtain digital elevation models

235 at the end of each experiment. Point-cloud elevation data of the final morphology were ebtained
using-ataserseannerfromtwo-scanned from two different angles in order to eliminate data shadows

outside the line-of-sight of the laser scanner (see Fig. 3). These point-clouds were oriented and

merged using fixed targets in the experimental setup —The-combined-seans-were-gridded-to-to produce
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a combined scan gridded onto a digital elevation model with a 2mm elevation—modelscell size.

We used a Leica ScanStation 2 laser scanner for data acquisition, CloudCompare for point-cloud

orientation and ArcGIS for gridding of the point-cloud data.

2.3 Valley development and ereded-volumeerosion rates

To quantify the morphological development, we plotted measured valley widths, lengths and depths
during the experiments. Based on these data, we calculated valley shapes, and erosion rates and

compared the latter to measured sediment output.
The length L (m) and width W (m) of each valley that formed during the experiments were

determined for each time-lapse interval from the orthorectified time-lapse images. The valley width
was taken just downstream of the valley-head where the valley walls were parallel. Valley depth
D (m) was defined as the deepest point of each valley, i.e. the largest elevation difference between
the original surface and the eroded surface. Valley depth was measured at each SfM interval. The
final valley floor slope S (mm~1) was extracted from the final DEM. We defined the valley floor
as the lowest point in each valley cross section. We estimated the erosion rates of each valley during
the experiments by combining the valley dimensions and valley shapes.

First, the eroded volume V' (m?) was estimated as:

V=W.L-D-SIL-0.5, (1)

for which W and L were taken at each time-lapse interval, D (m) is the ehannel-valley depth
that was interpolated between measurements-at-SfM measurements for each time-lapse interval. SI;
is the shape-index of the valley cross-section, which is the average ratio of the actual valley cross
section to the square cross-section of W x D. The factor 0.5 corrects for the longitudinal profile of

the valley, which is in all cases an-approximate-triangleapproximately triangular. Valley volume was
transformed te-into an erosion rate £ (gs™1):

_ AVpy(1—n)-1073

E
AT ’

@)

where AV is the change in volume, p; is the density of sand (2300 kg m=L~3), n the porosity of

the sediment (0.3) and AT (s) is the time over which the change in volume occurred. Cumulative

erosion was compared to sediment output measurements asing-bueketscollected from bucket traps.

2.4 Martian landscape metrics

We constructed elevation profiles and extracted the orientation in degrees from North (i.e. azimuth)

of valley segments, the bifureation-angles-angles between converging valleys and valley lengths of
Louros Valles and Nirgal Vallis. Channel-segments-were-digitized-based-on-Elevation profiles were
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extracted from HRSC image H0380 0001 (125 m resolution DEM) for Louros Valles, valleys of
Nirgal Vallis were too small to produce elevation profiles. Valley segments for both systems were
digitized from THEMIS Daytime Infrared Mosaic (Fergason et al.,2013) and HRSC

2007) imagery. We distinguished different stream-orders, based on the Hack stream ordering number
1957). In this system, the first-order is the main, downstream, valley; the first tributary is

the second order and so on. We choose this system since it represents the chronology of valley

formation by headward erosion. Eleva

The dataset of channel-valley segments was transformed to a network-topology to distinguish

between upstream and downstream directiondirections, using logical operators based on the meth-
ods described in Marra et al.| (2014d) using ArcGIS and MATLAB. In this dataset, we identi-

fied bifureationsconverging valley segments, valley heads and outlets based on the topelogy-of-the
network—From-this-datasetnetwork topology. Building upon the work of [Jaumann and Reiss| (2002)),

the orientation relative to north of each valley segment was extracted for each stream order (building

upoin-the-work-of Jaumann-and Reiss 2002)identified in the dataset. Orientation distributions were
normalized per stream order to better-show-the-difference-and-reveal-theeffect-of bifareations—of

vaHey-orientationclearly show the differences between valley orientations of different stream-orders.
At each bifureationnode of converging valleys, we calculated the bifureation-angle between the up-

stream ehannet-valley segments (following Glines and Fassett, 2013). Furthermore;foreach-valey

A hare afo ac b < - . ha apstream =. '. S\H/C\hN
converging valleys is referred to as headward bifurcation, this definition relates to the chronological
order of events in valley formation. In active rivers, the term bifurcation is used for a ehannel-that
shits-into-two-channelsin-fluvial channel that splits into two in the downstream direction, which re-
lates to the motion-direction of water -movement. Furthermore, for each valley head in the network,
we calculated the distance to the first lower-order valley segment,

3 Experimental results

In the following section, we first describe the observed morphological development during the ex-
periments, and then we link this morphological development to the acting processes. Time-lapse

imagery and elevation models support these observations (time-lapse movies are available in the

Supplementonline supplement).

3.1 Distal-greundwater-Distant source



The-distal-groundwater-experiment-The experiment with seepage from a distant constant-head tank

was characterized by slowly developing valleys. This experiment took over three days to complete
305 and was carried out with a constant discharge of 2.4 liter per minute (Table|[T).

The sediment saturated in the first hours of the experiment. During this stage, a visible wetting
front at the surface progressed from the upstream constant head tank in downstream direction. The
sediment became fully saturated at the foot of the slope where seepage occurred after 2.5h over
the full width of the sediment surface (Fig. 4a-i). The initial seepage pattern remained roughly the

310 same, though the seepage area extended upslope to about 1 m from the foot of the slope. Initially,
the seepage was too low for fluvial transport to occur. As the seepage rate increased, fluvial transport
started after 4h and the first valleys—channels started to form at the foot of the slope within the
seepage area.

