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are sinuous ridges comprising sediment deposited by meltwater draining through ice-confined tunnels
within or beneath glaciers. Detailed morphometric insights into eskers on Mars are important for (i)
informing morphometric tests of whether sinuous ridges elsewhere on Mars are eskers, and (ii) informing
modelling experiments which aim to reconstruct the glaciological and environmental controls on esker

Keywords: formation on Mars. We use a digital elevation model generated from High Resolution Imaging Science
Mars geomorphology Experiment (HiRISE) images to characterise the height and width of an extremely rare esker associated
glaciers on Mars with a late-Amazonian-aged viscous flow feature (debris-covered glacier) in NW Tempe Terra, Mars.
wet-based glaciation Our measurements suggest that the NW Tempe Terra esker is a ‘stacked’ formation comprising an
esker underlying ‘lower member’ ridge that is superposed by a narrower ‘upper member’ ridge. We used a

glacial hydrology novel morphometric approach to test whether the apparent stacking records two distinct esker deposition

regimes (either within the same drainage episode, or within temporally-separated drainage episodes).
This approach posits that esker crest morphology is controlled by primary esker formation processes and,
by extension, that portions of eskers with similar crest morphologies should have similar morphometric
relationships. We predicted the morphometric relationships described by the constituent upper and
lower member ridges based on ‘reference relationships’ observed for morphologically-similar portions
of the esker where no evidence of stacking was observed. Our observations corresponded well with
the predicted relationships, supporting our stacked esker hypothesis. We propose conceptual models,
which invoke spatial and temporal variations in sediment supply and meltwater discharge, to explain the
stacked morphology. These models are informed by morpho-sedimentary relationships observed along

eskers on Earth.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction ern mid-latitudes have been interpreted as eskers based on their
morphologies and associations with glacial landsystems, including

Sinuous ridge landforms in the Phlegra Montes (162.96°E, extant debris-covered glaciers (viscous flow features, VFF; Gal-
32.68°N; Gallagher and Balme, 2015) and NW Tempe Terra lagher and Balme, 2015; Butcher et al., 2017). Eskers are ridges
(83.06°W, 46.17°N; Butcher et al., 2017) regions of Mars’ north- comprising glaciofluvial sediment deposited in meltwater drainage

conduits within or beneath glacial ice. The mid-latitude glacier-

linked eskers on Mars indicate that their parent glaciers underwent

* Corresponding author. rare, localised basal melting ~110-150 Ma, despite the extremely
E-mail address: f.butcher@sheffield.ac.uk (EE.G. Butcher). cold, arid conditions of the most recent (late Amazonian) period of
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Fig. 1. The glacier-linked esker in NW tempe Terra esker, Mars. (A) Context Camera image mosaic of the glacier-linked esker in NW Tempe Terra. White arrows mark the
southern and northernmost visible extent of the esker, black arrows mark heads of two possible tributary eskers, the white dotted line delineates present VFF terminus, black
dotted lines delineate morphological subzones I-1V defined by Butcher et al. (2017), and white boxes show extents of panels C-F. Extent shown by black box in panel (B), a
colourised Mars Orbiter Laser Altimeter (MOLA) elevation map overlain on Thermal Emission Imaging System Daytime IR image mosaic showing the location of the tectonic
rift hosting the glacier-linked esker. Extent shown on inset MOLA elevation globe. Panels C-F show portions of (C) subzone I, (D) subzone II, (E) subzone III, and (F) subzone
IV of the esker. Panels C, D and F are orthorectified HiRISE images, and panel C is a CTX image. See Appendix A for list of data products.

Mars’ geologic history (Gallagher and Balme, 2015; Butcher et al.,
2017). Both eskers are located within tectonic rift/graben valleys.
These geologic contexts, combined with the results of modelling
experiments, suggest that locally-elevated geothermal heat flux
was a pre-requisite for geologically-recent basal melting of glacial
ice on Mars (Gallagher and Balme, 2015; Butcher et al., 2017;
Arnold et al., 2019; Sori and Bramson, 2019).

In this study, we characterise the metre-scale 3D morphome-
try of the glacier-linked esker identified by Butcher et al. (2017)
in NW Tempe Terra, Mars (83.06°W, 46.17°N; Fig. 1). Our principal
aim is to document its morphometry and provide a comparative
dataset for future studies aiming to test whether sinuous ridges
elsewhere on Mars are eskers. Our raw measurements (Sections 4.1
and 4.2) highlight complexity in the morphology of the NW Tempe
Terra esker, and suggest that the ridge is in fact a composite esker
formation comprising two ‘stacked’ ridge members (Section 4.3).
We apply a novel morphometric approach to our raw measure-
ments to explore this hypothesis (Section 4.4), and present the
morphometries of the constituent ridge members that we identify

(Section 4.5). Based on insights from eskers on Earth (Section 5.1;
e.g., Banerjee and McDonald, 1975; Brennand, 1994; Burke et al.,
2008, 2010, 2012, 2015; Perkins et al., 2016), we then develop
conceptual models for the possible sediment-discharge dynamics
of meltwater drainage episode(s) that could explain the observed
morphometries and esker stacking (Section 5.2).

