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Abstract 13 

We determine the environmental setting and timing of enigmatic large-scale chloride deposits on 14 

Mars, examining all available high-resolution imagery globally, building digital elevation 15 

models, surveying targeted infrared images intersecting chloride deposits for accessory minerals 16 

(e.g., clay, carbonate, and sulfate), and performing crater counting for age-dating when possible. 17 

We find that chloride deposits are commonly draped atop underlying topography, often 18 

associated with channels, sometimes perched above deep craters in local topographic lows, and 19 

span a wide range of elevations. Where measurable, chloride deposit thicknesses are typically <3 20 

m. The deposits range in elevation over tens of meters, inconsistent with previous hypotheses of 21 

playa-like environments, which are very flat. Chloride deposit elevations within larger basins are 22 

typically asymmetric with chloride deposits much higher on the inlet channel side, indicating that 23 

(a) surface water runoff was the most likely water source and (b) the basins were likely not filled 24 

completely with water in a deep lake setting but rather chlorides formed within a series of 25 

shallow ponds. Mass balance allows local sourcing from mobilization of cations and chlorine 26 

from dust/soil. Though prior global-scale studies report chloride deposits superimposed on 27 

Noachian terrains, crater-counting of local, stratigraphically-associated datable surfaces shows 28 

chlorides superimposed on 3.4-2.3 Ga volcanic terrain. This indicates that surface waters 29 



forming chloride deposits continued through the Hesperian and into the Amazonian, making 30 

them among the latest-formed, large-scale deposits of water-related minerals on Mars. 31 

Collectively, data suggest formation from meltwater from episodic ice/snow deposits continuing 32 

until 2.0-2.5 Ga.  33 

Plain Language Summary  34 

Chloride salt deposits on Mars are intriguing because they dissolve very readily and thus record 35 

the last stage of liquid water present at Mars’ surface. They are found across the ancient, clay-36 

rich, southern highlands of Mars but also sometimes on top of younger volcanic regions, around 37 

the edges of the ancient terrain. As a result, we think that they are much younger than the 38 

underlying ancient terrains, continuing to form as recently as 2.3 billion years ago. These salt 39 

deposits are different from salt flats on Earth, because they occur over a range of elevations and 40 

sometimes on slopes, rather than in a single flat area. The chlorides are often found in small 41 

depressions, including perched above much deeper craters where no chloride is observed. They 42 

are also often found within channels. For these reasons, we think that the water source came 43 

from surface runoff, rather than deep groundwater welling up to the surface. The small amounts 44 

of water required are most likely from occasional melting of ice. Chloride could come from the 45 

top of the soil; clay-rich soils form a salt crust when evaporation pulls water and dissolved salt 46 

up from the top ~1 meter.  47 

Key Points 48 

 Large-scale Martian chloride deposits occur in local topographic lows, drape >10s m of 49 

pre-existing topography and have thicknesses <3m 50 

 The chlorides formed in chains of shallow saline ponds, perched atop clay-bearing soils 51 

and/or permafrost, fed by meltwater from ice/snow 52 

 Superposition on dateable surfaces of ages of 3.4-2.3 Ga, indicates large scale surface 53 

liquid water on Mars in the late Amazonian 54 

  55 



1 Introduction 56 

Chloride deposits on Mars, first identified by Osterloo et al. (2008), are of particular interest 57 

because they record the last surface water present at a given location on the surface, as 58 

subsequent water events would dissolve them.  These light-toned, indurated deposits (<1 km
2
 -59 

~1000 km
2
) are found throughout the southern highlands, have been previously described as 60 

ancient (Noachian to early Hesperian in age; ~4.0-3.4 Ga), and are often found in local 61 

topographic depressions, sometimes with channel-like features (Osterloo et al., 2008; Glotch et 62 

al., 2010; Osterloo et al., 2010). In high-resolution imagery, many of these deposits appear to 63 

have polygonal fractures and/or ridges, which have been interpreted as salt polygons or 64 

desiccation features (Osterloo et al., 2010; El Maarry et al., 2013; Ye et al., 2019).  65 