The initial valeys-that-formed-channels at the foot of the slope featured a combination of mass-

315 wasting and fluvial processes. Mass-wasting of saturated sediment at the head caused headward
erosion, and fluvial processes remeoved-the-material-from-the-valley-in the channel resulted in incision
and the formation of valleys (Fig. 4a-iii). As the valleys developed in upstream direction, the seepage
area retreated and seepage focused within the valleys as shown by drying of the sediment between the
valleys and a concurrent increase of discharge within the valleys (Fig. 4a-iii). Seepage was limited to

320 a declining number of valleys, as the valleys that reached furthermest-most upstream progressively
attracted more groundwater. From the ten valleys that started to form in the initial stage of the
experiment, only six remained active after a few hours (Fig. 4a-iv), and only three remained active
for several days (Fig. 4a-v).

The decreasing number of <

325

valleys illustrates the process of groundwater flow piracy as the largest valleys attract most of the
groundwater flow since these are the deepest point in the landscape. As a result, more groundwater is
directed to those largest valleys, which are therefore more active and smaller valleys cease developing.
This feedback resulted in a final morphology eomprising-with a few large and several small valleys

330 (Fig.5). The-valleys-didnotbifurcate;whichis-theresultofthe-highinitial-slope-(Pornprommin-et-al; 20H0)-

The remaining valleys grew and as they became deeper, the head- and side-walls gained strength
by cohesion as the sediment was moist. As a result, the head-wall retreat was governed by collapse
due to undercutting at the toe, in contrast to the slumping of the entire valley head before the devel-

335 opment of this cohesive top layer. In this process, the toe of the head wall was destabilized by fluvial
erosion, resulting in collapse of the head-wall. The collapsed material transformed-into-a-mudflow:
Therefore,the-colapsed-matertal-spread over a distance of 0.1 to 0.2 m into the valleys. Fluvial trans-
port removed this material from the upstream end to the downstream end of the experimental setup.

These processes showed a cyclic behavior: head collapse only occurred after a destabilization of the

10
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head due to the removal of the sediment by fluvial transport. This cycle is essential for the contin-
uation of the process as the ehannel-valley head would stabilize without such erosion and sediment
transport. The final morphology shows the former presence of these various processes. In the three
most developed valleys, the upstream end had a steeper slope than the downstream sections with
a elearkniek-point-break in slope separating the two (Fig. 6a). This eerrespended-to-mudftow-and
mass-wasting processes upstream to fluvial processes downstream.

The collapse of unsaturated material at the valley heads resulted in steep head walls (Fig. 5). The
step-wise increase of valley width and length shows this-eyelie-behavior-distinct peaks of collapse
(Fig. [7a and b) and results-in-peaks-in-the-estimated-instantaneous-erosion rates (Fig. [7d). Steps in
width and depth of the valleys are not simultaneous, which shows that collapse of the head- and
side-walls occur at different moments. Although erosion takes place in distinct peaks of activity, the
distalty-fed-these valleys show a linear trend in valley length and width during most part of their
development. Not only the length and width ratio of a single valley remain the same, but this ratio is

the same for the three main valleys (Fig. 8a).

3.2 FEffeet-of-initialmerphology-onDistal-experimentLocal precipitation

3.3 Loealgroundwatersouree

Thelocal-groundwater-experiment-toek-ene-hour-and-The Local precipitation experiment took one
hour and 50 min-with-an-average-discharge-of- min with an average discharge of 11.9 Lmin~!. This
discharge is higher than in the Distal source experiment. A part of the precipitation fell directly into

11
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the valleys since the precipitation was distributed evenly over the experimental domain. Furthermore
the groundwater table in the Local precipitation experiment was close to the surface compared to a
relative deep groundwater table in the Distal source experiment. As a result this setup allowed for

more seepage due to the higher seepage area, explaining the higher discharge and shorter run of this
experiment. In this experiment we distinguished two stages in valley development. In roughly the

first half of the experiment, overland flow was the main source of water for valley development. In
the second half, groundwater fed the valleys at their heads.

In the first stage of the experiment, the sediment in the downstream part of the slope saturated
rapidly due to the limited sediment thickness (Fig. 4b-i). On this saturated sediment, precipitation
transformed directly into runoff, which in turn induced valley formation by fluvial processes. These
valleys started to form over the entire width of the sediment and showed valley heads with a v-
shaped planform (Fig. 4b-ii). During this stage, valleys developed in headward direction by fluvial
erosion and valley heads were within the area of saturated sediment. Seepage inherently occurred in
the valleys due to the setup of the experiment. However, the overland flow processes dominated the
seepage processes.

As the groundwater table rose during the experiment, the boundary of saturated sediment moved
upslope. This progression of the saturated area slowed down as it progressed. In the first stage, valley
development did not keep up with this moving front. However, the valleys caught up and developed
upstream of the saturated area as the experiment progressed (Fig. 4b-iii). This marks the second stage
in valley development wherein groundwater seepage rather than surface runoff fed the valley heads.
From the moment the valley heads were fed by groundwater, their planform changed from v-shaped
to theater-shaped (Fig. 4b-iv and b-v). This change indicates a change from fluvial flow to mass-
wasting processes at the head-waltheadwall. The headward growth showed similar characteristics as
in the distal-seepage-expertment-experiment with seepage from a distant source: growth governed
by failure of the headwall and fluvial transport that removed the failed material. Similar to the distal
Distant source experiments, there was also a distinguishable difference in slope in the upstream and
downstream half of the valleys (Fig. 6), although this difference was less pronounced.

The valleys in the teeal-Local precipitation experiment were shallow compared to the valleys in
the distal-Distant source experiment. In both cases, the valleys developed around the groundwater
table, which was close to the surface in the loeal-Local precipitation experiments. The limited depth
was presumably the result of the high groundwater table, there was no zone of unsaturated sediment
resulting in valleys without steep walls (Figs. 5b and 6a).

The valleys in the feeal-Local precipitation experiment became longer and slightly wider by lateral
erosion during the experiment (Fig. |ZF and g). An important difference with the distal-Distant source
case was that all valleys remained active and had similar sizes during the experiment (Fig. [7}).

