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Key Points 25 

• MARSIS radar sounder data reveals layering in the Medusae Fossae Formation deposits. 26 
 27 

• Layers are likely due to transitions between mixtures of ice-rich and ice-poor dust, 28 
analogous to those in Polar Layered Deposits. 29 
 30 

• An ice-rich portion of the MFF deposit may contain the largest volume of water in the 31 
equatorial region of Mars. 32 
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Abstract 40 
 41 

Subsurface reflectors in radar sounder data from the MARSIS instrument aboard 42 

the Mars Express spacecraft indicate significant dielectric contrasts between layers in the 43 

Martian Medusae Fossae Formation (MFF).  Large density changes that create dielectric 44 

contrasts are less likely in deposits of volcanic ash, eolian sediments, and dust, and 45 

compaction models show that homogeneous fine-grained material cannot readily account 46 

for the inferred density and dielectric constant where the deposits are more than a 47 

kilometer thick.  The presence of subsurface reflectors is consistent with a multi-layer 48 

structure of an ice-poor cap above an ice-rich unit analogous to the Martian Polar Layered 49 

Deposits.  The volume of an ice-rich component across the entire MFF below a 300-600 m 50 

dry cover corresponds to a global equivalent layer of water of ~1.5 to ~2.7 m or ~30% to 51 

50% of the total estimated in the North Polar cap.  52 

 53 

Plain Langue Summary 54 

The Medusae Fossae Formation, located near the equator of Mars along the dichotomy 55 

boundary between the lowlands of the northern hemisphere and the cratered highlands of the 56 

southern hemisphere, is one of the largest and least understood deposits on Mars.  The MARSIS 57 

radar sounder detects echoes in Medusae Fossae Formation deposits that occur between the 58 

surface and the base which are interpreted as layers within the deposit like those found in Polar 59 

Layered Deposits of the North and South Poles. The subsurface reflectors suggest transitions 60 

between mixtures of ice-rich and ice-poor dust analogous to the multi-layered, ice-rich polar 61 

deposits.  An ice-rich part of the Medusae Fossae Formation deposit corresponds to the largest 62 

volume of water outside the polar caps, or a global equivalent layer of water of ~1.5 to ~2.7 m. 63 



 
Accepted for Publication in Geophysical Research Letters 

3 

   64 
1 Introduction 65 

The Mars Advanced Radar for Subsurface and Ionospheric Sounding instrument 66 

(MARSIS) onboard the European Space Agency’s (ESA) Mars Express spacecraft (Picardi et al, 67 

2005) has successfully probed the ice-rich North and South Polar Layered Deposits (NPLD and 68 

SPLD) (Picardi et al, 2005; Plaut et al., 2007), the Dorsa Argentea Formation (Whitten et al., 69 

2020) the Hematite-Bearing Plains and Etched Plains deposits of Meridiani Planum (Watters et 70 

al., 2017), and the Medusae Fossae Formation (MFF) (Watters et al., 2007) (Text S1 in 71 

Supporting Information).  The MFF is the most mysterious, and its origin the most controversial, 72 

of these deposits. The MFF deposits are broadly distributed along the dichotomy boundary (Fig. 73 

1) and are thought to be either volcanic ashfall deposits (Bradley et al., 2002;  Hynek et al, 2003; 74 

Kerber et al., 2011; Ojha & Lewis, 2018; Ojha & Mittelholz, 2023), eolian sediments (Tanaka, 75 

2000), dust deposits (Ojha et al., 2018), or an ice-rich deposit analogous to the PLD (Schultz & 76 

Lutz, 1988; Head & Kreslavsky, 2004). It has also been suggested that MFF consists of massive 77 

deposits of pumice that floated in a northern ocean and accumulated along the dichotomy 78 

boundary (Mouginis-Mark & Zimbelman, 2020).  Dielectric properties derived from MARSIS 79 

and SHARAD radar sounder data do not rule out ice-rich MFF deposits (Watters et al., 2007; 80 

Carter et al., 2009: Orosei, et al., 2015; Campbell & Morgan, 2018), with a possible 300-600 m 81 

thick insulating cover of dry sediment (Campbell et al. 2021). 82 

Central to the question of massive ice within the MFF is whether such a two-layer model 83 

is supported by internal density changes that create significant dielectric contrasts, and whether 84 

the overall dielectric behavior with thickness can be explained by a self-compacting, ice-poor 85 

sedimentary unit of uniform grain size. Early MARSIS work showed reflecting interfaces in just 86 

two locales (Watters et al., 2007).  An absence of internal dielectric contrasts would be expected for 87 
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an ice-poor volcanic ash, eolian sediment, or dust unit because the depositional mechanisms involved 88 

are less likely to result in significant density/dielectric layering contiguous over horizontal distances 89 

comparable to the MARSIS footprints (i.e., 10s of km). For the case of an ice-poor sedimentary 90 

unit, the bulk density is dependent on the particle density, the porosity of the deposit, and the 91 

degree of compaction.   92 

We present two-dimensional subsurface profiles from MARSIS sounding data that show 93 

strong radar reflections correlated with abrupt density/dielectric changes over lateral distances up 94 

to 100s of km in units of the MFF. Clutter simulations confirm that these echoes likely do not 95 

come from off-nadir reflections by surface topography.  We also derive a new estimate of the 96 

maximum thickness of the MFF deposits and compare their bulk real dielectric constant (inferred 97 

from the value required to yield a projected basal boundary consistent with the regional slope) to 98 

the results of compaction models for ice-free deposits with a range of grain size and initial 99 

porosity.   100 

2 Results 101 

 MARSIS SS3-mode data acquired over the last decade and targeted Super-Frame Mode 102 

SFM data (see Text S2, Fig. S1) acquired over the last three years provide new insight into the 103 

nature of the MFF deposits.  The three largest contiguous MFF deposits are Lucus Plunum 104 

(~5°S, 185°E), Medusae Fossae-Eumenides Dorsum (~0°N, 200°E), and Amazonis Mensa-105 

Gordii Dorsum (~0°N, 215°E) where deposits extend to Gigas Fossae (Fig. 1).  A survey of 106 

MARSIS data shows evidence of layering in all three units (Fig. 1, 2).  In each case, the depth 107 

below the surface is estimated from the time delay ∆t using the speed of light corrected by the 108 

mean dielectric constant (see Text S3).   109 
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Of the large MFF deposits, the subsurface of Amazonis Mensa is the most striking with 110 

multiple echoes interpreted to be evidence of layering (Fig. 2A, B). At least two, and possibly 111 

more, undulating echoes suggest a complex sequence or group of layers in Amazonis Mensa. 112 