2. The NW Tempe Terra esker

The glacier-linked esker in NW Tempe Terra (Fig. 1A-B), and its
associated landsystem and geologic context, was mapped and de-
scribed in detail by Butcher et al. (2017). To summarise, the esker
emerges from within the tongue of its parent glacier (lobate de-
bris apron-type; e.g., Squyres, 1979), and extends northward into
the glacier foreland. It comprises a single trunk ridge system and
two short (~400 m long) tributary ridges connecting to its east-
ern flank. Butcher et al. (2017) defined four major morphological
subzones along the esker. Subzone I (~0-5 km; Fig. 1C) is a low-
relief, textured band comprising ridges and troughs within the sur-
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face of the remnant parent glacier. Subzone Il (~5-8 km; Fig. 1D)
comprises a ~150 m wide, sharp- to multi-crested central promi-
nence atop a broader 500-1500 m wide ridge, the gently-sloping
lower flanks of which are mantled by remnant glacier materi-
als of unknown thickness. Subzone Il (~8-11 km; Fig. 1E) is a
round-crested ridge portion that is up to 1300 m wide and extends
northward into the glacier foreland from the glacier terminus. The
ridge narrows gradually towards the subzone IlI-IV transition. Sub-
zone IV (~11-17 km; Fig. 1F) has a narrower (150-200 m wide),
sharp-crested morphology that extends a further ~4 km into the
glacier foreland. The northernmost ~2 km of subzone IV comprises
fragmented and degraded ridge segments.

3. Data and methods
3.1. Basemap data

We extracted measurements of the esker from the 1 m/pixel
digital elevation model (DEM; vertical precision +0.492 m) and
50 cm/pixel orthorectified images generated by Butcher et al.
(2017) from High Resolution Imaging Science Experiment (HiRISE;
McEwen et al,, 2007) images ESP_049573_2265 and ESP_049639_
2265. Given the resolution of the input images, we consider the ef-
fective horizontal resolution of the DEM to be 2 m. We imported
these data into ESRI ArcGIS 10.1 software in a sinusoidal projection
centred on 276.5°E. (the centre of the valley hosting the esker).
We then derived slope, shaded relief, and aspect map products
from the DEM to aid visual inspection and interpretation of the
3D surface. A list of data products used in this study is provided
in Appendix A.

3.2. Measurement of 3D morphometries

Following the methods of Storrar et al. (2014a) and Butcher
et al. (2016), we digitised the crests of the individual, unbroken
ridge segments that form the esker system onto the integrated
basemap. For the purposes of this study, we digitised only the ma-
jor trunk system and excluded two ~400 m long tributary ridges
identified by Butcher et al. (2017).

To measure the height and width of the esker, we manually
digitised ridge-transverse transects exceeding the ridge width, at
20 m intervals along the esker crestline. We converted each tran-
sect to 1 m spaced points and viewed them in topographic profile
(with ten times vertical exaggeration) and in planform against the
basemap. We classified the left and right ridge base points for each
transect as the major breaks in slope either side of the ridge, and
the crest as the point of maximum elevation between these points.

Following Butcher et al. (2016), we then calculated ridge height
H for each cross-sectional transect as the difference in elevation
between the ridge crest point and the bed. We calculated the bed
elevation by averaging the elevations of the left and right base
points. We calculated ridge width for each cross-sectional transect
as the horizontal distance between the right and left base points.

Post-processing of our raw 3D measurements is described in
Section 4.4. The crest points and associated raw height and width
measurements, in addition to processed height and width data
generated during the analyses presented in Sections 4.4 and 4.5,
are included in supplementary dataset 1. We performed statistical
analyses using R software (R Development Core Team, 2008).

3.3. Sampling

We excluded cross sectional transects from the sample if: (1)
the base of the ridge was obscured by proximal tributary ridges,
(2) they had been visibly modified by secondary processes such as
impact cratering or superposition by moraine ridges (see Butcher

et al.,, 2017), or (3) they were within 40 m of the tapering ends
of the ridge segment. We excluded subzone I (Butcher et al., 2017)
from our morphometric analyses owing to its near-complete ob-
scuration by superposing VFF materials. Our raw dataset comprised
measurements for 457 cross-sectional transects (see Appendix B).

3.4. Measurement uncertainties

Appendix C describes calculations of measurement uncer-
tainties. These uncertainties consider the vertical precision of
(£0.5 m), and noise within (£+1.3 m), the DEM. We found un-
certainties induced by map projection distortion to be insignificant
(«0.001 m). The uncertainties in raw height and width measure-
ments are +£2 m and +3 m, respectively.

The ridge flanks in subzone II are partially mantled by remnant
VFF materials. This probably results in underestimations of ridge
dimensions, possibly on the order of tens of metres. The lack of
known bed topography prevents quantification of the magnitude of
this uncertainty, but a significant break in slope visible at the ridge
base points in subzone II suggests that the superposing material is
relatively thin; thick ice or ice-rich debris would be expected to
have equilibrated this break in slope over time.

4. Results and analysis
4.1. Raw height and width measurements

The distributions of the raw height and width measurements
for the NW Tempe Terra esker are shown in Fig. 2A-B. Descrip-
tive statistics for these measurements are displayed in Table D.1
(Appendix D).

When plotted together (Fig. 2C), the raw height and width mea-
surements are positively correlated but exhibit complex trends.
Subzone IV measurements follow a simple linear trend, while
the subzone Il and III measurements exhibit multiple non-linear
trends. In the analyses that follow (Sections 4.3 and 4.4), we
demonstrate that this complexity is probably an artefact of stack-
ing of two morphologically-distinct esker ridges under a multi-
stage deposition regime (Section 5). Hence, the height-width
trends illustrated in Fig. 2 and Fig. 3 should not be interpreted as
scaling relationships arising from a single, representative regime of
meltwater drainage and esker deposition. Instead, simpler height-
width trends described by the individual stacked components (ex-
tracted in Section 4.4.3), are more likely to reflect their primary
deposition regimes.