This is due to the absence of groundwater flow piracy since each ehannel-valley was fed by locally
infiltrated groundwater (Fig. 5). In contrast to the distally-fed—valleys—valleys from a distant, the
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relation between valley length and width in the locally-fed valleys is not linear and different valleys

do not have the same ratio (Fig. 8b).
3.3 Effect of initial morphology on Loeal-experimentseepage from a distant source

We studied the effect of an initial morphology on the valley development in experiment Distant after.
local by repeating the experiment on an initial morphology. This initial morphology was the result
of experiment Local precipitation 2, which consists of multiple parallel shallow valleys created by
overland flow (Fig. 9).

In-the Loeal-after-Distal-experiment; Experiment Distant after local showed the same general
characteristics and development as the Distant source experiment. The main difference is valley
initiation processes. We consider other differences as natural variations, which could have occurred
without the altered initial morphology. In the Distant after local experiment, initial seepage at the
downstream end focused within the valleys of the initial morphology. However, due to groundwater
flow piracy, only a limited number of these valleys fully developed. Six valleys started to form,
but only two valleys fully developed (Fig. 5¢). Development in the two remaining valleys was the
same as described for the distant experiment. In the early stages of valley development, the valleys
followed the path of the existing valleys in the initial morphology. When they became larger, they.
still followed the path of the initial valleys, although these were straight at this stage and the new.
valleys were much wider than the initial valleys. In our view, these mature valleys seemed to develop
independently from the initial morphology._

3.4 Effect of initial morphology on local precipitation experiment

In the Local after distant experiment, we studied the effect of the initial morphology in the oppo-
site way as in the Distal-after-Loeal-Distant after local experiment; the final morphology of Distal

the Distant source experiment acted as the initial morphology of this run (Fig. 5a). The same pro-
cesses acted in this experiment, though the initial morphology had a much larger effect on the final
morphology in this case.

In the first stage of the Leeal-after-Distal-Local after distant experiment, the present valleys reac-
tivated as the sediment saturated. Due to the rising groundwater level, the steep side- and headwalls
of the previous valleys became instable and collapsed. This resulted in a decreasing valley depth
and increasing width. The valleys that were abandoned in the Bistal-Distant source experiment due
to groundwater flow piracy reactivated as they were fed by local precipitation and subsequently
infiltrated groundwater, resulting in a smaller difference in valley size (Fig. 5d), compared to the
initial situation (Fig. 5a). Collapse of the head-wall caused headward erosion and lateral erosion
caused widening of the valleys. These are the same processes as in the Eecalrun-Local precipitation
experiment with no initial morphology, but the final morphology showed much wider valleys. The
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initially present valleys were relatively deep in comparison to the final valleys. The reduction in
depth of these valleys corresponded with this widening.

At the end of the

drainage network upstream-of the-valiey-head-Local after distant experiment, water ponded at the
upstream flat section of the experimental setup. This ponding seemed to be the result of the sediment
becoming fully saturated towards the end of the experiment. The headward developing valleys
tapped into this shallow reservoir, resulting in a final slightly catastrophic stage of erosion due to
the breach of this reservoir (Fig. 5d). We-do-notfurtherconsider-thiseventin-this-paper, buta-similar

4eyThis stage is not representative for
the main objectives of this paper and therefore not further considered here.

4 Examples of Martian valley systems

In this section, we show the morphology of Louros Valles and Nirgal Vallis (Figs. 10 and 11), two
Martian valley systems that were previously attributed to a groundwater seepage origin (e.g.

land Reiss} 2002; Harrison and Grimm), 2005}, (Glines and Fassett, 2013). These two system serve as
an example on how to apply our experimental results and have received much attention in recent
literature. Furthermore, these systems show branching valleys which also aids the interpretation of
these systems. In this section, we describe Louros and Nirgal Valles, their interpretation is part of

the discussion.

4.1 Louros Valles

Louros Valles are located at the north and south flanks of Valles Marineris. These valleys have
circular valley heads cutting into flat plains. The valleys have a total relief of several kilometers
and are between 10 and 100 km long (Fig. 10b and c). Upstream of the valley heads, there are no
visible tributaries or depressions in the elevation data or imagery. Downstream of the valleys, in

Valles Marineris, there are no clear deposits associated with these valleys. Sediment output in the

sediment-—Alternatively;-depesits-could-this case could be spread over a large area on the floor of Ius

Chasma as a thin veneer layer-and not recognizable as fluvial deposits. The valleys on the northern

flank are shorter than the valleys at the south. Of the southern valleys, there are two larger valleys in
the west; all other valleys are approximately equal in size. The valleys are closely spaced and several
valleys touch or intersect, resulting in a relatively densely dissected plain (Fig. 10c and d).

As an example, we show an elevation profile of the largest valley of Louros Valles (Fig. 10e).

These and other elevation data show a rough profile with many bumps, likely related to post-valley
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formation wall collapse or tectonism. At the distal-downstream end of the valley, the elevation
quickly drops, which shows the onset of Valles Marineris. Based on a 10km moving average,
we show the valley has a change in slope about halfway to a lower slope than the upstream part
(Fig. 10e). However, the irregular elevation data limits the interpretation of these observations.

All valleys show headward-bifureationsheadward bifurcations. For the northern valleys, the ori-
entation of the first-order valleys varies from northwest to northeast with most valleys oriented to the
north-northeast (Fig. @ The first tributaries, or second order (Hackl, [1957) valleys have a similar
spread in orientation, but most valleys are oriented to the west-northwest. For the southern valleys,
most first-order valleys are oriented towards the southwest while higher-order valleys are directed
towards the south-southwest or towards the west-southwest (Fig. [IZb). Interestingly, a few third-
and fourth-order segments are oriented in opposite direction (180°) as the first-order valleys (e.g.
Fig. 10d).