Multiple internal echoes in similar patterns have been found in both the SPLD (Fig. 2C) and 113 

NPLD (Fig. 2D) (Picardi et al, 2005; Plaut et al., 2007).  The most prominent echoes are at ∆t 114 

~4.3 µs (AM1) and ~9.9 µs (AM2) in SS3 orbit 10216, interpreted as two dielectric interfaces 115 

above a basal contact at ~17.0 µs (AM3) (Fig. 2A, Fig. S2).  The reflector at ∆t ~17.0 µs (AM3) 116 

is continuous with an ~4.3 µs (AG-V1) echo beneath deposits in the extensive lower-elevation 117 

area separating Amazonis Mensa and Gordii Dorsum (Fig. 2A, 2B, Fig. S2). A reflector 118 

identified in SHARAD orbit 24211_1 (Lalich et al., 2022) that crosses the valley, further to the 119 

north where the MFF deposits thin, correlates with the basal contact found in 10216 and adjacent 120 

orbit 13416 (Fig. S3A, B). The deeper reflector (A-GV2) in the region, also noted in MARSIS 121 

track 4117 (Watters et al., 2007), is below that SHARAD-detected base (Fig. S4D) and may be 122 

linked with earlier deposits of MFF material (Morgan et al., 2015).  Evidence of multiple layers 123 

in Amazonis Mensa is found in the northwest (Fig. S5) and northeastern flanks of the deposits 124 

(SFM orbit 19681, Fig. 2E). Here, two subsurface echoes, at ∆t ~4.3 µs and at ~8.5 µs, occur 125 

above a basal echo at ~14.2 µs (Fig. S6). 126 

Although MARSIS and SHARAD both detect the ∆t ~4.3 µs (AG-V1) reflector in the 127 

low-elevation area and trace it under Amazonis Mensa massif, SHARAD (Fig. 2A) does not 128 

detect dielectric interfaces at smaller delays to match those in the MARSIS data. This intriguing 129 

result may be connected with the very different wavelengths (~60-100 m for MARSIS and ~20 130 

m for SHARAD) and delay resolutions (1-µs for MARSIS versus 0.1 µs for SHARAD) of the 131 

two instruments, potentially leading to different patterns of multi-layer echo enhancement within 132 
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a delay cell (Campbell & Morgan, 2018; Lalich et al., 2022). In simple terms, we propose that the 133 

MARSIS-observed reflections are likely due to a favorable vertical spacing of density changes 134 

that reinforce the radar echoes at longer wavelengths over the larger delay cells. 135 

Evidence of layering is also found in the easternmost MFF deposits near Gigas Fossae 136 

(Fig. 1, Fig. S7), and in Lucus Planum.  Two distinct subsurface echoes at ∆t ~8.5 µs and ~12.8 137 

µs are detected in SS3 orbit 18703 (Fig. 1, 2F) (Fig. S8).  These are interpreted, respectively, to 138 

be echoes from a dielectric contrast at intermediate depth and what we term the “basal” interface, 139 

which may lie between the MFF and local plains deposits or simply the deepest penetration of a 140 

layered MFF sequence.  141 

In the thinner, westernmost MFF deposits of Zephyria Planum (~0°N, 153°E) (Fig. 1), 142 

evidence of an internal reflector is less definitive. A subsurface echo in SFM orbit 19738 at ∆t 143 

~5.7 µs may be from a dielectric contrast or a strong sidelobe of the surface echo (Fig. S9).  144 

However, an internal reflector is present in the Zephyria Planum deposits in SHARAD orbit 145 

22011 (Campbell et al., 2021).  146 

Evidence of internal layering is not present in all radargrams traversing MFF deposits, 147 

due either to the absence of a significant dielectric contrast along track, or lower MARSIS signal 148 

gain resulting from spacecraft altitude or ionospheric loss.      149 

2.1 Maximum Thickness and Loss Tangent 150 

Subsurface echoes are also detected in the thick MFF deposits of Eumenides Dorsum 151 

(Fig. 1).  A subsurface echo in SS3 orbit 18664 at ∆t ~5.7 µs is interpreted to be a shallow-depth 152 

interface above a deeper (∆t ~20.6 µs) basal echo (Fig. 2G, Fig. S10). Deeper subsurface echoes 153 

in Eumenides Dorsum are found in MARSIS SS3 orbits 13240 and 15423 (Fig. 3A, B). Echoes 154 

at ∆t ~30 µs occur above deeper, apparent basal echoes in these orbits. The basal echoes from 155 
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MFF dielectric interfaces identified here are at greater time delay than earlier studies which 156 

estimated a maximum penetration depth of 2.5 km over Eumenides Dorsum (Watters et al., 157 

2007). Orbits 13240 and 15423 cross the highest elevations of Eumenides Dorsum and show a 158 

sharp transition to a diffuse echo pattern that likely demarks the contact between the MFF 159 

deposits and the lowlands volcanic plains (Watters et al., 2007; Tanaka, 2000) (Fig. 3C, D).   160 

The measured ∆t between the surface returns and the basal echoes range from ~39.0 μs to 161 

41.8 μs (Fig. S11, S12) with a mean of 40.4 μs and a standard deviation of 1.1 µs (n=8). The 162 

maximum relief of MFF deposits above the lowlands volcanic plains is estimated using Mars 163 

Orbiter Laser Altimeter (MOLA) topography.  The relief is measured between the maximum 164 

elevation of the MFF deposits and the lowlands volcanic plains along MOLA profiles, with a 165 

mean value along the ground track of orbits 13240 and 15423 of ~3,700±90 m (Fig. S13). This is 166 

consistent with MOLA-based estimates of the maximum thickness of MFF deposits of 167 

Eumenides Dorsum by Hynek et al. (2003) of at least 3.5 km. The only other deposit the 168 

MARSIS radar sounder has penetrated to a depth of 3.7 km is the SPLD (Plaut et al. 2007). The 169 

elevation-time delay relationship based on the measurements of maximum relief corresponds to a 170 

mean e' of ~2.7±0.2 (n = 4) (see Text S3), in agreement with previous estimates of 2.9±0.4 171 

based on measurements using MARSIS data over thicknesses up to ~2,500 m (Watters et al., 172 

2007) and e' of 2 to 3 using SHARAD data (Carter et al., 2009; Campbell et al., 2021).  From the 173 

echo power at 3,700 m (using band 3) and previous MARSIS measurements (Watters et al., 174 