To simplify our analyses, we exclude transects covering the
transitions between morphological subzones (n = 43; crosses in
Fig. 2C, see also Appendix B), since their morphometries may not
be representative of individual morphological subzones.

4.2. Definition of morphometric domains and their morphologies

Our raw measurements of the NW Tempe Terra esker (Fig. 3)
illustrate morphometric complexity below the scale of morphologic
subzones [-1V identified by Butcher et al. (2017). We identify six
groupings in the scatterplot of raw height and width (Fig. 3), which
we term domains (coded A-F). As illustrated in Fig. 4, each domain
is related to a set of spatially-associated transects along the esker.
Five domains (A-E) correspond to transects within subzones Il and
[Il. Domain F contains all transects within subzone IV.

Domains A and E have similar height-width trends, while in
domains C and D, the ridge is significantly taller for a given width.
Domain B exhibits no correlation between raw height and width;
transects in this domain cluster in a relatively narrow width range
(697-825 m), but their heights (in the range 17-37 m) bridge the
gap between transects with similar widths in domains A and E,
and C-D.
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Fig. 2. Distributions of raw height and width measurements along the NW Tempe
Terra esker. Panels A-B are boxplots, in which boxes represent the interquartile
range, dashed whiskers represent maximum and minimum, solid bars represent the
medians, and points represent the means of: (A) raw ridge height, and (B) raw ridge
width. Panel (C) is a scatterplot of the raw height and width measurements. Crosses
represent transects that occur at transitions between morphological subzones and
are excluded from subsequent analyses. Error bars represent uncertainties calculated
in Appendix C. In all panels, colours represent subzones defined by Butcher et al.
(2017).

4.2.1. Domains A-B

Domains A-B (Fig. 3) are located in subzone II of the esker
(Fig. 4), which Butcher et al. (2017) described as ‘multi-crested’. In
domain A, the ridge has a broad, rounded central crest, and a sec-
ond, parallel crest part way down its gently-sloping western flank
(Fig. 4B and Fig. 5B-C). The crests are separated by a 100-200 m
wide, 2-5 m deep, flat-bottomed trough (Fig. 5B) which is itself
partially infilled by a small ridge (Fig. 5C) towards the transition to
domain B.

The broad, gently-sloping flanks of domain A continue into do-
main B (Fig. 4 and Fig. 5D-E). However, the ridge crest in domain
B instead has a narrow, more steep-sided central prominence atop
the broader ridge (Fig. 5D). The central prominence has a sharp
crest which transitions to two sharp, parallel crests which are sep-
arated by a 50-60 m wide, ~5 m deep, V-shaped trough.

The central prominence in domain B appears to be continuous
with the small ridge that partially infills the northern end of the
inter-crest trough in domain A. The sharp to multi-crested cen-
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Fig. 3. Definition of morphometric domains along the NW Tempe Terra esker. Scat-
terplots of raw height and width measurements sampled for further analysis show-
ing: (A) domains of spatially-associated transects (outlined by dotted loops); (B)
transects where there is no visible central prominence, which follow two dominant,
approximately linear trends; and (C) transects with a visible central prominence. In
all panels, error bars represent uncertainties calculated in Appendix C, and colours
represent subzones defined by Butcher et al. (2017).

tral prominence that characterises domain B continues northward
to the southern margin of domain C. However, a sampling gap be-
tween domains B and C (necessitated by proximity of this portion
of the ridge to a possible tributary ridge, see Section 3.3) means
that we do not speculate on the morphometry of this ridge por-
tion, despite its morphological similarity to domain B.

4.2.2. Domains C-F

Domain C (Fig. 4) corresponds to a short portion of the ridge
extending north from the subzone II-III transition identified by
Butcher et al. (2017). It is morphologically similar to domain B (i.e.,
comprising broad lower flanks and a steep-sided central promi-
nence), except that the central prominence is entirely characterised
by a single crest (Fig. 5F). The sharp-crested central prominence
gradually becomes lower, wider, and more round-crested (Fig. 5G)
into domain D, transitioning to a spatulate form that grades into
the surface of the broader ridge at the northernmost end of do-
main D (Fig. 4).

Domain E has a relatively simple, wide, round-crested morphol-
ogy (Fig. 4; Fig. 5H), and lacks a central prominence. It narrows and
lowers towards its northern end, tapering towards the transition
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becomes topographically indistinct (i.e. the Umb terminus). See Appendix A for data products. Colours in all panels represent subzones defined by Butcher et al. (2017).

to domain F. Domain F has a narrow, sharp-crested morphology
(Fig. 4; Fig. 51). Like domain E, domain F exhibits no distinct cen-
tral prominence. Visually, the domain F ridge is similar in width to
both the central prominence in domains B and C (Fig. 5D and F),
and to the inter-crest trough in domain B (Fig. 5B).

4.3. The stacked esker hypothesis

The observations described above lead us to propose that do-
mains A-D of the NW Tempe Terra esker form a ‘stacked’ es-
ker formation comprising two morphologically-distinct esker ridges
(which we term members) which formed under a multi-stage esker
deposition regime. We hypothesise that the raw heights measured
for domains B-D (Fig. 3) represent the composite heights of these
stacked ridge members: (1) a broad underlying ridge in domains
B-D which is continuous with domains E and F, and we term the
lower member (Lmb) ridge; and (2) a narrower secondary ridge (the
upper member, Umb) that was deposited atop the Lmb in domains
B-D. Following this hypothesis, we propose that domain A was
originally round-crested, and that the inter-crest trough part way

down its gently-sloping western flank was eroded by meltwater
supplying the Umb in domains B-D.