The lengths of the tributaries range between 5 and 15 km (the main valleys are longer, but most
are outside the graph), with no specific trend in the distribution of valley length (Fig. [I2d). Mean
heaward bifurcation angles of the different stream-orders are between 70 and 90° (Fig. @)

4.2 Nirgal Vallis

Nirgal Vallis consists of one more than 500 km long main valley and several sparsely distributed
side valleys of various sizes (Fig. 11). Valley depths range from several tens to several hundreds
of meters. The valley cuts into the plateau through several north-to-south oriented wrinkle ridges,
which are in places the highest points in the landscape. Several side-valleys align with these wrinkle
ridges (Glines and Fassett, 2013)).

The orientation of the main valley is dominantly west-northwest, the first-order tributaries have
the same dominant orientation, but a large part is deflected north- and southward (Fig. [I2c). This
tendency of dominantly westward-oriented ehannets-valleys is shown in the landscape (Figs. 11d and
[I2k). There a few larger side valleys, but most side-valleys are very short (Figs. 11d and[I2). This
results in the sparsely dissected landscape. The mean heaward bifurcation angle between valleys
is 70.7° with a standard deviation of 18.6 (Fig. [I2}), similar but slightly less than the results of
Glines and Fassett|(2013) for the same valley network but with less measured junctions. Bifureation

Headward bifurcation angles are similar for different stream orders.

5 Discussion

5.1 Valley morphology related to groundwater sourcecharaeter
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Fhese-valleys-eonsistof The valleys in experiments with a distant source of groundwater have half-
515 round, theater-shaped ;-valley heads with a sharp transition to the upstream, uneroded-surface—They
develop-in-un-eroded surface. These are similar to those found in previous studies on valleys formed
by groundwater seepage (e.g. [Howard and McLane, [1988} [Hagertyl [1991} [Dunnel [1980; [Fox et al.,[2006; Pornprommin et al.l 2010)
Valleys in our experiment fed from nearby infiltrated precipitation also featured round valley-heads

but lacked the steep theater-shaped head wall. The valleys from both boundary conditions developed
520 in a headward direction by destabilization of the channel-head-whichresultsfrom-valley head due

to either undercutting or slumping. The eroded material is transported theugh-along the valley by

fluvial processes. These two main processes showed a cyclic behavior as the fluvial erosion in the
valley was the trigger for collapse at the valley head. Furthermore, in both experiments, the slope

in the upstream section of the valley floor is-was steeper than in the downstream end-valley floor

525 (Fig. 6), which rest

relates to the transition from mass-wasted material

released at the valley head to the fluvial transport of material downstream.

The morphological similarity between theater-headed valleys in groundwater sapping features
(undercutting and failure by groundwater seepage erosion) at the beach 1982), in sand-

530 box experiments (Howard and McLane, [1988), on the Colorado plateau (Laity and Malin| [1985)
and valleys-on Mars is often used as an argument for a groundwater origin of the Martian valleys

(e.g. [Schumm and Phillips}, [1986; [Mangold and Ansan| 2006} [Harrison et al., [2013). A compli-
cation in the study of such morphology on Mars is that different processes yield a similar mor-

phology;fer-example, For example, waterfall erosion (Lamb et al., [2006) or groundwater weather-
535 ing (Pelletier and Baker, 2011) can also produce theatre-headed valleys. We do not solve that-this

controversy in this paper since the experiments here do not explore the morphological difference
between-different-differences between all these possible processes. Here, we focus on greundwater
proeesses morphology related to groundwater flow processes and subsequent erosion in further detail
and provide metrics of entire landscapes to aid the interpretation of Martian landscapes.

540 In the following discussion, we start by considering the applicability of our experiments. Then, we

propose different end-member landscapes based on knowledge from our experiments combined with

previous experimental and-work, modeling results and theoretical considerations. The main land-

scape properties are the distribution of valley lengths, valley order, valley spacing-and-bifurcations:

We-interpret-the-orientation and the angle between valley segments. We close the discussion with an
545 interpretation of the Martian valleys described abeve-in-thisframework-and-end-with-considerations

s—using the proposed landscape metrics

framework.

5.2 Scalability of experimental results
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The experiments described in this paper are not dimensionally scaled or direct analogues to the
550 Martian case studies. Instead, the experiments provide insights into the fundamental processes that

result from groundwater seepage and the resultant morphology. These experiments were devised to

contrast distinct sources of groundwater and complement previous work. The experimental setup

was designed to be simple in order to show clearly the effect of different hydrological boundary.

conditions. Different initial conditions will produce different landscapes, but again, our work is
555 focused on the essential underlying processes and representative morphological features.

The experiments presented in this paper, and previous work on seepage erosion, applies to landscapes.
formed by groundwater and thus landscapes that form in porous and erodible material. The overall
patterns are expected to be similar on different scales and for different materials that meet these
conditions, but details will differ. Our analyses are therefore limited to the large-scale patterns in

560 the landscapes and not expected to explain details. Below we point out the scale-effects in our
experiments and how we take these into account.

An important difference between the distal-andJlocalgroundwater-Distant source and Local
precipitation experiments was the steepness of the valley heads and sidewalls, which were much

steeper in the distal-groundwater-Distant source case. In the Bistal-Distant source experiment, the
565 groundwater table was deeper, resulting in an unsaturated (moist) top layer above the groundwater
table, which has more apparent cohesion than the saturated (wet) top layer in the lecally-infiltrated
groundwater-easeLocal precipitation experiment. In natural systems, such properties-shew-contrasts
in material strength arise from differences in soil or substrate properties rather than formative pro-
cesses. The depth of the unsaturated layer relates to capillary forces, which are scale-independent

570 and thus relatively small for large experimental valleys (see discussion in[Marra et all, 2014d). Nev-

ertheless, theater head formation took place in both cases with and without an unsaturated top-layer,

which indicates that this process takes place under both conditions and is not the result of this scale-
effect.