2007), the attenuation of the MFF is ~0.004 dB/m with a range (from the standard deviation of 175 

the slope) of ~0.002 to 0.005 dB/m. This range in attenuation corresponds to a range in loss 176 

tangent of ~0.002 to 0.004.  A loss tangent of 0.003 is consistent with previous estimates using 177 

MARSIS data (Watters et al., 2007) and those obtained using SHARAD data (Campbell and 178 
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Morgan, 2018; Campbell et al., 2021).  Estimates of the loss tangent of the SPLD range from 179 

~0.001 to 0.005 (Plaut et al., 2007).  180 

We interpret the dielectric interface seen by both sounders at 4.3 µs in the region between 181 

Amazonis Mensa and Gordii Dorsum, and extending to greater time delay under Amazonis 182 

Mensa, as the contact between the main MFF deposits and earlier plains-forming flows. The 183 

MARSIS reflections at ∆t ~4.3 and 5.7 µs (~370 m and ~490 m depth) within Amazonis Mensa 184 

are attributed to multiple, roughly horizontal density changes within a 1-µs delay cell that 185 

coherently interfere to produce a strong echo at 60-100 m wavelength. We propose that this zone 186 

of density changes marks the transition between a 300-600 m thick dry upper cap proposed from 187 

SHARAD data and an ice-rich lower unit analogous to the NPLD and SPLD. Reflectors at 188 

similar depth in Lucus Planum (Fig. S8), Zephyria Planum (Fig S9), and Medusae Fossae-189 

Eumenides Dorsum (Fig. S10) may indicate a similar change in ice content.  190 

2.2 Compaction Behavior 191 

The primary alternative hypothesis remains an ice-poor material of some grain size that 192 

has low porosity at the upper surface. At grain sizes typical of sand, volcanic ash, or silicate dust 193 

particles, a deposit will significantly compact over thicknesses of several kilometers. This self-194 

compaction results in a decrease in porosity and an increase in bulk density, causing a change in 195 

the depth-integrated electrical properties (i.e., the average real dielectric constant) of the material 196 

(Watters et al., 2017; Campbell et al., 2021; Ulaby, 1988; Morgan et al., 2015).  The compaction 197 

behavior of example materials is evaluated to 3,700 m, the maximum thickness described above 198 

(Fig. 4) (see Text S4).   199 

Typical physical properties of these materials (i.e., compressibility k, initial porosity ϕo, 200 

particle density ρp) are given in Table S2.  Dust-sized particles experience the most reduction in 201 
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porosity and increase in density with depth (Fig. 4A, B).  Variations in the assumed initial 202 

porosity of ±5%, do not significantly change the compaction profiles, particularly at depths 203 

corresponding to the maximum MFF thickness (Fig. 4A, B). 204 

The real dielectric constant ε′ of a fine-grained material as a function of depth can be 205 

estimated given a porosity and density profile, because in a compacting deposit the two-way 206 

travel time is related to the integral of the effective speed of light over the unit depth (see Text 207 

S5). Model results indicate that a 3,700 m thick sequence of sand-sized particles has an apparent 208 

ε′a > 4 while dust or volcanic ash have an ε′a > 5 (Fig. 4C). This confirms that an ice-poor 209 

deposit of uniform grain size cannot readily account for the inferred ε′ of the MFF deposits of 210 

2.9±0.4, and that a large fraction of the thickness beyond a few hundred meters must comprise a 211 

minimally compressible material with real dielectric constant of ~3 (Watters et al., 2007; 212 

Campbell et al., 2021).     213 

4 Discussion 214 

Our conclusion, reinforcing the SHARAD evidence for a two-layer model with 215 

significant ice-rich material at depth would require deposition of a PLD-like deposit at the 216 

Martian equator during periods of high obliquity (Schultz & Lutz, 1988; Head & Kreslavsky, 217 

2004; Forget F. et al., 2006).  This is supported by several lines of evidence: rhythmic layering in 218 

MFF deposits in HiRISE image surveys (Khan & Lewis, 2023); modeling of the Martian 219 

paleoclimate indicating that at high obliquity the distribution of stable ground ice and regions of 220 

ground-ice stability extends to equatorial latitudes (Aharonson et al., 2022); and epithermal 221 

neutron data from the Mars Odyssey Neutron Spectrometer (Wilson et al., 2017), suggesting 222 

>40% water equivalent hydrogen (WEH) in some locales (Feldman et al., 2011).  Recent neutron 223 

data collected by the FREND instrument onboard ESA’s Trace Gas Orbiter also suggest high 224 
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WEH in some locations near the MFF deposits (Malakhov et al., 2020). The apparent abundance 225 

of WEH in the upper tens of centimeters in the MFF near-surface where it is expected to be dry 226 

may be due to local enhanced diffusion of water vapor from the deep, ice-rich portion of the 227 

deposit. A layer of dust or pyroclastic ash (Campbell et al., 2021; Wilson et al., 2017) could 228 

provide the insulating material that preserves the water ice in MFF deposits. 229 

If the lower unit of the MFF is a mix of basaltic dust and water ice, at an upper range of ε′ of 230 

3.3 estimated for the deposits (Watters et al., 2007), the volume fraction of dust is likely <20% 231 

(see Text S6, Fig. S14), a potentially greater fraction than in the PLD (Plaut et al., 2007).  The 232 

volume of water in the ice-rich layer derived by subtracting 300 to 600 m of cover from the total 233 

volume of the MFF deposits is ~220,000 to 400,000 km3, or ~30% to 50% of the total estimated 234 

water in the NPLD (Brothers et al., 2015).  This corresponds to a global equivalent layer of ~1.5 235 

to ~2.7 m (Fig. 5, Table S3).  Thus, an ice-rich portion of the MFF deposit may contain the 236 

largest volume of water in the equatorial region of Mars.  237 
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 458 

Figure 1. Medusae Fossae Formation deposits along the Martian dichotomy boundary. The 459 

locations of MARSIS radargrams are indicated by white lines. Mars Orbiter Laser Altimeter 460 

(MOLA) shaded relief map with colorized elevation. The dark shaded areas show the MFF 461 

deposit boundaries modified from Tanaka et al. (2014) (multiple unit types were combined). 462 

 463 
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 464 

Figure 2. Radar data collected in SS3-mode and SFM-mode over MFF deposits and the North 465 

and South Polar Layered deposits. (A) SS3-mode data from orbit 10216, band 3 over Amazonis 466 

Planitia where the vertical axis shows round-trip time delay, Amazonis Mensa is indicated by 467 