Unlike many other minerals, identified on Mars by remote sensing of characteristic absorption 66 

and emission features (clays, sulfates, olivine, pyroxene, silicates), chloride minerals have no 67 

such features; instead, they are inferred by ruling out other possible materials with the same 68 

properties. Chloride deposits are bright-toned and brighter in the blue than red, relative to most 69 

Martian materials, have decreased water content as measured by the shortwave infrared OH/H2O 70 

absorption at 3-μm, and no mid-infrared wavelengths with emissivity ~1 (Osterloo et al., 2008; 71 

Murchie et al., 2009). As noted in Osterloo et al. (2010), sulfides and diamonds could also have 72 

these properties, but sulfides rarely occur in km
2
 exposures and would be darker, associated with 73 

volcanics, and accompanied by sulfate weathering products; large diamond exposures are 74 

geologically implausible. Though several types of chlorides are permitted by the spectral data, 75 

halite (sodium chloride) has been identified in martian meteorites (Bridges and Grady, 2000), 76 

detected in XRD data at Gale crater (e.g., Rampe et al., 2020), and elevated levels of correlated 77 

Na and Cl have been measured in situ on Mars, interpreted as halite (Ming et al., 2006 (Gusev); 78 

Knoll et al., 2008 (Meridiani); Thomas et al., 2019 (Gale)). Laboratory work shows that other 79 

potential secondary minerals (e.g. carbonate, sulfate, phyllosilicate) must be <1-5 wt.% in the 80 

chloride deposits, else they would be observed spectroscopically (Ye and Glotch, 2019). 81 

Abundances of chloride are inferred to be 10-25%, in an otherwise spectrally non-distinctive 82 

mixture with Martian soils or dust (Glotch et al,. 2016).  Thus, while referred to in shorthand as 83 

“chloride deposits” herein and elsewhere in the literature, they are chloride-bearing Martian 84 

sediments, rather than pure salt deposits. 85 



Chloride formation hypotheses include ponding and evaporation of surface water and/or 86 

upwelled groundwater (favored by Osterloo et al., 2010; Glotch et al., 2010; Reusch et al. 2012; 87 

El Maarry et al., 2013; Glotch et al., 2016; Melwani Daswani and Kite, 2017), diagenetic or 88 

hydrothermal brines (e.g., volcanic- or impact-related), or efflorescent crust. Strictly volcanic 89 

sources have been discounted due to lack of spatial association with volcanics and lack of the 90 

accessory minerals (sulfates, silica) expected for this setting. On Earth, evaporating lakes and 91 

playas tend to leave behind zoned salts (Eugster and Hardie, 1978), corresponding to 92 

progressively more soluble minerals (generally carbonates, sulfates, then chlorides), while 93 

hydrothermal brines will often deposit silica and sulfates and oxide minerals along with 94 

chlorides. Thus far, only phyllosilicates have been found in association with chloride minerals 95 

(Murchie et al., 2009; Glotch et al., 2010; Huang et al., 2018; Ruesch et al., 2012; El Maarry et 96 

al., 2013), reported at ~10% (Ruesch et al., 2012) to ~30 % (El Maarry et al., 2013) of chloride 97 

deposits investigated. Origin in deep lakes, as interpreted by Hynek et al. (2015) and Melwani 98 

Daswani and Kite (2017), would require large volumes of water present at Mars’ surface; 99 

therefore, constraining both water depth and timing of chloride formation is important for our 100 

understanding of the evolving availability of water at Mars’ surface.  101 

Since the initial detection of chloride deposits, they have been targeted for CRISM (Compact 102 

Reconnaissance Imaging Spectrometer for Mars) and HiRISE (High Resolution Imaging Science 103 

Experiment) images, and sufficient CTX (ConTeXt Camera) data is now available for a global 104 

mosaic that provides context for these deposits (Dickson et al., 2018). In previous global-scale 105 

studies, Ruesch et al. (2012) used OMEGA data with spatial resolution ~200-2.5 km/pixel. El-106 