Destabilization of the headwall is a necessary condition for the development of sapping-valleys

575 valleys by seepage. This only takes place if sufficient sediment is removed from the toe of the head-

wall, which requires enough discharge for sediment transperterosion and transport along the entire

valley length. In previous smaller—sapping-experiments(Marraetal20H4a),—there—were—problems

580 experiments, (Marra et al.l 2014al), report on experiments in a 1 X 3m setup-flume with sand where
the valleys clogged due to the absence of downstream sediment removal(these—are—not-the-main

periments—reported-in-that-paper;-they-are-mentioned-in-the-diseussiom). Their solution to keep

the-sustain upstream processes and valley formation geing-was to flush away sediment at the down-

stream end. In that same setup, sapping-valeys-valleys from groundwater seepage did develop when
585 lightweight plastic sediment was used, resulting-in-which enabled sufficient sediment transport due
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to the lower material density. In other words, sufficient downstream erosion by fluvial processes is
essential to keep the cyclic formation characteristic for seepage valleys goin Sﬁnﬂﬁfky—fh&%&fgef

y—In the experiments de-
scribed in this studypaper, sediment was not flushed at the downstream endand-the-dewnstream

foreed-by-the-removal-of downstreamsediment;-, which shows that the scale-effect of having a toe
tow-insufficient discharge for sediment erosion and transport was overcome in our setup.

Additional work is required to understand the morphological details of valleys formed by groundwater
seepage. In particular, we expect important effects on valley shapes to result from layered substrates
with alternations in material erodibility. These effects can be studied experimentally, but to model
erosion rates on larger scales than can be represented in the laboratory, numerical modelling will
be more informative about the formative time-scales of such systems and may elucidate on terraces
found in Martian valley systems. Furthermore, using such models, Martian scenarios with a thick
layer of permafrost can be simulated which are unpractical to recreate in most laboratories.

5.3 Groundwater flow piracy, valley spacing and length distribution

The morphology of the entire landscape shows important differences that are related to subsur-

face groundwater flow processes. In the distally-fed-Distant source experiment, a decreasing num-

ber of channels—valleys remained active when smatt-smaller valleys ceased to develop. This be-
havior r&fe}a{ed—fe—gfetﬂidwa{er—pﬁaeyheﬁrelates to groundwater flow piracy by the larger val-

these depressions attract groundwater. Due to the travel distance and direction of the groundwa—
ter, areas downstream of large valleys receive less groundwateror even no groundwater as shown
My@%@w The resultmg landscape consists of a—fewlarge-and-several-small-valleys—in
several small inactive valleys

with no groundwater supply (Fig. 5a) ,—&Hd—val—leyﬁ—&?e—m&iﬂ-l—fin between a few large active valleys
oriented towards the groundwater source (Fig. 13a). In contrast, the locaty-fed—channels—Local

precipitation experiments did not feature groundwater flow piracy ;—which—results—in—asince the

roundwater source is distributed everywhere and therefore cannot be captured by nearby valleys.
The resulting landscape is densely dissected landseape-with valleys of similar size in close proximity

of-to each other (Flgs 5b and 13b) thef}esejafe*tmﬁ}Hs—a—stmﬂgﬂﬂdieaﬁefﬁhaﬁhe—a%ﬂ&bihfy—ef

An important parameter for groundwater flow piracy is the fraction of the groundwater flow that

a valley captures. This is controlled by the fractionratio of cross-stream to downstream groundwater
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flux (Pelletier, 2003, [Schorghofer et al, 2004), which is proportional to the groundwater gradient

in isotropic conditions. In the case of sapping-valleys-valleys formed by groundwater seepage, the
emerging valley itself leads to a topographic low that introduces a cross-stream groundwater slope,

which increases the flow towards that valley. This morphological feedback causes flow piracy when

a valley attracts enough flow to cease the development of another valley. This feedback and tendency

for flow piracy, is stronger for lewerregional-slopes-as-a—perturbation-flat surfaces in contrast to

valley formation on a slope, since a depression in a flat surface has a relative-targe-larger effect on
the convergence of groundwater flow (Pornprommin et al., 2010).

Our experiments show that the valley width-to-length ratio is similar for valleys formed by a distal
distant source of groundwater (Fig. 8a), which-was-but this is not the case for thelocally-fed-valleys
valleys generated by a local groundwater source (Fig. 8a). Sueh-The similarity in the development of
several distally-fed valleys is indicative for valley formation by the same source of groundwater. The
size of the valleys-dominantly-control-valley is the dominant control on the amount of water delivered

to that valley since a larger valley-seuree—yields-mere-and deeper valley yields more groundwater
seepage. In turn, the amount of erosion relates to the size of the valley and hence, the morphological

development is similar for the different valleys. The amount of water delivered to the loeally-fed
channels-valleys fed by local precipitation is only partly controlled by this mechanism. In this case,
the amount of groundwater delivered to the valley head also depends on upstream area and local
watersheds.

Initial conditions may affect the location and-thus-of valley initiation and thereby the spacing of

valleys in the final landscape. In our distatby-fed-Distant after local experiment with minor initial
morphology (Bistal-after-Eecabland a distant groundwater source, the initiation of sapping-valleys
seemed-valleys appeared to be related to the initial perturbation of the surface, but the resulting

processes and the final landscape was similar to the experiment with no initial perturbations. This

shows that seepage is robustly driven by the subsurface flow pattern and agrees with the observa-

tions of Schumm and Phillips| (1986) +-that valleys of a composite origin dominantly reflect the last

process. In contrast, in the locally-fed-experiment-withinitial- perturbations-(loeal-after-Distab Local
after distant experiment with, there was a major-effeet-significant effect of the initial morphology as
old valleys reactivatedand-deminated-the-final-morphology—

trthermore,—ow-piracy-aamp

development-of-small-perturbations—An-impertant-. Importantly, the valley patterns in the Distant
after local experiment are similar as in the Distant source experiment, an hardly influenced by the

initial morphology. An implication is that the location and orientation of distally-fed-sapping-valleys
strongly-valleys fed from a distant source relate to the hydrological system and can-thus-be-used-as

an-indieator-of- thereby provide an indicator for the possible source of groundwater.
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5.4 Headward ehannel-bifurcations

Our experimental valleys did not bifurcate at their ehannel-valley head, which is considered a typical
property for sapping-vateys-valleys fed by groundwater seepage (e.g. Howard and McLane! |1983).