AM, Gordii Dorsum by GD, and valley between them as A-G V (see Fig. 1). Subsurface echoes 468 
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designated AM1 and AM2 are interpreted to be from internal MFF layers (B) the same data from 469 

orbit 10216 where the subsurface echoes have been depth corrected to a vertical scale in meters 470 

using a real dielectric constant e’ of 3. Depth corrected radargram shows echo AM3 aligns with 471 

echo A-GV1, both interpreted to be from the MFF base.  A-GV2 is below the MFF base and may 472 

be from earlier deposits of MFF material, (C) data from orbit 06487, band 4 over the South Polar 473 

Layered Deposits (SPLD), depth corrected using a e’ of 3, (D) data from orbit 14019, band 3 474 

over the North Polar Layered Deposits (NPLD), depth corrected using a e’ of 3, (E) SFM-mode 475 

data from orbit 19681, band 2 over a short segment of Amazonis Mensa in round-trip delay time 476 

format, (F) data from orbit 18703, band 4 over Lucus Planum in time-delay format, and (G) data 477 

from orbit 18664, band 3 over Eumenides Dorsum in time delay format. Subsurface echoes 478 

(white arrows) are offset in time-delay from the surface echo and are interpreted to be either 479 

nadir reflections from the interface between layers in the MFF deposits or between the MFF base 480 

and the lowland volcanic plains material.  481 

 482 
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Figure 3. Radar data over Eumenides Dorsum. Radargrams showing MARSIS SS3-mode 483 

radargrams from orbits 13240, band 2 (A) and 15423, band 2 (B) with round-trip time delay on 484 

the vertical axis.  The lower two figures (C and D) show the same MARSIS tracks where the 485 

subsurface echoes have been converted to vertical distance using a real dielectric constant of 3. 486 

The time delays to the top of the diffuse basal echo (~40 µs) are the largest yet found in sounder 487 

data in the MFF deposits.  The runout of power with time delay suggests a very rough subsurface 488 

interface at the base of the MFF or localized high loss.  A subsurface reflector above the basal 489 

interface is interpreted to be an internal layer (~30 µs).   490 

 491 

 492 

Figure 4. Compaction models for three ideal materials that simulate those commonly proposed 493 

for MFF deposits.  Porosity (A), density (B), and apparent real dielectric constant (C) curves for 494 

three geologic materials: a loose basalt sand (blue large dash), a volcanic ash (red small dash and 495 

dot), and a silicate or rock dust (gray small dash). The compaction and density models 496 
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incorporate the compressibility of the materials Mars gravity, and the apparent real dielectric 497 

constant accounts for the two-way delay time through a material with an increasing index of 498 

refraction with depth due to compaction (see Text S4 and Table S2). The error bars show the 499 

effect of ±5% variation in the initial porosity. The gray areas in C shows the range in estimates 500 

of e’ for the MFF deposits (2.5 to 3.3) and the range in estimates of the maximum thickness of 501 

the deposits (2.5 to 3.7 km). No modeled material has predicted real dielectric constants within 502 

the observed range (double shaded area).  503 

 504 

 505 

Figure 5.  Thickness map of the suspected ice-rich portions of the MFF deposits.  MFF deposit 506 

boundaries are modified from Tanaka et al. (2014) (multiple unit types were combined and some 507 

of the boundaries adjusted). The paleo (pre-MFF) surface was estimated, and 300 m and 600 m 508 

of dry cover subtracted to estimate the thickness of the proposed ice-rich layer.  The total ice 509 
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volume of is estimated to be ~2.2´105 km3 (600 m removed) to ~4.0´105 km3 (300 m removed) 510 

which corresponds to a GEL of water of ~1.5 to ~2.7 m (see Table S2). The locations of 511 

reflectors in orbits 13240 and 15423 (Figs. S10, S11) correspond to the thickest sections of MFF 512 

deposits in Eumenides in both the 300 and 600 m cover maps.  The greatest volume of the total 513 

water in the MFF deposits is in Eumenides Dorsum (Table S2). 514 

 515 
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Introduction  
 
The supporting text and figures provide further details on the MARSIS radar sounder instrument, 
radargrams, and the electrical and physical properties of the Medusae Fossae Formation deposits, and 
compaction models for loose basaltic sand, volcanic ash, and silicate dust on Mars. 
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Text S1. Medusae Fossae Formation (MFF) Deposits and Previous Radar Sounder Studies  

The MARSIS radar sounder data delineates the surface return and the subsurface interface 

between the MFF deposits and the underlying terrain, and the suggested transitions between mixtures 

of ice-rich and ice-poor dust. Nearly all the models for the origin of the MFF deposits involve subaerial 

deposition.  The predicted volatile (i.e., water-ice) content of the deposits at the time of emplacement, 

however, is very different among such models. The Polar Layered Deposits (PLD) at the south and north 

poles are known to be ice-rich deposits (Schultz & Lutz, 1988; Head & Kreslavsky, 2004; Watters et al., 

2007). Volcanic ash or eolian sand or dust deposits are expected to be initially largely ice-free.  If the MFF 

are purely ash fall deposits, it is difficult to account for their limited distribution in the lowlands along 

the dichotomy boundary.  Localization of ice-rich MFF deposits due to upwelling of vapor-rich air is 

conceivable (Head & Kreslavsky, 2004), particularly where the change in elevation at the dichotomy 

boundary is large (Watters et al., 2007).  Localization of eolian deposition at the dichotomy boundary is 

also possible, however, the great thickness of the MFF deposits is more analogous to the PLD (Schultz & 

Lutz, 1988; Head & Kreslavsky, 2004; Watters et al., 2007).  The Hematite-Bearing Plains and Etched Plains 

of Meridiani are deposits of basaltic sand (Squyres et al., 2004) likely deposited in an aqueous 

environment (Andrews-Hanna et al., 2007). Compaction models indicate that the dielectric constant of 

the Meridiani Planum deposits is consistent with a thick layer (1 km) of ice-free, porous, basaltic sand 

(Watters et al., 2017). However, this is not the case for the MFF deposits (this study).   