Maarry et al. (2013) investigated 43 chloride locations with CRISM images with >10x better 107 

spatial resolution, looking explicitly for Fe/Mg phyllosilicates. Here we use CRISM data to 108 

examine all previously reported chlorides with coverage, identify chloride deposits at smaller 109 

scale, and search for other associated minerals (e.g. sulfates, carbonates, clays) that might 110 

accompany chlorides to understand the water chemistry from which they formed. We then use 111 

high-resolution image data to study the morphology and cross-cutting relationships of the 112 

deposits as well as identify deposits to perform age-dating with crater counts. Finally, we 113 

compare results from Martian chloride deposits to proposed analogs on Earth and describe the 114 

formation conditions of the chlorides.  115 



2 Methods 116 

We exported 642 polygons that approximate chloride deposit locations from JMARS (Osterloo et 117 

al., 2010) into ArcGIS and used CRISM footprints (downloaded from NASA’s Planetary Data 118 

System (PDS)) to find all acquired CRISM targeted long wavelength (158 +8 nearby, covering 119 

119/642 chloride deposits), HiRISE (273 images over 177 deposits), and HiRISE stereo images 120 

(29 pairs over 21 deposits) that intersected the chloride polygons (Fig. S1). Because there are 121 

often many small chloride deposit polygons clustered together, we used ArcGIS tools to draw a 122 

10-km buffer around the polygons and aggregated those whose buffers intersected, assuming that 123 

they likely shared a genetic relationship due to spatial proximity (e.g. Fig. 1), resulting in 392 124 

chloride deposit clusters (with CRISM coverage of 97 clusters, HiRISE color of 123 clusters, and 125 

HiRISE stereo of 17 clusters). 387/392 clusters have CTX coverage over the chloride deposit.  126 

2.1 CRISM analysis 127 

In its targeted mode, the CRISM instrument takes hyperspectral images of Mars’ surface at ~18-128 

40 m/pix, covering a wavelength range of 0.36-3.9 µm (Murchie et al., 2007; Murchie et al., 129 

 

Figure 1. Chloride cluster in the chaos terrain in Margaritifer Terra (20.74° W, 3.12° S). (A) 

Chloride deposits are perched above a crater and deep fractures that lie within a 10-km buffer.  (B) 

Chloride deposit (blue tones) in THEMIS-875 decorrelation stretch image; channels are not visible 

at this resolution (100 m/pixel). (C) Same chloride deposit at CTX resolution (6 m/pixel), where 

fine channels are visible (white arrow). (D) The chloride deposit appears light purple in HiRISE 

color, which, when coverage is available, makes it possible to distinguish its boundaries with 

adjacent light toned fractured units (note greyscale (left) vs color (right) in D). A small chloride-

filled channel is present in the lower right (white arrow). Chloride has a sharp contact with 

surrounding units and appears to drape SW-NE trending dune-like features. 



2009b). We used a standard approach for secondary mineral detection. Targeted CRISM I/F 130 

images from the long wavelength sensor, which covers key absorptions for hydrated minerals, 131 

were downloaded from PDS, and processed using the CRISM Analysis Toolkit (Morgan et al., 132 

2009) in ENVI (photometrically corrected (division by cos(i)), atmospheric correction using the 133 

default 61C4 volcano scan, after McGuire et al. (2009)). Images were then ratioed using a simple 134 

column median denominator to remove residual atmospheric and detector artifacts. If ratioing 135 

artifacts due to absorptions in adjacent materials were suspected during analysis, a small 136 

spectrally bland area was instead manually chosen as a denominator to ensure that the features 137 

persisted using a different denominator. Because many of the CRISM image cubes covering 138 

chlorides were taken later in the mission after cooler set point temperatures were raised, these 139 

images are significantly noisier than those earlier in the mission, and so band depth calculations 140 

on unsmoothed data tend to show only noise. To mitigate this issue, we used an 11x11x11 141 

spatial/spectral median filter to smooth the image before calculating band parameters. For each 142 