The absence of headward bifurcations in our experiments is the result of the steep slope in the
downstream half of the setup. [Pornprommin et al| (2010) showed that atowregional-slope,—and

thus-lewer-merphelogical feedback;resultedfor valleys that formed in a flat surface, result in more
seepage at the flanks of the valley head, which increased the tendency of the valleys to bifureatesplit

when growing in a headward direction. Our results show that seepage on a relatively-steep slope
suppresses the tendency to form such headward bifurcations, compared with similar experiments

with-a-herizontal-surfaceon horizontal surfaces, which do show headward bifurcations (Fig. 13a and
c; e.g.|Berhanu et al, 2012).
Besides the regionatinitial slope, Berhanu et al.[(2012) showed that valleys fed from a local source

have a higher tendency to bifurcate in a headward direction. This tendency relates to the groundwater

flow that enters the ehannel-valley head from a wide range of directions and not mainly from up-

have-many-or the direction of the groundwater source. As a result, valleys formed by seepage from

a local source on a flat topography have many headward bifurcations which results in a densely dis-
sected landscape (Fig. 13d);-. This pattern is similar to the Apalachicola Bluffs (Florida) which were

have been shown to be formed by seepage of locally infiltrated precipitation (Abrams et al., 2009).

The flow field that results from local infiltration into a flat substrate results in heaward bifurcations

angles of 72° (Devauchelle et al} 2012). This value has been considered as evidence for a groundwater
origin of Nirgal Vallis by Glines and Fassett (2013). but this value is only characteristic for seepage
from uniform precipitation on a flat surface and is therefore not universally applicable. Furthermore,
les between valleys (Luo et al. ,11997)

which is also likely the case for Nirgal Vallis (Glines and Fassett, [2013]).

The combined occurrence of developing headward bifurcations and groundwater flow piracy re-

structural controls from tectonics may also dictate the ang

sults in the formation of typically stubby tributaries. When a valley bifurcates in headward direction,
there are two e¢hannel-valley heads close to each other, which will in many-eases-result in abandon-
ment of one of the two (Fig. 13c) due to the presence of groundwater flow piracy. This behavior and
the resulting morphology is indicative of sapping-valley formation by seepage from a distal-distant

groundwater source.
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5.5 Origin of Martian examples

In-this-paper;-we-We analyzed the landscape of Louros and Nirgal Vallis, two valley systems often
695 attributed to groundwater seepage. Two additional examples are shown in Fig. 13a and b and these
examples are described below to serve as an illustration of how the morphology can appear, but are
not analyzed further. The valleys in Noctis Labyrinthus (Fig. 13a) show valleys with no headward
bifurcations and a few small valleys in between larger valleys. Although the plateau where these
valleys cut into is flat, there is a strong gradient between valley head and outflow point, which is
700 what-we-mean-with-illustrates our contention that a steep slope and-which-is-what-suppresses the
tendency to-bifureatefor headward bifurcation to form. The small valleys in Gale Crater (Fig. 13b)

are similar in size, shallow and the-there is a regional slope. These-examplesserve-as-an-illustration

Alternate hypotheses for similar valley fermation-formations are bedrock erosion by catastrophic

705 release of surface water I@ or bedrock weathering rather-and erosion by groundwater
(Pelletier and Baker},[201T)- aitte ield-asimitars appiigt i
ma{eﬂal——aﬂd—fhe—fweﬁfeeesses—wetﬂe}%ﬂee}y—aek M in the same systems—&s

710

4aycombination of boundary conditions and morpholo
as seepage in unconsolidated materials. Another hypothesis for the formation of Louros Valles is

focused erosion by meltwater in between patches protected from erosion by the presence of an
i : 0).
The evidence in favor of a groundwater origin en-both-eases-over surface flow in both Nirgal

715 and Louros, is the absence of upstream feeder channels to-into the main valleys. However, billions

of years of weathering and a dust cover could have obscured such small channels. The elevation
proﬁle of one of the Louros Valles is bumpy (Fig. 10e), likely due to later activity. Based-on-filtered

W%G%W%MWWMWMM

720 such profile in comparison to elevation profiles of the experiments (Fig. 6) is limited. Therefore,
we use the properties of multiple valleys and valley segments in the entire landscape rather than

The orientation of valley segments of Louros Valles is diverse with-wide-bifureation-angles-and

and has a broad range of valley lengths, resulting in a densely dissected landscape (Fig. 10). Such a

725 landscape is typlcal for a local groundwater source (Fig. 13d). ?he«b}fufe&ﬁmaﬁng}e%haveﬂmeh

)

in Louros Valles, some higher-order valley segments are oriented in eppeﬂ{eﬁifeeﬁeﬁggmpl
direction with respect of the main valleys (Fig. 10d), which can enly-be-explained-by-be the result
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730 of a local source of groundwater and not by—surface—flowfolowing—the-topegraphygroundwater
coming from greater distances. Additionally, the presence of valleys on both sides of Valles Marineris
suggests a local groundwater source and not groundwater coming from a great distance.

A possible local source of groundwater for Louros Valles is precipitation; melt of snow, ice or
permafrost; or upwelling groundwater from a cryosphere-confined aquifer —Anothersource-of-water

735 .g.|Clifford,

the outflow channels further northeast s-although-the-which are likely to have formed by the release
of pressurized groundwater from a confined aquifer. The timing of events here is crucial —Fhe-since

the presence of Valles Marineris, and the clear formation of Louros Valles after the opening of
740 Valles Marineris, suggest that this aquifer was at that point cut-off ;-and-infact-split-between-and
split between the north and south. Seepage at Louros Valles rather than the formation of an outflow
channel could represent a-low aquifer pressure, which fits a trend of lower groundwater pressures

at higher elevations in Ophir and Lunae Plana (Marra et al., 2014b)). An- is

O OB—O o O y o hv—fo ad araciq of-me o N
O dtio O OHtros d S5O OCuSS5Ca 0510 O w-ad

745

the subsidence of Valles Marineris into the aquifer may have been a trigeer for outflow or upwellin
of groundwater. This hypothesis could be further explored and the asymmetry between the valleys

on the North and South flank may provide additional insight into the nature of such aquifer.