The MARSIS radar sounder was the first to probe the MFF deposits (Watters et al., 2007).  Analysis 

of the delay time between the MFF surface and subsurface echoes in early MARSIS radargrams showed 

massive deposits with a thickness of at least 2.5 km were emplaced on generally planar lowlands 

materials, and that MFF deposits have a real dielectric constant of ~2.9.  It was concluded that the real 

dielectric constant and the estimated dielectric losses were at least not inconsistent with a substantial 
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component of water ice. However, an anomalously low-density, ice-poor material could not be ruled 

out.  This was because the compaction behavior of thick deposits of the proposed materials had not 

been evaluated as yet.  The SHARAD radar sounder followed with studies of the MFF deposits (Carter et 

al., 2009).  SHARAD radar penetrated up to ~600 m. Analysis of the time delay between surface and 

subsurface interfaces suggested MFF deposits had a real dielectric constant of ~3.0, consistent with the 

MARSIS-derived results, and that the upper few hundred meters of the deposits have a high porosity.  

No evidence of internal layering was found in the SHARAD radargrams, and it was concluded that MFF 

is not an equatorial analog to Polar Layered Deposits (Carter et al., 2009).  Additional studies using 

SHARAD data employed a split chirp analysis to estimate the loss tangents in different geologic unts 

suspected to be ice-bearing (Campbell and Morgan, 2018).  It was concluded that MFF deposits, lineated 

valley fill, and lobate debris aprons have low losses consistent with a major component of water ice.  In 

the most comprehensive SHARAD-based study focused on MFF to date, Campbell et al. (2020) 

concluded that the MFF is a two-layer deposit, with 300–600 m of fine-grained, self-compacting material 

above a minimally compacting, low-loss material.  It was also concluded that the deeper, low-loss 

material could be ice-rich, or an ice-poor, very coarse-grained sand.  The results of these studies are 

summarized in Table S1.  This study was undertaken in an effort to resolve the question of an ice-rich or 

ice-poor lower unit of the MFF deposits, and to determine if evidence of layering analogous to the Polar 

Layered Deposits is present in the MFF deposits. This study involved a comprehensive survey of MARSIS 

radargrams that transect MFF deposits collected since the Watters et al. (2007) study.  The survey so 

combined with compaction modeling for the commonly proposed materials evaluated up to the 

maximum thickness of the deposits. 

  

Text S2.  MARSIS Instrument  

The MARSIS instrument is a multi-frequency synthetic aperture orbital sounding radar operating 

in four frequency bands between 1.8 and 5.0 MHz in its subsurface modes. Its free-space range 



4  
      January 10, 2024 

resolution is ~150 m, and the cross-track and along track footprint sizes range from 10 to 30 km and 5 

to 10 km, respectively (Orosei et al., 2015). The most commonly used of the five subsurface sounding 

(SS) modes is SS3, consisting of 2 frequency bands and 3 Doppler filters collected on the dipole antenna 

channel (Orosei et al., 2015; Jordan et al. 2009). Onboard processing in this mode includes pre-summing 

and conversion of digitized radar echoes to one-byte integers. The instrument also has the capability to 

collect raw data in 2 frequency bands stored in flash memory (FM).  In FM mode, the along-track distance 

covered is typically ~100 to 250 km, much less than in the SS3 mode. The normal FM radargrams have 

gaps in coverage, giving the radargrams a picket fence appearance (Watters et al., 2017). The super-

frame mode (SFM) provides continuous coverage at the expense of along-track distance, typically <100 

km (Figure S1).    

Text S3. Depth Estimates  

The depth to, or thickness of, a layer h is related to the measured round-trip delay ∆t by   

    h = ∆tc/(2 )               (1)  

where c  is the free-space velocity and ε′ is the real dielectric constant of the material.  The time delay is 

thus given by ∆t = 2h / c . 

Text S4. Compaction Model 

Athy’s Law describes an exponential decline in porosity as a function of depth in a geologic 

material (Athy, 1930; Hantschel &  Kauerauf, 2009). This relation has been applied to lunar crustal 

porosity (Binder & Lange, 1980), to the Martian crust and sedimentary rocks  (Clifford, 1993; Grotzinger 

et al., 2015; Lewis et al., 2019), and the compaction of Meridiani Planum deposits (Watters et al., 2017) 

and the MFF deposits (Ojha & Lewis, 2018; Campbell et al., 2021).  Binder and Lange (1980) utilized a 

porosity decay constant K for the Moon, and Clifford (1993) scaled this value to apply to crustal porosity 

on Mars by the ratio of the acceleration due to gravity for the two bodies. Grotzinger et al. (2015) and 

Lewis et al. (2019) used K values for terrestrial sedimentary rocks and a ratio of the acceleration due to 

gravity of Earth and Mars.   Campbell et al. (2021) employed K as the scale parameter to evaluate the 

 

" ε 

 

" ε 
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shallow depth compaction of the MFF deposits. Here, we use the adapted version of Athy’s Law 

formulated with effective stress introduced by Watters et al. (2017). The porosity ϕ as a function of depth 

is given by  

       ϕ = ϕo e-k(ρbgz)                                         (2)  

 where ϕo is the initial porosity, k is the compressibility or the inverse of the bulk modulus of the material, 

ρb is the uncompacted bulk density, g is the acceleration due to gravity of Mars, and z is the depth.  This 

equation allows the expected decrease in porosity with depth of specific geologic materials on Mars to 

be modeled. The relationship between the uncompacted bulk density ρb and the initial porosity ϕo is 

given by ρb = (1 – ϕo)ρp where ρp is the density of the particles of the deposit.  Thus, ρb can be determined 

if ϕo and ρp are known.     

  Typical physical properties of the three ideal materials modeled are given in Table S2.  A well 

sorted eolian sand is approximated using ϕo = 0.5 (Freeze and Cherry, 1979), and k = 0.1 MPa-1 

(Domenico & Mifflin, 1965).  Using a ρp of 2.9 gm/cm3, the derived ρb is 1.45 gm/cm3, in good agreement 

with measured ρb of 1.43 gm/cm3 (Terzaghi & Peck, 1967) and is consistent with the bulk porosity of the 

regolith analyzed by the Viking Landers (Clifford, 1993). The estimated ϕo of volcanic ash is 0.6, in good 

agreement with reported measured values (ϕo = 0.7) (Kawabata et al., (2015), with a ρp of 3.0 gm/cm3 

the derived ρb is 1.2 gm/cm3, in agreement with values for tephra falls (Kawabata et al., 2015; Paladio-

Melosantos M.L.O. et al., 1997; Wilson T.M. et al., 2012). A value for the compressibility of volcanic ash of 

0.3 MPa-1 is used (Palmer & Wick, 2003) (Table S2). Lunar regolith is used to approximate silicate or rock 

dust with values of ϕo = 0.7 and ρp = 3.0 gm/cm3 with a derived ρb is 0.9 gm/cm3 well approximate the 

measured value of 1.0 gm/cm3 (Mitchell, et al., 1972; Hapke & Sato, 2016). A value for the compressibility 

of 1.0 MPa-1 lunar regolith. This value is likely a lower limit with much larger values of k up to 8 MPa-1 

possible (Gromov, 1999).   The compressibility of common sedimentary rocks (i.e., shale, siltstone, and 

sandstone) ranges from ~0.027 to 0.1 MPa-1 (Hantschel & Kauerauf, 2009).  Pumice sand was also 
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examined, but because pumice sand grains have significant intrinsic porosity the compaction behavior 

is difficult to model.  However, it has been shown that at relatively low confining pressures of a few 

hundred kPa significant crushing of the grains occurs (Pender et al., 2006).  Confining pressures of 

several hundred kPa are reached at shallow depths <100 m on Mars even with the low bulk density of 

pumice.  Crushed grains will significantly change the compressibility and bulk density and thus, the 

compaction characteristics change to likely those resembling volcanic ash (Fig. 4).    