4.4. Tests of the stacked esker hypothesis

4.4.1. Approach

To explore the stacked esker hypothesis, we first made pre-
dictions about the height-width trends that would be observed if
the signals of the Umb and Lmb ridges were separated. The Lmb
comprises two domains where there is no evidence for a super-
posed ridge (domains E and F); domain E has a simple, broad,
round-crested morphology, while domain F has a simple, narrow,
sharp-crested morphology. We used the morphometries of these
domains as ‘reference morphometries’, upon which we based our
predictions of the height-width trends of morphologically-similar
portions of the constituent Umb and Lmb ridges in the stacked do-
mains (Fig. 6A). Observations of eskers on Earth suggest that the
crest morphologies and geometries of eskers could be related to
the dynamics of their formation (e.g., Burke et al., 2015). Our pre-
dictions assume that esker morphometry is process-controlled, and
therefore that portions of martian eskers with similar crest mor-
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subsequent panels. White dotted lines indicate subzone and domain transitions. Colours in all panels represent subzones defined by Butcher et al. (2017). Panels B-I are
topographic profiles: (B) B-B’ showing the wide, round-crested ridge in domain A with a flat-floored trough in its western flank; (C) C-C' showing the wide, round-crested
ridge in domain A, at the location where the upper member ridge appears to originate as a proto-ridge occupying a trough on the western flank; (D) D-D’ showing a
sharp-crested portion of the upper member (Umb) in domain B, atop the wider, round-crested lower member ridge (Lmb); (E) E-E’ showing a multi-crested portion of the
upper member in domain B, atop the wider, round-crested Lmb; (F) F-F' showing the wide lower member ridge superposed by a prominent sharp-crested portion of the
upper member in domain C; (G) G-G’ showing the wide lower member ridge superposed by the low, spatulate terminus of the upper member ridge in domain D; (H) Profile
H-H’ showing the wide, round-crested morphology of domain E, which lacks a visible upper member ridge; (I) Profile I-I', showing the sharp-crested morphology in domain
F, which lacks a visible upper member ridge. All topographic profiles are at 10 x vertical exaggeration.

phologies, scales, and degradation states formed by similar pro-
cesses, and have similar height-width relationships.

Under the stacked esker hypothesis, the flat-floored inter-crest
trough in domain A formed by erosion into the surface of the Lmb
by meltwater supplying the Umb down-conduit. Since this hypoth-
esised secondary erosion occurred along the flank of the Lmb, we
suggest that the height of the central crest of the ridge in domain
A is representative of the original height of the Lmb in this domain,
which would have been round-crested prior to flank trough inci-
sion. This is supported by the similarity in raw height-width trend
between domain A and the round-crested portion of the Lmb in
domain E. Thus, we use transects in domains A and E for reference
morphometries of round-crested ridge portions.

To test our predictions, we extracted height and width mea-
surements for the Umb in domains B-D, using the same method
and transects as for the raw measurements, with the key differ-
ence that we classified the base points of the inferred Umb rather

than the full ridge formation. We subtracted the Umb heights from
the raw height measurements to approximate the Lmb height, then
replotted the height-width scatterplot with the Umb and Lmb sep-
arated (Fig. 6B) to test whether they followed the predicted trends
(Fig. 6A). The uncertainty in height measurements of the con-
stituent Umb and Lmb ridges is compounded by subtraction of the
Umb height from the raw height. We calculated this uncertainty
as +3 m (see Appendix C). The uncertainty in width remains the
same as that for the raw width measurements (Section 3.4).

4.4.2. Predictions

If the stacked esker hypothesis is correct, subtracting the height
of the Umb from the total height of the ridge formation in domains
B-D should return similar Lmb height-width trends to the refer-
ence trends described by the Lmb in domains A and E (Fig. 6A),
where the ridge has a similar broad morphology but with no evi-
dence of a superposing ridge.
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The approximate visual similarity between the sharp- to multi-
crested Umb in domains B-C (Fig. 4 and Fig. 5D-F), and the simple,
sharp-crested portion of the Lmb in domain F (Fig. 5A and I), also
leads us to predict that measurements of the Umb in domains B-C
would follow a similar height-width trend to the Lmb in domain F
(Fig. 6A). We note, however, that the Lmb in domain F is entirely
sharp-crested, whereas the Umb in domains B-C has multi-crested
sections for which there is no direct analogue in the unstacked
portions of the esker formation. Hence, while we expect to observe
a broadly similar height-width relationship for the sharp- to multi-
crested portions of the Umb, we expect some deviation from the
reference trend.

Finally, since the spatulate terminus of the Umb in domain D
extends from the tallest part of the Umb in domain C, and lowers

and widens northward, grading into the broader lower-member
ridge in domain E, we predict that its height-width relationship
will follow a negative trend connecting the upper height-width
range of domain F to the lower height-width range of domain A
points in the height-width scatterplot (Fig. 6A).

If all of the above predictions are correct, the complex group-
ings of the raw height-width scatterplot in Fig. 3A should effec-
tively collapse onto the reference trends described by the portions
of the Lmb with no evidence for a superposed ridge (domains A,
E, and F), as illustrated in Fig. 6A.