CRISM image, we used these band parameter maps calculated on smoothed data in tandem with 143 

ratioed, unsmoothed data to verify mineral detections. We focused on the band depths at 1.9, 2.1, 144 

2.2, 2.3, and 2.5 µm, in addition to the slope at 2.4 µm. These wavelength ranges allow detection 145 

of hydrated minerals such as Fe/Mg clays (e.g. nontronite, saponite, chlorite), Al-clays (e.g. 146 

kaolinite , montmorillonite), serpentine, carbonate, and mono- and poly-hydrated sulfates, as 147 

well as water ice (e.g. Murchie et al. 2009a). For images where we found Fe/Mg clays, whose 148 

absorptions at 1.9 and 2.3 µm can overlap with carbonates, we also looked at the 3-4 µm part of 149 

the spectrum to look for features at 3.4 and 3.9 µm associated with carbonates. A known 150 

limitation is that the smoothing necessary to work with noisy images can also obscure deposits 151 

that are <100 pixels in size. 152 

2.2 Morphology and elevation 153 

High resolution imagery (CTX and HiRISE) and digital elevation models (DEMs) were used to 154 

understand the context and morphology of deposits and the stratigraphic relationships between 155 

geologic units. We use a global CTX mosaic (6m/pix) (Dickson et al., 2018) together with the 156 

gridded MOLA (Mars Orbiting Laser Altimeter) elevation product (463 m/pixel, e.g. Smith et 157 

al., 2001), available for almost all clusters. Within the 10 km buffer connecting all parts of each 158 

chloride cluster, we searched for: sinuous channels (e.g. Fig. 1C), whether they are filled with 159 



light-toned deposits, the range of elevation among chloride deposits in the cluster, and the 160 

difference between the lowest chloride elevation and the lowest point in the 10 km buffer zone to 161 

determine whether the chloride is perched relative to surrounding topography.   162 

HiRISE color images (25 cm/pixel, with band centers at 536 nm (blue-green), 694 nm (red), and 163 

874 nm (near infrared); McEwen et al., 2007; Delamere et al., 2010) are particularly useful 164 

because in greyscale HiRISE images, fractured clay-bearing units can look morphologically 165 

indistinguishable from the chlorides (also noted in El Maarry et al., 2013). HiRISE color in 166 

conjunction with CRISM show a consistent pattern with mineralogy; chloride deposits appear as 167 

bright light purple (low VNIR slope) and contrast with yellow-beige tones of the clay-bearing 168 

units (Fig. 1D). We utilize HiRISE color imagery where available to ensure that we do not 169 

misidentify clays as chlorides. In surveying the morphology of chloride deposits, we looked for 170 

color variation, fracture patterns, thickness, concentric patterns, whether edges of the deposit 171 

appeared sharp or diffuse, whether they appear to be draped or in stratigraphy, and whether they 172 

were associated with other landforms, e.g. channels.  173 

All HiRISE stereo pairs overlapping chloride deposits and a select subset of CTX stereo pairs 174 

were made into DEMs using the Ames Stereo Pipeline (Beyer et al., 2018). These were used to 175 

measure the thickness of chloride deposit (where possible), infer maximum and minimum water 176 

depths, and measure the slope/asymmetry of deposits. We measured mostly in the middle of 177 

chloride deposits (rather than the edges), as these are more likely to represent that typical 178 

thickness and avoid the edges of potentially draping deposits. High resolution LiDAR DEM of 179 