The compaction curves show that well-sorted sand has the least reduction in porosity and 

silicate dust the most reduction with depth (Fig. 4A). This is also the case for the density. The curve for 

silicate dust becomes asymptotic at ~1,500 m (Fig. 4B). Volcanic ash at a depth of ~1,000 m is predicted 

to reach a density of ~2.4 gm/cm3, and at 3,700 m nearly reaches the particle density of 3.0 gm/cm3 (Fig. 

4B).  It should be noted that the compaction models presented here are not intended to include all 

possible materials or the full range of uncertainty in the model parameters, only plausible examples of 

those commonly proposed for the MFF deposits.  

Text S5. Apparent real dielectric constant  

The real dielectric constant of geologic materials increases with an increase in ρb and is 

approximated by ε′=1.96ρb (Ulaby et al., 1988). Thus, ε′ can be related to a porous material with a particle 

density ρp and porosity ϕ by  

   ε′ = 1.96(1 - ϕ)ρ
p                                         (3)  

In order to evaluate the three commonly cited geologic materials proposed for the MFF deposits, 

compaction curves for well-sorted sand, volcanic ash, and silicate (lunar-like) dust are modeled.  

The change in dielectric constant of a compacting material will have an “apparent” bulk value 

for any given two-way travel time, based on the assumption of constant ε′. The round-trip travel time in 

such a compacting medium is: 

         𝑇𝑇 = !
" ∫ $𝜀𝜀#(𝑧𝑧)$

% 𝑑𝑑𝑑𝑑                                                                          (4)  
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Where c is the speed of light in vacuum and Z is the maximum depth. If we assume the layer has a 

uniform dielectric constant at a given depth, then the “apparent” bulk value is given by:  

         𝜀𝜀&# = *'
$ ∫ $𝜀𝜀#(𝑧𝑧)$

% 𝑑𝑑𝑑𝑑+
!

                                      (5)  

  
A plot of apparent ε′a as a function of depth for the three modeled materials is shown in Figure 4C.  The 

model results indicate that at 3,700 m, basalt sand has an apparent ε′a > 4 and volcanic ash and silicate 

dust an apparent ε′a > 5.   Even at the lower estimate of the maximum thickness of the MFF deposits of 

2.5 km, none of the modeled materials can account for the inferred dielectric constant of the deposits 

(Fig. 4C). 

Text S6. Volume Fraction of Dust  

  The real dielectric constant of the MFF deposits can be used to constrain the percent of dust if 

the deposits are a mix of silicate or basaltic dust and water ice. Using the mixing power law of Stillman 

et al. (2010) 

  

                        𝜀𝜀(# = (𝜀𝜀)*+,#
!
" × Φ)*+, + 𝜀𝜀-".#

!
" × Φ-". + 𝜀𝜀&-/#

!
" × Φ&-/)0                    (6)  

  
where Fdust, Fice, Fair are the fractional volumes of each component and g is the exponent equal to 2.7 

determined for ice-sand mixtures.   Heggy et al. (2008) estimates the real dielectric constants of basaltic 

dust at 2 MHz is 4.91 at –20°C and 5.08 at –70°C. Assuming these values for ε′dust, ε′ice = 3.0 and ε′air = 1.0, 

ε′n as a function of Fdust and Fice, assuming Fair = 0, are shown in Fig. S14.  Over the range of ε′ determined 

for the MFF deposits (2.5 to 3.3) that includes the additional ε′ determined for Eumenides Dorsum (2.7), 

the volume fraction of dust is from 0% to a maximum of <20% (Fig. S14).  A volume fraction of dust that 

does not exceed 20% at the upper end of the range of ε′ for the MFF deposits is generally consistent 

with estimates of ε′ as a function of porosity for a mix of 24% JSC Mars-1 Martian soil simulant and ice 
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(see Brouet et al., 2019, Fig. 7).  If correct, this suggests that the dust/ice mixture of the lower unit of the 

MFF deposits may consist of as much as ~75% volume fraction ice. 

 
 
Table S1. Summary of Past Radar Sounder Studies  

 
 
Table S2.  Typical Physical Properties of Unconsolidated Materials Modeled  

Property  Basalt Sand  Volcanic Ash  Silicate Dust  

k  0.1 MPa-1 (1)  0.3 MPa-1 (2)  1.0 MPa-1 (3)  

ϕo  0.5 (4)  0.6 (5)  0.7 (6, 7)  

ρp  2.9 gm/cm3   3.0 gm/cm3  3.0 gm/cm3  

ρbulk*  1.45 gm/cm3  1.2 gm/cm3  0.9 gm/cm3  

*Note that ρbulk is derived from the particle density ρp and the initial, uncompacted   
porosity ϕo.  
1. Domenico & Mifflin (1965). 
2. Palmer & Wick (2003). 
3.  Gromov (1999). 
4. Freeze & Cherry (1979).  
5. Kawabata E. et al. (2015) 
6. Mitchell et al. (1972). 
7. Hapke & Sato (2016). 
 
 

Article Sounder Data Findings  
Watters et al. (2007) MARSIS MFF has low permittivity and is composed 

of large amounts of ice or is an anomalously 
low-density material. 