4.4.3. Observations

The scatterplot in Fig. 6B illustrates that, as predicted, the mor-
phometries of the constituent upper and lower members of the
ridge in domains B-C collapse onto the existing reference trends
described by portions of the ridge with similar crest morpholo-
gies where there is no distinct central prominence (domains A, E,
and F; Fig. 3B). Also consistent with our predictions, the spatulate
terminus of the Umb in domain D follows a transitional negative
trend between the upper range of domain F dimensions and the
lower range of domain A dimensions. The small number of points
in domain B (Lmb) that appear to have heights ~2-5 m below the
general trend for the Lmb (Fig. 6B) represent locations where the
Umb sits within a ~2-5 m deep trough in the surface of the Lmb.
Therefore, the relatively low heights of these points can be ex-
plained by underestimation of the true Lmb height resulting from
subtraction of the Umb height from the full height of the forma-
tion.

Thus, visually, our measurements support our hypothesis that
the NW Tempe Terra esker is a stacked esker formation comprising
a wide, round-crested lower member ridge in domains A-E which
transitions into a sharp-crested ridge in domain F, and a narrower,
sharp- to multi-crested upper member ridge which superposes the
lower member ridge in domains B-D.

Statistical analyses, which we describe in Appendix E, also sup-
port our hypothesis. To summarise, we find no statistically signifi-
cant difference between the reference and observed trends for the
Lmb in domains B-D. While we do identify small but statistically
significant differences between the reference and observed trends
for the Umb in domains B and C, such differences were expected
(Section 4.4.2) owing to slight differences in crest morphology be-
tween these ridge portions and the Lmb in domain F, on which the
predicted trend was based. Thus, the small differences between the
predicted and observed trends do not pose a significant challenge
to our hypothesis.

4.5. 3D morphometries of the constituent domains and members of the
stacked esker formation

The modified 3D morphometry distributions for the constituent
upper and lower members of the NW Tempe Terra esker, cate-
gorised by crest morphology, are displayed in Fig. 7.

Descriptive statistics are displayed in Appendix F. These mea-
surements include width-height ratios. We calculated the uncer-
tainty in width-height ratios to be +6 (Appendix C).

5. Discussion
5.1. Sediment-discharge dynamics of esker formation

Eskers on Earth are widely used for reconstructing the evolu-
tion of glaciers and ice sheets, and their drainage systems (e.g.,
Kleman et al., 1997; Boulton et al., 2001; Storrar et al., 2014b;
Burke et al., 2015; Stroeven et al., 2016). Where there has been
limited post-depositional modification, esker morphology and sedi-
mentology provide insights into the temporal evolution of drainage
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dynamics under changing meltwater and sediment supply regimes
(e.g., Shreve, 1985; Burke et al., 2008, 2010; Storrar et al., 2014b;
Burke et al.,, 2012; Perkins et al., 2013; Burke et al., 2015). Recon-
structions of the dynamics of esker-forming melt events on Earth
can be achieved via field studies of the structure and properties of
esker interior sediments (e.g., Banerjee and McDonald, 1975; Bren-
nand, 1994, 2000; Burke et al., 2008, 2010; Cummings et al., 2011;
Burke et al., 2012; Perkins et al., 2013; Burke et al., 2015; Perkins
et al,, 2016). Recent studies have identified relationships between
the interior sedimentology and macro-scale morphology of eskers
on Earth (e.g., Burke et al., 2015; Perkins et al., 2016).

Candidate eskers on Mars are currently inaccessible except by
orbital remote sensing. However, terrestrial insights can aid un-
derstanding of the dynamics of esker-forming drainage events on
Mars, where metre-scale morphometric observations are enabled

by high-resolution remote sensing datasets, but sub-metre-scale
sedimentary observations are not currently possible. Based on ter-
restrial insights, we propose that the stacked morphology of the
NW Tempe Terra esker reflects at least two stages of esker deposi-
tion within the esker-forming subglacial meltwater conduit, either
during the same meltwater drainage episode, or during two or
more distinct drainage episodes.

In their qualitative analyses, Butcher et al. (2017) suggested
that the subzone-scale transitions in crest morphology along the
esker are consistent with the progression of esker morphology
that Shreve (1985) predicted as an esker-forming meltwater con-
duit approaches, ascends, and then descends an undulation in the
bed. However, field studies (Banerjee and McDonald, 1975; Bren-
nand, 1994; Burke et al., 2008, 2010, 2012, 2015; Perkins et al.,
2016) have shown that esker morphology is also intimately linked
to sediment-discharge dynamics that complicate conduit evolution
and esker sedimentation beyond Shreve’s model (Shreve, 1985).

Given the new morphometric insights presented here, we mod-
ify our earlier hypothesis (Butcher et al, 2017) and argue that
dynamic sediment-discharge processes could provide a better ex-
planation for the transitions in crest morphology, both along the
landform and between its lower and upper members. What fol-
lows is a summary of the relevant theory pertaining to sediment-
discharge controls on terrestrial esker morphology, which we then
assimilate into first-order conceptual models for the spatiotempo-
ral variations in sediment-discharge regime that could explain our
new morphometric observations.

5.1.1. Sediment-discharge dynamics and the morphology of eskers on
Earth

On Earth, ridge enlargements along eskers, akin to the broad,
tall, round-crested Lmb in domains A-E of the NW Tempe Terra
esker, commonly comprise large, architecturally complex sedimen-
tary depocentres (macroforms) recording upflow, downflow, verti-
cal, and lateral accretion (e.g., Brennand, 1994, 2000; Burke et al.,
2008, 2010, 2012, 2015; Perkins et al., 2016).