750 rd- ; . s indeed . o Adw istikely-distalThe landscape

of Nirgal Vallis is an exemplar of valley formation by seepage from a distant source, given the

large number of small valleys typical for groundwater piracy—due—to-a—distal-souree—flow piracy
(Figs. 11, 5a, 13a and c). The groundwater source was likely to have been west of the valley due

to the orientation of most valleys towards that direction. The-average-bifurcation-angle-is—elosete

755

760 A possible source of groundwater fer Nirgal-Vallis-is-groundwater-flow from the west ;-whieh-is

ultimatelyrechargedfremTharsis-could be recharge in the Tharsis region (Harrison and Grimml 2004]).
Seepage of groundwater eould-have-takenlikely took place before the formation of a eonfining

765 lobal confining cryosphere

which is considered a requirement for aquifer pressurization for the Martian outflow channels in
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the Hesperian (Cliffordl[1993[Marra et al.l 2014¢). Alternatively, a regional discontinuity may be

the reason for seepage at Nirgal Vallis. In that case, seepage took place during an early stage in
the i

implications are the presence of precipitation in the source region which could be aqueous or icy
(Wordsworth et al.,[2013)), but widespread precipitation is not required and a groundwater system
as the dominant element of the hydrology shows that these valleys could form in the absence of a

Based on our and previous experiments, this study now provides a framework which-tinks—the

landseape-that links landscape properties to the groundwater source eharaeteristieslocation. The two
Martian examples shown, further illustrate this link. Although different processes could produce
similar valley morphologies, the strong correspondence of the landscape metrics of these examples
and those produced by sapping-hints-seepage points towards at a groundwater origin. Particutarty
In particular the distant groundwater source of Nirgal Vallis implies a well-developed groundwater
system. Perhaps most significantly, outflow and valley formation of such a system could have taken
place regardless of climate conditions eptimat-fer-being optimal for the sustained presence of liquid

water on the surface.

6 Conclusions

We studied groundwater seepage processes and subsequent valley formation using a series of large
sandbox experiments. Our experiments focused on the difference between lecally—er-distally-fed
vatleys-on—a—steep-stopevalleys fed from groundwater originating from a distant source or from
infiltrated local precipitation. In both cases, valley heads developed in headward direction by mass-
wasting processes triggered by steepening due to fluvial sediment transport out of the valley.
Combined with previous experimental work, we provide a framework of driving processes and
resulting landscape metrics for sapping-valleys fed by a distal-and-lecal-seureedistant source and
local precipitation, and for a steep and flat topography. Their main characteristics are as follows.
(1) Due to groundwater flow piracy, seepage erosion from a distant groundwater source results in

a sparsely dissected landscape with a few large and many small valleys. Valleys fed by-a—local

sroundwater-seuree-from a local source of groundwater, e.g. precipitation, for-example-infiltrating
preeipitationor-melt-of-groundiee;-are not characterized by flow piracy and have a range sizes, result-

ing in a densely dissected landscape. (2) Valley formation in horizontal surfaces promote the devel-

opment of headward bifurcations in contrast to steep surfaces where this tendency is suppressed. For

distally-fed-sappingvalleys fed by a distant source of groundwater, the combined occurrence of bifur-
cating valleys and flow piracy results in valley systems with stubby tributaries. Feeally-fed-sapping

valleys-Valleys fed by locally infiltrated groundwater on horizontal surfaces grow in a wide range
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of directions due to the eceurrence-and-prevalence-of-bifureationsdevelopment of many headward

bifurcations which remain morphologically active.
As an example, we applied these characteristics to two Martian systems. Firstly, Louros Valles

shows a densely dissected landscape with a broad range of valley orientations and valley lengths.
This landscape is typical for a local groundwater source. Such local source could relate to an aquifer
that fed the outflow channels, but is more likely related to local precipitation or melt of ice or snow.
Secondly, Nirgal Vallis whoes-illustrates a sparely dissected landscape with many small and only
a few large valleys that-are-oriented-dominantly-to-the-westwith a single dominant orientation. This
indicates a distal-distant groundwater source in the west, which is likely produced from recharge
at Tharsis. Further study of similar landscape properties as a result of overland flow is required to

furtherresolve-advance the ambiguous interpretation of these valleys.
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Figure 1. Examples of theater-headed valleys. {a) (a) Louros Valles on Mars, (perspective view); by (b) valleys
on the coast of the Atacama Desert, Chile (oblique photo, human for scale); te} (c) a riverbank (oblique photo);
td) (d) Side valleys of Snake River, Idaho, USA (orthorectified image); €e) (¢) valleys on the coast of the
Atacama Desert, star indicates position of viewpoint of tb) panel b (orthorectified image); ¢f) (f) Apalachicola
bluffs near Bristol, Florida, USA (orthorectified image). Image credits: €a) (a) Google Earth (NASA/USGS,
ESA/DLR/FU Berliny, b} (b) Tjalling de Haas, t¢) (c) Wouter Marra, td;£) (d,f) Bing Maps Imagery, {é) (d)
Courtesy of GFZ Potsdam.
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Figure 2. Fundamental processes at valley heads for overland flow and groundwater seepage. (a) Valleys formed

by groundwater seepage extend in headward direction by mass-wasting processes. (b) Valleys by overland flow

deepen by fluvial incision and extend in headward direction by knickpoint retreat.
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Figure 3. Setup of the sapping-experiments. a) (a) Oblique photo from downstream end of the flume, showing
the initial sediment surface, gutter and constant head tank in the back. The rain simulators and cameras are above
the photographed area; their approximate locations (E+—€6C1-C6) are shown. tb) (b) Cross section showing
setup with impermeable floor, constant head tank (ch), gutter, approximate location of spray nozzles (sn) and

brickwork. e} (c) Plan view showing the locations of the rain simulators (x), camera locations (E+—€6C1-C6)

and positions of the laser scanner (LS1, LS2).
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a Distant source experiment

S

Figure 4. Stills from time-lapses of the experiments showing the main morphological development. Full time-

lapse movie are available in the Supplementonline su 3q)ementa materials.