Carter et al. (2009) SHARAD Inferred low permittivity values suggest 
that the upper few hundred meters of the 
MFF have a high porosity 

Campbell & Morgan 
(2018) 

SHARAD MFF, lineated valley fill, and lobate debris 
aprons exhibit low losses consistent with a 
major component of water ice 

Campbell et al. (2021) SHARAD MFF is a two-layer deposit, with 300–
600 m of fine-grained, self-compacting 
material above a minimally compacting, 
low-loss material 
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Table S3. Estimates of the total volume of ice in the MFF deposits  
MFF  
Deposit  

Cover  
Depth  
(m)  

Surface  
Area Ice  
(km2)  

Volume  
Ice  
(km3)  

GEL*  
(m)  

Cover  
Depth  
(m)  

Surface  
Area Ice  
(km2)  

Volume  
Ice  
(km3)  

GEL*  
(m)  

Aeolis/ 
Zephyria  

300  151551  32765  0.23  600  39717  4900  0.03  

Lucus 
Planum  

300  219222  
  

92227  
  

0.64  600  125379  
  

42279  
  

0.29  
  

Medusae/ 
Eumenides  

300  275427  
  

208256  
  

1.44  600  201159  
  

136414  
  

0.95  
  

Amazonis/ 
Gordii  

300  115641  
  

62846  
  

0.44  600  72747  
  

35066  
  

0.24  
  

  
Totals    761841  396094  2.74  

  
439002  218659  1.52  

*GEL is the estimate of the Global Equivalent Layer of liquid water on the surface of Mars.  
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 Figure S1. Comparison between on-board processed and raw MARSIS echoes. (a) Shaded 

relief map of a portion of Amazonis Mensa, showing the ground tracks of orbits 18396 and 
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19681. (b) Detail of radargram of orbit 18396, in which only on-board processed data have 

been downlinked. (c) Detail of radargram of orbit 19681, in which raw data were acquired 

using the super-frame mode and sent to ground. (b) and (c) have been drawn with the same 

horizontal and vertical scale and extend for the same range of latitudes. 
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Figure S2. Radargram, clutter simulation, and plot of the relative echo power versus time delay for 

MARSIS SS3 orbit 10216, band 3.  The orbit crosses deposits of Amazonis Mensa-Gordii Dorsum (see Fig. 

1, 2A).  The four peaks in relative power are interpreted to be the surface return (largest peak) and three 

subsurface echoes, the two echoes closest in time dela to the peak echo are interpreted to be layers in 
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the deposits and the echo at greatest time delay is the basal interface. Three distinct subsurface echoes 

at a ∆t of ~4.3 µs, ~9.9 µs, and ~17.0 µs correspond to depths of ~370 m, ~860 m, and ~1470 m, 

respectively assuming a real dielectric constant ε′ of ~3. A clutter simulation (McMichael et al., 2017) 

generated using MOLA topography is shown in the middle panel (the approximate area of the model 

corresponding to the portion of the radargram shown by the rectangular box.  The clutter model shows 

a clutter feature (arrow) located in the Amazonis Mensa massif, but it does not directly correspond to 

one of the subsurface echoes and cannot be unambiguously attributed to an off-nadir surface feature.  

(One shallow, off-nadir echo in the clutter model may account for part of a near surface echo in the 

radargram covering Amazonis Mensa.)   
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Figure S3. Radargram, clutter simulation, and plot of the relative echo power versus time delay for 

MARSIS SS3 orbit 10216, band 3.  The orbit crosses deposits of Amazonis Mensa-Gordii Dorsum (see Fig. 

1, 2A).  The three peaks in relative power are interpreted to be the surface return (largest peak) and two 

subsurface echoes, the echo closest in time delay to the peak echo is interpreted to be a layer that 
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extends into the valley separating Amazonis Mensa and Gordii Dorsum with the echo at greatest time 

delay from the surface return is interpreted to be the basal interface. With a ∆t of ~4.3 µs and assuming 

a real dielectric constant ε′ of ~3, the corresponding depth of the valley layer is ~370 m. A clutter 

simulation (McMichael et al., 2017) generated using MOLA topography is shown in the middle panel 

(the approximate area of the model corresponding to the radargram is show by the rectangular box).  

The clutter model shows a clutter feature (arrow) located in the Amazonis Mensa massif, but it does not 

directly correspond to one of the subsurface echoes and cannot be unambiguously attributed to an off-

nadir surface feature.   

  

  

 

  

  

Figure S4.  Radargrams of a portion of MARSIS SS3 orbit 13416, band 2. The orbit crosses deposits of 

Amazonis Mensa-Gordii Dorsum and the intervening saddle region near orbit 10216 (see Fig. 1, 2A).  A) 
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Evidence of multiple subsurface echoes in the thick deposits of Amazonis Mensa. Relatively bright 

echoes in the saddle region of the deposit indicate two interior layers, while echoes in Amazonis Mensa 

proper suggest at least three interior layers. B) Radargram showing orbit 13416, band 2 converted to 

depth using a dielectric constant ε′ = 3.   The depth-corrected radargram shows that the basal echo in 

Amazonis Mensa corresponds to the shallow subsurface echo in the saddle region (between Amazonis 

Mensa and Gordii Dorsum) as highlighted by the two arrows. C) A clutter simulation (McMichael et al., 

2017) generated using MOLA (the approximate area of the model corresponding to the radargram 

shown in A). D) Portion of SHARAD orbit 24211_01 over the same region of Amazonis 

Mensa/saddle/Gordii Dorsum, which further confirms that a single, continuous reflector extends below 

the saddle and Amazonis Mensa, which we interpret to be the base of the deposits (large arrow).  The 

deeper echoes in the saddle region is likely a stratigraphically lower contact in the sequence of lowland 

basalts, or an earlier deposit of MFF material.  The shallow reflector at ∆t ~4.3 µs in the Amazonis Mensa-

Gordii Dorsum valley (large arrow) is interpreted to be the transition between the MFF and basaltic 

plains flow units separated by earlier deposits of MFF material (see Morgan et al., 2015).  The 

intermediate reflector (small arrow) is a clutter feature.  
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 Figure S5. Radargram and relative echo power versus time delay for MARSIS SS3 orbit 10121, band 3.  

The orbit crosses deposits of Amazonis Mensa-Gordii Dorsum (see Fig. 1, 2A).  The four peaks in relative 

power are interpreted to be the surface return (largest peak) and three subsurface echoes, with the echo 

at greatest time delay from the surface return is interpreted to be the basal interface. A clutter simulation 

(McMichael et al., 2017) generated using MOLA topography is shown in the middle panel (the 

approximate area of the model corresponding to the radargram is show by the rectangular box).  The 

clutter model shows no echoes from off-nadir surface features that account for the observed subsurface 

echoes in the radargram.   
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Figure S6. Radargram and relative echo power versus time delay for MARSIS SFM orbit 19681, band 2.  