Death Valley for comparison with Earth playa topography at similar resolution was obtained 180 

through OpenTopography (dataset: Snyder, 2005).  181 

2.3 Age dating 182 

We first used the Tanaka et al. (2014) global geologic map to update the approximate age 183 

distribution of the terrains containing the chloride deposits, as the original Osterloo et al. (2010) 184 

survey used Tanaka (1986) and Greeley and Guest (1987). For all of the sites, we also searched 185 

for cross-cutting relationships that establish whether the chloride pre-dated, post-dated, or was 186 

contemporaneous with nearby units to improve understanding relative to simple reporting of 187 



occurrence in global-scale map units. We used crater counting to bound the age of the chlorides 188 

at all locales where stratigraphic relationships between sufficiently large units permitted it. We 189 

follow Warner et al (2015) who propose areas should exceed 1000 km
2
 with preference for 190 

counts in >10,000 km
2
 areas; all our count areas are >7000 km

2
. Unit boundaries were 191 

determined based on breaks in slope and morphological similarities, and crater counting was 192 

performed using the CTX mosaic. Most bounds were oldest-possible age bounds, established by 193 

crater counting units that underly chloride deposits at select sites. In one instance, a youngest-194 

possible age bound could be established from an overlying unit (see section 3.3.1). Craters that 195 

were entirely subdued (no topographic rim expression whatsoever) were excluded; those where 196 

the relationship with a unit was not clear were included, so as not to skew the count to young 197 

ages. The diameters were calculated in ArcMap and exported to Craterstats2 (developed by G.G. 198 

Michael, available: http://hrscview.fu-berlin.de/software.html), using the Mars production 199 

function of Hartmann and Daubar (2017) and chronology function of Hartmann (2005) updated 200 

by Michael (2013) to determine age dates.  201 

3 Results 202 

3.1 Relationship with other minerals and ice 203 

3.1.1 Chlorides and Clays: Occurrence and contact relationships 204 

No sulfates or silica were found in association with the chloride deposits, in agreement with 205 

Reusch et al. (2012)’s coarser spatial scale survey. We detect Fe/Mg clay deposits in 73/158 206 

CRISM images of 39/97 aggregated chloride clusters (~40%) (Figure 2a; Fig. S2). Despite 207 

explicitly searching for other accessory minerals, we only found 4 locations with any other 208 

minerals in the same CRISM image as chlorides. Three of the four are small Al-clay deposits 209 

(Fig. 2a; Fig. S2), identified by absorptions at 1.4, 1.9, and a narrow absorption at 2.2 µm. In one 210 

of these locations (Fig. S2f), there is a shoulder at 2.4 µm that could be consistent with sulfate; 211 

however, the data are too noisy for certainty. In all three Al-clay instances, the dominant mineral 212 

identified is Fe/Mg clay (thousands of pixels), and far smaller Al-clay deposits are not in direct 213 

contact with the chlorides nor appear to be genetically related. Additionally, we find one location 214 

with a carbonate spectral signature in the same image as a chloride deposit (Fig. S3). This 215 

spectrum has paired strong 2.3 and 2.5 µm absorptions with positions consistent with 216 

MgCO3;(Fig. S3c). The carbonate appears to be part of the large Fe/Mg clay-bearing unit 217 



underlying chlorides; it is indistinguishable morphologically from the clay-bearing unit in 218 

HiRISE (Fig. S3b), and the spectral mean for the clay-bearing unit throughout the image has a 219 

minor 2.5-µm absorption, consistent with intermixed carbonate.  220 

El Maarry et al. (2013) proposed that a clay substrate might underlie all fractured chloride 221 

deposits, positing that clay desiccation might be responsible for the fracturing observed. In some 222 

instances, chloride deposits drape on top of clay-bearing units (notably in Terra Sirenum; e.g. 223 

Glotch et al., 2010). However, in other locations, a definitive genetic relationship is either 224 

inconclusive or the chlorides occur in underlying units (e.g. Knobel crater, Ehlmann and Buz, 225 

2015; Huang et al. 2018). We find clays are in direct contact with or surround the chloride 226 

deposit in ~50% of instances (45/73 CRISM images with clays; 20/39 chloride clusters). In other 227 

cases, the clays are nearby, but appear unrelated to the chlorides. It appears that while chlorides 228 

occur around Fe/Mg clay-bearing terrains, they do not require direct contact with clays in order 229 

to form. 230 

3.1.2 Water ice 231 

In our search for hydrated minerals, we unexpectedly found spectral signatures for water ice in 8 232 