As illustrated in Fig. 8 (column a), deposition of bedforms on
the conduit floor can obstruct the flow of conduit-confined melt-
water under conditions of high sediment supply and flow power
(e.g., Brennand, 1994; Burke et al.,, 2008, 2010, 2012, 2015). Re-
sultant focussing of meltwater flow increases hydraulic pressure
and flow power, promoting vertical, lateral, and/or longitudinal ex-
pansion of the conduit by wall and roof melting (e.g., Brennand,
1994; Burke et al., 2008, 2010, 2012, 2015). Cavities formed on the
stoss and/or lee sides of a bedform due to conduit enlargement
drive a reduction in flow power, encouraging further macroform
growth by upflow, downflow, lateral, and/or vertical aggradation.
This forms a positive feedback of conduit migration and macro-
form growth (Brennand, 1994; Burke et al., 2015), and results in
formation of laterally- and vertically-enlarged ridge morphologies
(e.g., Burke et al., 2015).

In contrast, narrow, sharp- to round-crested portions of es-
kers typically lack the complex ridge morphologies associated
with macroforms. They typically have relatively simple sedimen-
tary architectures comprising tabular or arched beds (e.g., Bren-
nand, 1994, 2000; Burke et al.,, 2012, 2008, 2010, 2015). This con-
trast has been attributed to differences in sediment supply and
flow power during formation of narrow portions of eskers and
macroform-dominated ridge enlargements. Under moderate sedi-
ment supply scenarios, deposition along the conduit is more uni-
form, allowing deposition of quasi-continuous tabular beds (Fig. 8,
column b) and uniform conduit growth that is dominated by ver-
tical roof melting (Banerjee and McDonald, 1975; Brennand, 2000;
Burke et al., 2015). This results in formation of narrow sharp-
and round-crested eskers. If sediment supply is strongly limited,
conduit growth is controlled almost exclusively by meltwater dis-
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charge, and sedimentation in the conduit is low or absent. If a dis-
charge reduction occurs more rapidly than the conduit can shrink
to compensate for the associated reduction in hydraulic pressure,
steep pressure gradients between the bed and the conduit can en-
courage deformation of bed sediments into the conduit, forming
arched beds, often with a core of diamicton (Fig. 8, column c;
Burke et al., 2015).

By extension, transitions from complex up-conduit ridge en-
largements to relatively simple, narrow, sharp- or round-crested
esker morphologies have been attributed to down-conduit reduc-
tions in sediment supply associated with macroform growth at
those ridge enlargements (Brennand, 1994; Burke et al., 2015).

Multi-crested eskers on Earth, similar to the multi-crested por-
tion of the Umb in domains A-B of the NW Tempe Terra esker,
have been attributed to exploitation of structural weaknesses (e.g.,
fractures) and/or flow divergence around ice blocks under high
flow power conditions (Burke et al., 2012; Perkins et al., 2016), or
formation of eskers in englacial conduits and subsequent let-down
and loss of an internal ice core (Price, 1966).

5.2. Multi-stage dynamics of esker formation in NW Tempe Terra, Mars

Fig. 9 illustrates two possible conceptual models that could ex-
plain the stacked morphology of the NW Tempe Terra esker for-
mation, and morphological transitions along the landform. These
scenarios are by no means exhaustive; we restrict the scope of
this study to simple ‘single-pipe’ scenarios, which assume that syn-
chronous sedimentation was possible along the entire length of a
conduit of similar length to the present-day landform. We discuss
this assumption further in Section 5.3.

Under both models, Lmb formation dynamics (Section 5.2.1) are
the same. The models diverge in their temporal placement of Umb
formation (Section 5.2.2). Considering our sampling strategy (Sec-
tion 3.3), we do not speculate on the dynamics of esker formation
upflow of domain A.

5.2.1. Formation of the lower member ridge

We propose that the Lmb formed under high discharge and
high sediment-supply conditions. Rapid, non-uniform deposition
along the conduit became focussed at two depocentres: one lo-
cated in domains A-B, and one in domains C-E. Vertical, lateral,
and longitudinal migration of the conduit around these depocen-
tres (see Section 5.1.1) encouraged cavity formation, which reduced
flow power and promoted further deposition, initiating a positive
feedback of depocentre and conduit growth, and explaining the en-
larged morphologies in domains A-B and C-E. The tapered margins
and gradual lowering of the broad, round-crested portion of the
ridge towards the domain E-F transition (Fig. 4A) are consistent
with streamlining of esker sediments, and possibly the conduit it-
self in the lee cavity of a sedimentary depocentre in domains C-E
(Fig. 9; Burke et al.,, 2015).

Beyond the tapered domain E-F transition, the conduit adopted
a relatively narrow geometry. Depocentre growth in domains A-E
restricted sediment supply down-conduit, permitting more uni-
form growth of the conduit in domain F. Thus, here, the result-
ing esker deposit was narrow (Fig. 9) and sharp-crested. There is
no evidence for deformation of the bed adjacent to the ridge in
domain F, so we suggest that the esker accumulated via gradual
accretion under moderate sediment supply conditions, rather than
pressure-driven deformation of surrounding bed materials under a
sediment-starved regime (see Section 5.1).