The orbit crosses deposits of Amazonis Mensa-Gordii Dorsum (see Fig. 1, 2E).  The four peaks in relative 

power are interpreted to be the surface return (largest peak) and three subsurface echoes, the two 

echoes closest in time delay to the peak echo are interpreted to be layers in the MFF deposits and the 

strong echo at greatest time delay is the basal interface. The two subsurface echoes are at ∆t ~4.3 µs 

and ∆t ~8.51 µs and the basal echo is at ∆t ~14.18 µs. These layers are estimated to be at depths of ~370 

m and 740 m, with a basal interface at a depth of ~1,230 m assuming ε′ = 3.    
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Figure S7.  Radargram and relative echo power versus time delay for MARSIS SS3 orbit 08097, band 2.  

The orbit crosses deposits of Amazonis Mensa-Gordii Dorsum near Gigas Fossae (see Fig. 1).  The three 

peaks in relative power are interpreted to be the surface return (largest peak) and two subsurface 

echoes, the echo close in time delay to the peak echo is interpreted to be a shallow layer in the deposits 
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and the strong echo at greatest time delay is the basal interface. With a ∆t of ~8.51 µs and ~15.6 µs and 

assuming a real dielectric constant ε′ of ~3, the corresponding depths are ~740 m and ~1,350 m. A 

clutter simulation (McMichael et al., 2017) generated using MOLA topography is shown in the middle 

panel (the approximate area of the model corresponding to the radargram is show by the rectangular 

box).  The clutter model shows no echoes from off-nadir surface features that account for the observed 

subsurface echoes in the radargram.   
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Figure S8. Radargram and relative echo power versus time delay for MARSIS SS3 orbit 18703, band 4.  

The orbit crosses Medusae Fossae Formation deposits of Lucus Planum (see Fig. 1, 2F).  The three peaks 

in relative power are interpreted to be the surface return (largest peak) and two subsurface echoes from 

the basal interface, at greatest time delay, and an intermediate depth layer. With a ∆t of ~8.51 µs and 
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~12.76 µs and assuming a real dielectric constant ε′ of ~3, the corresponding depths are ~740 m and 

~1,110 m. A clutter simulation (McMichael et al., 2017) generated using MOLA topography is shown in 

the middle panel (the approximate area of the model corresponding to the radargram is show by the 

rectangular box).  The clutter model shows no echoes from off-nadir surface features that account for 

the observed subsurface echoes in the radargram.   
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Figure S9. Radargram and relative echo power versus time delay for MARSIS SFM orbit 19738, band 2.  

The orbit crosses deposits of Zephyria Planum (see Fig. 1, 2F).  The four peaks in relative power are 

interpreted to be the surface return (largest peak) and three subsurface echoes, the two echoes closest 

in time delay to the peak echo are interpreted to be layers in the MFF deposits and the strong echo at 
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greatest time delay is the basal interface. The subsurface echoes at ∆t ~5.67 µs has a corresponding 

depth of ~490 m with a basal interface at ∆t ~11.35 µs and a depth of ~980 m assuming ε′ = 3.  
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Figure S10. Radargram and relative echo power versus time delay for MARSIS SS3 orbit 18664, band 2.  

The orbit crosses deposits of Medusae Fossae-Eumenides Dorsum (see Figs. 1, 2G).  The three peaks in 

relative power are interpreted to be the surface return (largest peak) and two subsurface echoes, the 

echo close in time delay to the peak echo is interpreted to be a shallow layer in the deposits and the 
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strong echo at greatest time delay is the basal interface. With a ∆t of ~5.67 µs and ~20.57 µs and 

assuming a real dielectric constant ε′ of ~3, the corresponding depths are ~490 m and ~1,780 m. A 

clutter simulation (McMichael et al., 2017) generated using MOLA topography is shown in the middle 

panel (the approximate area of the model corresponding to the radargram is show by the rectangular 

box).  The clutter model shows no echoes from off-nadir surface features that account for the observed 

subsurface echoes in the radargram.   
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Figure S11. Radargram and relative echo power versus time delay for MARSIS SS3 orbit 13240, band 2.  

The orbit crosses deposits of Eumenides Dorsum where its relief reaches a maximum (see Fig. 1, 3A).  

The peak in relative power is interpreted to be the surface return (largest peak) and the strong echo 

furthest in time delay is the basal interface of the MFF deposits overlying Amazonian volcanic plains. A 

clutter simulation (McMichael et al., 2017) generated using MOLA topography is shown in the middle 

panel (the approximate area of the model corresponding to the radargram is show by the rectangular 

box).  The clutter model shows two linear features close in time delay (arrow) to the diffuse basal echoes 

in 13240, however, they do not match in delay, geometry or extent of the basal echoes. Thus, although 

the clutter features may contribute, no echoes from off-nadir surface features unambiguously account 

for the observed subsurface echoes in the radargram.     
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Figure S12. Radargram and relative echo power versus time delay for MARSIS SS3 orbit 15423, band 2.  

The orbit crosses deposits of Eumenides Dorsum where its relief reaches a maximum (see  
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Fig. 1, 3B).  The peak in relative power is interpreted to be the surface return (largest peak) and the strong 

echo furthest in time delay is the basal interface of the MFF deposits overlying Amazonian volcanic 

plains. A clutter simulation (McMichael et al., 2017) generated using MOLA topography is shown in the 

middle panel (the approximate area of the model corresponding to the radargram is show by the 

rectangular box).  The clutter model shows a linear feature close in time delay (arrow) to the diffuse basal 

echoes in 15423, however, it does not match in delay, geometry, or extent of the basal echoes. Thus, 

although the clutter features may contribute, no echoes from off-nadir surface features unambiguously 

account for the observed subsurface echoes in the radargram.   
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Figure S13. Topography of Eumenides Dorsum. A) MOLA shaded relief map with colorized elevation of 

the Eumenides Dorsum region. B) Topographic profiles across area where ground track of orbits 13240 

and 15423 are located.  The local mean maximum relief is ~3,700±90 m. The location of the profiles is 

shown in S13A, all four profiles adjoin profile A-A’. See elevation scalebar in Figure 1.  
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Figure S14. Plot of the real dielectric constant as a function volume fraction of basaltic dust and water 

ice in a mixture.  The real dielectric constants of basaltic dust in the model are 4.91 at –20°C and 5.08 at 

–70°C (Heggy et al., 2008).  The volume fraction of air is assumed to be 0.  The area in gray shows the 

range in estimates of ε′ for the MFF deposits ³ 3 (Watters et al., 2007). 
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