CRISM images associated with chlorides (8 deposits, 7 clusters; Fig. 2b; Fig. S4). These ice 233 

deposits are found on pole-facing slopes between 42.8° S and 27.8° S. All of these images were 234 

taken during local winter (Ls 91-151); other CRISM images taken during other seasons, 235 

available for 3 clusters, did not show water ice. The ice is most likely a seasonal frost, consistent 236 

with the findings of Vincendon et al. (2010), who found seasonal water ice up to 13° S. While 237 

the current climate of Mars is too cold/low pressure for liquid water to occur seasonally today, 238 

seasonal deposits in the past may have been able to melt, providing a possible source of 239 

localized, small volumes of water across the southern hemisphere of Mars.  240 

3.2 Morphology and Elevation 241 

Chloride deposits are typically found either associated with sinuous features, draped in thin 242 

layers on top of underlying topography, or in local lows in intercrater plains that are often 243 

perched above nearby impact crater depressions (Fig. 2c, 2d). Investigation of individual 244 



 245  

 

Figure 2.  (A) Fe/Mg clays 

(green squares) are found with 

chlorides across Mars in ~40% 

of the images with targeted 

CRISM coverage. They can 

occur directly in contact with 

chlorides (dark green squares) 

or nearby within the same 

CRISM image (light green 

squares). Aluminum clays are 

only found with chlorides in the 

Terra Sirenum region, west of 

Tharsis. (B) Global distribution 

of water ice detected near 

chloride deposits (all on pole-

facing slopes, poleward of 

27.8° S). Where repeat CRISM 

images exist, these water ice 

deposits are only seen in 

southern hemisphere winter (Ls 

91-151). (C) Global 

distribution of chloride deposits 

within channels at CTX (blue 

circles) and HiRISE (blue 

triangles) resolution. The 

distribution of chloride deposits 

is similar to the valley network 

density (red tones, after Hynek 

et al. (2010)); this could be due 

to a related water source for the 

features, or later chloride-

bearing waters exploiting 

existing channel networks. (D) 

Perched chloride deposits –

where there is a feature at 

lower elevation than the 

chloride (magnitude indicated 

by symbol shading) within a 10 

km buffer—are found across 

the globe, with no obvious 

spatial trends. This pattern is 

consistent with surface runoff 

(rather than groundwater 

upwelling) as a primary source 

of water for the chloride 

deposits. 

 



deposits shows chlorides are often found over a range of elevations in the same deposit and tend 246 

to be at higher elevation on the side of a basin, where channels lead into the deposits.  247 

3.2.1 Thin, draped chloride deposits 248 

Estimating the thickness of chloride deposits on Mars is useful for mass balance calculations 249 

(e.g. Melwani Daswani and Kite, 2017; Milliken et al. 2009) and to constrain plausible 250 

depositional environments. Previous thickness estimates were typically 1-15 m on the basis of 251 

unit topography (Glotch et al., 2010; Hynek et al., 2015; Melwani Daswani and Kite, 2017). We 252 

made careful thickness measurements where chloride deposits have a “chipped” appearance, are 253 

cross-cut by impact craters, or exposed in fractures (e.g. Fig. 3) . The chloride thickness is often 254 

below the vertical resolution of HiRISE DEMs, where available, <~3 m thick (Table S1).  255 

Multiple locales have similar traits. Fractures cross-cutting chloride deposits reveal that they do 256 

not extend into the subsurface (Fig. 3a-d), and small impact craters (≤10 m diameter, excavating 257 

<3m) expose dark material from beneath the chloride (Fig. 3e). At Terra Meridiani, erosional 258 

windows show thicknesses of <1.5 m (Fig. 4d), and a small impact crater excavating dark 259 

materials from the subsurface similarly constrains thicknesses of chloride-bearing materials to 260 

 

Figure 3.  Examples where chloride thickness is exposed by fractures or impact craters. (A) Light 

purple chloride fringes channel edge and is cross-cut by later fracture. (B) Close-up shows 

polygonal fracturing in chloride, and that the chloride does not extend into the subsurface (white 

arrow). (C) Light purple chloride is present on both sides of the fracture.  Zoom in (D) shows that 

the chloride layer is draped on top of underlying topography and does not extend into the 

subsurface.  (E) An impact crater has punched through a light purple, fractured chloride unit 

(linear dunes present in bottom half of image). All ejecta from this ~15 m diameter crater are dark 

toned, indicating that the chloride is only a thin layer at the surface, <~3-5 m.  