5.2.2. Formation of the upper member ridge

Following the sediment-discharge model of Burke et al. (2015),
we suggest that the sharp- to multi-crested Umb formed within a
narrow conduit that passed along the flank and crest of the Lmb
in domains A-D. We propose two possible conceptual models (A
and B) for the formation of the upper member ridge. These mod-
els differ in their temporal placement of Umb formation. In model
A (Fig. 9, panels 1-3), the Umb formed under a changing sediment-
discharge regime during the same drainage episode as the Lmb. In
model B (Fig. 9, panels 4-6), the Umb formed during a second,
distinct drainage episode, following significant (~6 km) retreat of
the glacier terminus across domain F of the Lmb. Before describ-
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ing these models, we first discuss some pertinent morphological
aspects of the ridge that may provide insight on Umb formation.

In Section 4.3, we interpreted the inter-crest trough on the
flank of the Lmb in domain A as a meltwater-incised trough based
on its flat-floored morphology (Fig. 5B), and its alignment and sim-
ilarity in width with the Umb. The trough crosses a topographic
high along the Lmb, which is consistent with Shreve’s (1985) pre-
diction that topographic undulations in the bed (in this case, the
upper surface of the Lmb) focus lines of hydraulic equipoten-
tial at their peaks, locally increasing flow power such that non-
deposition, or even erosion, can occur. The proto-ridge infilling the
northernmost portion of the flank trough in domain A could there-
fore mark the location where erosion transitioned to deposition on
the lee slope of the peak.

Unlike the sharp-crested portion of the Lmb in domain F, por-
tions of the Umb are located within a shallow (~2-5 m deep)
trough (e.g., Fig. 5F). Thus, it is plausible that the parent meltwa-
ter conduit was strongly sediment starved, and the Umb primarily
comprises sediment scavenged from the Lmb following a sudden
reduction in hydraulic pressure (see Section 5.1). However, it is also
possible that this trough represents a period of erosive flow prior
to the onset of Umb deposition under a moderate sediment supply
regime. A mass-balance approach comparing Umb volume with the

volume of the trough could aid discrimination between these sce-
narios. However, given the unavoidable lack of sedimentary obser-
vations to supplement such analyses, we do not speculate further
on which regime prevailed.

We suggest that the multi-crested portion of the Umb repre-
sents a location where high flow power forced meltwater into
structural weaknesses in the conduit roof. The location of the
multi-crested portion of the ridge within a shallow trough in the
Lmb provides strong evidence for direct interaction of meltwater
with the surface of the Lmb. This is inconsistent with the alterna-
tive mechanism by which multi-crested eskers can form on Earth,
i.e. by loss of an internal ice core following esker let-down from
an englacial or supraglacial position (Price, 1966).

5.2.2.1. Model A: formation of Umb during the late stages of a single
drainage episode In model A, we propose that the Umb was de-
posited atop the Lmb as sediment supply and/or meltwater dis-
charge waned towards the end of the same drainage episode that
formed the Lmb. In domains A-C, the conduit shrank to equilibrate
hydraulic pressure with ice overburden pressure, and flow be-
came focused along the relatively narrow path of the Umb (Fig. 9,
panel 2). Conduit shrinkage maintained hydraulic pressure, allow-
ing meltwater to ascend the flanks of the Lmb and pass along its
crest.
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As the conduit approached thinner ice towards the glacier ter-
minus, the tendency for conduit closure under waning discharge
reduced and the conduit retained its earlier geometry northward
of domain D (Fig. 9, panel 2). As meltwater passed into the broader
conduit across the domain C-D transition, its flow power reduced
and sediment dispersed over the surface of the Lmb, forming the
spatulate Umb terminus in domain D. Sedimentation probably con-
tinued northward of the spatulate deposit (Fig. 9, panel 3), but a
reduced tendency for conduit closure beneath thin ice approaching
the glacier terminus meant that late-stage sedimentation was in-
distinct from the earlier stage(s), and there was no notable vertical
transition in the morphology of the resulting ridge crest.

5.2.2.2. Model B: formation of Umb during a temporally-distinct drain-
age episode Model B provides an alternative explanation for the
lack of a morphologically-distinct Umb northward of the domain
D-E transition. It places Umb formation during a temporally-
distinct drainage episode, following retreat of the glacier terminus
towards the spatulate terminus of the Umb (Fig. 9, panel 5), pos-
sibly to the transverse ridge that crosses the esker crest at the
domain E-F transition. Butcher et al. (2017) interpreted this trans-
verse ridge as a recessional moraine. We do not speculate on the
period over which terminus retreat may have occurred. A second
drainage episode re-established a meltwater pathway over the un-
exposed portion of the Lmb, either because the earlier conduit did
not shut down completely, or because the pre-existing topogra-
phy of the Lmb induced hydraulic gradients towards thinner ice at
its crest. Sediment supply and/or meltwater discharge were lower
during the second drainage episode, allowing development of a
narrow conduit atop the Lmb (Fig. 9, panel 5). Proximal to the
ice margin, subglacial meltwater conduits commonly expand into
larger portals. The spatulate terminus of the Umb in domain D
could represent dispersal of flow as the conduit entered a terminal
portal.

5.3. Spatiotemporal nature of esker deposition in NW Tempe Terra

The up-glacier extent over which esker deposition is possible,
and the timescales of esker deposition relative to ice-margin re-
treat rates on Earth are topics of ongoing debate (Shreve, 1985;
Brennand, 1994, 2000; Hooke and Fastook, 2007; Burke et al.,
2008, 2010; Cummings et al.,, 2011; Storrar et al.,, 2014a). Some
workers theorise that eskers can form synchronously within con-
tinuous, steady-state drainage conduits extending over the full
length of the resulting esker, for example during short-duration,
high-magnitude outburst floods (e.g., Burke et al., 2008, 2010;
Storrar et al., 2015). Others suggest that time-transgressive, head-
ward aggradation behind a retreating ice margin over interannual
timescales better explains esker formation (e.g., Banerjee and Mc-
Donald, 1975; Aylsworth and Shilts, 1989; Clark and Walder, 1994;
Hooke and Fastook, 2007; Cummings et al, 2011; Storrar et al,,
2014b, 2014a). In reality, both mechanisms have probably pre-
vailed in different locations on Earth, but it is not known which
mechanism is the most common.