Figure 5. Erosion maps / final morphology of the experiments showing valley letters used in subsequent figures.

ta) Bistal-(a) Distant source experiment, by (b) Local precipitation experiment ¢e) Bistal-(c) Distant after Eoeat
local and € (d) Local after Bistatdistant.
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Figure 6. Channel profiles and slopes. €a) (a) Channel profiles of valleys C, D and E of distat-the distant source
experiment and valleys N and L of local precipitation experiment, displayed with factor 2 vertical exagger-
ation. Elevations are arbitrary and plotted with offset for clarity. The three distal-distant source experiment
profiles show three arrested stages of development also seen in larger valleys: incipient sapping-valley without
a-steep valley head (D), developing valley with moderate steep valley head (C) and developed valley with steep
valley head and reduced valley floor gradient (E), arrows indicate break in slope at the valley floow. tb) (b)
Boxplot of slope in upstream and downstream part of all valleys in-distat-of the distant source (n=95n = 9)
and local precipitation (r—=-+4n = 14) experiments. The horizontal dotted line shows the initial surface slope
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Figure 7. Valley development in the distal-distant source (left panel) and local precipitation (right panel)
experimentexperiments. Main valleys indicated with colors, letters in legend correspond with letters in
Fig-Figure 5. ta; ) (a,f) Valley width and tb;g) (b,g) length derived from orthorectified time-lapse imagery,
tesh) (c,h) valley depth derived from SFM-dems, td54) (d,i) estimated erosion rated from these properties and

tes 1) (e,)) total cumulative erosion estimate from valley volume compared to measured sediment output.
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Figure 8. Development of valley width vs—versus length of the {a) distal-(a) distant source and ¢b} (b) local
precipitation experiment. Colored symbols in panel a -represent the three main valleys. Values are plotted for
all time-lapse intervals (valley dimensions increase with time). The open symbols in panel a -represent valley
dimensions when the measured valley section flowed at the side wall which influenced the valley width. Dotted

line indicates trend of the three persisting valleys when the flume wall did not influence their width.

Figure 9. Final morphology of experiment Local precipitation 2, which is the initial morphology of experiment
Bistat-Distant after Loeatlocal.
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Figure 10. Maps and profile of Louros Valles. ta) (a) Overview map showing location of {b) panel b (MOLA
shaded relief). tb} (b) THEMIS daytime infrared mosaic with color-coded MOLA DEM, showing location of te
panels ¢ and éhd. €e) (c) Valley centerlines, color-coded with stream-order on THEMIS day-IR mosaic. d) (d)
Detail of the network showing a -densely dissected landscape and bifurcating valleys. te) (¢) Elevation profile
based on HRSC data, moving average using a —+6-10-km window (plotted with 1000- m vertical offset) and
slopes of two segments. Location of this profile is the first order valley indicated in {e)panel c.
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Figure 11. Maps of Nirgal Vallis. {a) (a) Overview map showing location of tb} panel b (MOLA shaded relief).
by (b) THEMIS daytime infrared mosaic with color-coded MOLA DEM, showing location of e panels ¢ and
&d. te) (c) Valley centerlines, color-coded with stream-order on THEMIS day-IR mosaic. {d) (d) Detail of the

network showing a -sparsely dissected landscape with many small and a -few large valleys.
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Figure 12. Landscape metrics of Louros and Nirgal Vallis. fa—e) (a-c) Valley orientation for valleys on the north
{a) (a) and south flank €d) (d) of Louros Valles and Nirgal Vallis te)(c). (¢ and-ed-¢) Valley length (distance
to lower-order valley) distribution for different stream orders, most main valleys (order 1) plot far outside the
shown window for ¢d) (d) Louros and e} (¢) Nirgal Vallis. (f and-gf-g) Distribution of bifurcation orientation
and boxplots per stream order for ¢f) (f) Louros and €g) (g) Nirgal Vallis.
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Figure 13. Landscape end-members formed by groundwater seepage as result from a -distal-distant source or
local seureeprecipitation, and steep or horizontal surface. Each panel shows a -schematic diagram (upper left),
an Martian case showing a -similar morphology (upper right) as an example and the expected valley length
distribution and valley orientation (bottom). A -distal-distant source {a;-€) (a,c) results in valley abandonment
due to upstream capture of groundwater, where-whereas a -local groundwater source tbs-é) (b.d) is less prone
to flow piracy. Horizontal surfaces €e;€) (c,d) have a -strong tendency to from valley bifurcations in contrast
to steep slopes fa;b)(a,b). Distatty-fed-valteys-Valleys emerging from a distant groundwater source result in an
open landscape as no valleys develop downstream of large valleys. Similar Martian landscapes in €a) (a) Noctis
Labytinthus (THEMIS image), tb) (b) Gale Crater (CTX image), fe} (c) Nirgal Vallis (THEMIS image) and (e}
(d) Louros Valles (THEMIS image).
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Table 1. Experimental runs, their duration, discharge setting and data acquisition intervals, video number

corresponds with videos in the online supplementary materials. Abbreviation used: d=days, h=hours

Experiment Duration ~ Mean  Cumm. Time-lapse SfMinterval video
Q Q(m’) interval
(Umin)
Distant source 3d.3h. video 1.
24 10 5 min. 1d.3h.
2d.2h
2d.22h
3d.3h
Local precipitation 2 40 min.
Distant afterlocal ~ 3d. 16 h. video 4.
2 10 Smin., 2h.
21h.
2d.0h.
2d.20h.
3d.16h.

39



	Response to Reviewer 2_Anonymous
	Changes