<2-3m (Fig 4e). In the southwest part of the Tharsis region, chloride drapes lineations that are 261 

~3m high, while taller features (black arrows) are left uncovered; where eroded, the chloride is a 262 

<~1 m thick (Fig. 5c,d,e), rather than the full volume of the landform. This is consistent with 263 

later, shallow water bodies depositing thin chloride precipitates on top of extant topography. 264 

3.2.2 Sinuous features and chlorides in channels 265 

Chloride appears in channels across the globe (Fig. 2c) and is mostly associated with locations of 266 

valley networks and, indeed, is often within the valley networks (e.g. Fig. 1c; Fig. S5). Chloride 267 

deposits follow small channels within a wider valley draining into Knobel crater, with larger 268 

deposits in localized depressions (Fig. 6), and in several volcanically resurfaced planum around 269 

the Tharsis region (Fig. 7-8). At the CTX scale, about 70% of chloride clusters (269/387) have 270 

sinuous channels that extend topographically lower toward the main deposit within the 10 km 271 

buffer, and ~20-25% of chloride deposit clusters (82/387 in CTX; 31/124 in HiRISE) have a 272 

light-toned unit consistent with chloride directly within channels (Fig. 2c). This occurrence rate 273 

is a significant increase from the lower resolution data available at the time of the Osterloo et al. 274 

(2010) survey, which found ~8% of the deposits to have sinuous or linear features. 275 

3.2.3 Perched chloride deposits 276 

While almost all chlorides are present in local lows (as noted in Osterloo et al., 2008, 2010), 277 

MOLA gridded data shows that the majority (228/392; 58%) are not actually at the lowest 278 

elevation within the 10 km buffer (e.g. Fig. 1). Of these perched deposits, about half (103/228) 279 

are >100m above the lowest elevation; ~7% (17/228) are >500m above (Fig. 2d).  They are 280 

typically in intercrater plains between and topographically above ancient impact craters. There 281 

do not appear to be region-specific trends, i.e., perched chloride deposits occur throughout the 282 

southern highlands.  283 

Osterloo et al. (2010) noted that while chlorides were widespread in the southern highlands, they 284 

were missing in major basins. Our findings are consistent with this, but also demonstrate that the 285 

trend holds at smaller scales: chlorides will often be found in intercrater plains but not in 286 



287 

 

Figure 4. Chloride deposit near Meridiani Planum (8.5 W, 3.1S; CTX stereo pair P17 007770 1794 

& P20 008917 1763). (A) Light-toned chloride unit (outlined in yellow) is present over ~ 50m of 

elevation, including in channels leading into the main deposit. (B) HiRISE DEM (PSP 008917 1770 

& PSP 007770 1770) shows a small stream leading into a higher elevation pond (top right), and a 

spill point into the deeper basin 15-30 m below. Chloride-covered basin floor elevation ranges by 

~15 m. A mound at an intermediate elevation between the pond and the basin floor is chloride-free. 

(C) Concentric rings in a small crater suggest multiple stages of evaporation. (D) Chloride deposit 

thickness, measured near the centre of the deepest part of the basin is ~ 1.5 m. Fractures in chloride 

continue across minor topographic changes, indicating that it is a single layer draped on top of 

underlying topography. (E) A small impact crater punches through the chloride deposit, spreading 

dark ejecta (depth of crater <~ 3 m). (F) Chloride deposits exist at a wide range of elevations (>50 m) 

and over slopes in contiguous parts of the deposit. 
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Figure 5. Chloride deposit in the southwest Tharsis region near Icaria Rupes (139.1 W, 38.8 S; Fig. 