Our observations of the NW Tempe Terra esker provide am-
biguous evidence for the spatiotemporal nature of esker deposi-
tion. The models presented here are single-pipe models and in-
herently assume that synchronous deposition was possible along
the full length of the landform during one or more drainage
episodes. More complex scenarios whereby sedimentation was fo-
cussed close to a retreating ice margin are beyond the scope of
this study but are an important topic for future research. However,
the current inaccessibility of the landform for detailed sedimentary
studies would restrict the ability to test such models. Nonethe-
less, the lack of depositional fan at the northernmost terminus
of the Lmb is most consistent with synchronous formation under

short-timescale, high-magnitude drainage (Burke et al., 2012). It is
possible that the Lmb in domains C-E is such a fan deposit, but
its tapered morphology towards the domain E-F transition is more
consistent with streamlining of esker sediments in the lee cavity
of a subglacial depocentre. Evidence for ascent of bedslopes and
possibly exploitation of structural weaknesses in the conduit roof
during formation of the sharp- to multi-crested Umb provides evi-
dence for rapid-onset, high flow-power drainage (e.g., Burke et al.,
2010, 2012; Perkins et al., 2016).

Model B, which invokes two distinct stages of esker aggradation
at a retreating ice margin is inherently time-transgressive. How-
ever, the individual ridge members could effectively have formed
synchronously during their respective aggradation stages. Unless
drainage was quasi-continuous throughout glacier retreat, model
B requires at least two distinct drainage episodes.

Formation of the NW Tempe Terra esker during a single, multi-
stage drainage episode (model A) is more consistent than model
B with the hypothesis that late-Amazonian esker forming melt
events were driven by transient geothermal heating of the basal
ice (Gallagher and Balme, 2015; Butcher et al., 2017). The occur-
rence of two distinct geothermal events under model B seems less
likely than a single event under model A, but cannot be ruled out.

5.4. Implications for sediment production in NW Tempe Terra

Formation of the esker during a transient melt episode that
punctuated a long-term cold-based thermal regime (Butcher et al.,
2017) could be problematic for the high sediment-supply regime
invoked to explain morphological transitions along the Lmb (Sec-
tion 5.2.1). Typically, cold-based glaciers are associated with ex-
tremely low rates of sliding and erosion at their beds, although
erosion may be more significant when integrated over long
timescales (e.g., Shreve, 1984; Echelmeyer and Wang, 1987; Cuffey
et al., 2000). However, weakened bedrock supplies abundant sed-
iment to the surfaces and beds of glaciers in high-relief, tectonic
settings on Earth (Hallet et al., 1996). Therefore, the steep-sided
scarps that bound the tectonic rift valley hosting the NW Tempe
Terra esker could have provided sediment to the glacier bed. Flow
convergence of glacial ice at the base of the rift-bounding fault
scarps (Butcher et al., 2017) could have induced high basal stress
gradients relative to VFFs in non-convergent settings, further en-
couraging mechanical erosion of weakened bedrock. Additionally,
VFFs on Mars could comprise ~10% debris by volume (e.g., Holt
et al., 2008). Thus some sediment could have been supplied to
the esker by melt-out of debris from the conduit roof and/or
walls.

6. Conclusions

We characterise the metre-scale morphometry of the late-
Amazonian-aged glacier-linked esker identified by Butcher et al.
(2017) in NW Tempe Terra, Mars. We use these morphometries
to reconstruct the possible multi-stage dynamics (including spa-
tiotemporal variations in sediment and discharge) of esker for-
mation. We find that the NW Tempe Terra esker comprises two
stacked esker ridges which probably record spatial and temporal
evolution of the parent subglacial drainage conduit in response to
variations in sediment supply and/or meltwater discharge. Spatial
variations in sediment supply due to growth of sedimentary de-
pocentres (and resulting limitation of sediment supply down con-
duit) could explain the transition from an enlarged, round-crested
morphology to a narrow, sharp-crested morphology along the un-
derlying lower member ridge. A temporal reduction in discharge
and/or sediment supply, either during or between the esker-
forming drainage episode(s), could explain the superposition of
the narrow, sharp- to multi-crested upper member ridge atop the
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broad portions of the lower member ridge. We explore the stacked
esker hypothesis using a novel morphometric approach which
uses observed morphometric reference relationships to predict the
height-width trends for portions of the ridge with similar crest
morphologies. We observe close similarities between predicted and
observed trends, suggesting that the height-width relationships of
eskers on Mars with similar crest morphologies and degradation
states could be predictable. If confirmed by our ongoing morpho-
metric comparisons with other candidate eskers on Mars and on
Earth, the observed relationships could be used more widely as
reference relationships against which sinuous ridges elsewhere on
Mars (e.g., Gallagher and Balme, 2015) can be compared during
tests for esker origins of those ridges. The systematic quantification
of esker morphometry presented here will also provide constraints
for future numerical modelling experiments aiming to constrain
the nature of conduit evolution and esker sedimentation on Mars,
and the environmental and glaciological drivers of esker-forming
meltwater generation.
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