9 for age dating). (A) Light toned, ridged chloride unit is present in topographic low. Small, 

chloride filled channels lead into the main deposit (e.g., white arrow). (B) Context for (A). MOLA 

topography on CTX showing his chloride deposit is surrounded by channels, leading downhill from 

Noachian highlands onto flat volcanic plains. (C) Purple-white, fractured chloride is draped on 

underlying ridged topography, covering ridges up to ~3 m high, and sometimes appearing to chip 

away from the ridge crest (white arrows; thickness below HiRISE DEM resolution, <1 m). (D) 

While chloride covers some ridges, topography taller than ~ 3 m is not covered with chloride (white 

arrows), indicating that the water level was less than ~ 3m deep at the time of deposition. (E) Light-

toned, fractured chloride deposit draped on underlying topography (e.g., ridge indicated by white 

arrow). Chloride here is <0.5-1m thick. (F) Chloride deposits exist at a wide range of elevations 

(>50 m) and over slopes in contiguous parts of the deposit.  



adjacent crater bottoms, even when (a) craters are so degraded that there is not a significant 289 

crater rim to prevent spilling over, and (b) CRISM data show other minerals in crater floors, 290 

indicating dust obscuration is not precluding detection (e.g. Cross crater, Columbus crater).    291 

3.2.4 Multi-elevation and asymmetric chloride deposits 292 

Most deposits are at multiple elevations in highly localized topographic lows but taller 293 

ridges/knobs do not have chloride; examples are provided from four sites (Fig. 4-6; Fig. S5). In 294 

gridded MOLA elevation data, 171/392 (44%) of chloride deposit clusters range over >10m 295 

elevation between different parts of same deposit or cluster (median: 40 m, maximum: 300m) 296 

(Fig. S6). This is very different from playa salt deposits on Earth (Fig. S7), often invoked as a 297 

likely analog for martian chlorides (e.g. Osterloo et al., 2010; Glotch et al., 2010; Ye et al., 2019; 298 

Huang et al., 2018; El Maarry et al., 2013). On Mars, contiguous chloride deposits typically have 299 

slopes around 1% (~0.5-5%; Table S1), while terrestrial salt flats have slopes around 0.05% (one 300 

to two orders of magnitude flatter).  301 

3.2.4.1 Chloride adjacent to Meridiani Planum 302 

This deposit exists within a larger basin (Fig. 4a,b) and has chloride-filled channels leading into 303 

it from the east. Fractured chlorides on the basin floor have crust-like morphologies, similar to 304 

chlorides at Death Valley (Fig. S7). Around the edge of the deposit, a crater with a set of 305 

concentric rings likely records stages of evaporation (Fig. 4c). While chloride is present at a 306 

range of elevations (Fig. 4f), there is an asymmetry typical of Martian chloride deposits. 307 

Chloride occurs on the side of the basin where the channels are leading in; there is not matching 308 

chloride on the opposite side of the basin, as we would expect if the basin had been filled to the 309 

level of the highest chloride deposit. We see no trace of chloride on many mound/islands, despite 310 

being surrounded by chloride on all sides. This limits the maximum water depth to ~5-10 m at 311 

most; markedly different from the interpretation of Hynek et al. (2015) and Melwani Daswani 312 

and Kite (2017), who argue for lakes > 100m deep, based on the overall basin shape. Instead, the 313 

basin was likely carved during an earlier, wetter era; later, small briny water volumes then 314 

slowed into these existing depressions, not filling them completely.   315 

3.2.4.2 Southwest Tharsis chloride 316 



Channels lead into this deposit (white arrow, Fig. 5a; 5b), and a mostly contiguous layer of 317 

chloride fills the majority of a basin, atop a volcanic unit (Fig. 5b). Chloride is found atop 318 

topographic elements ≤~3 m high, while taller features are left uncovered (Fig. 5d-e). In cross 319 

section (Fig. 5f), chloride exists at a ~55m range of elevations. Again, the elevation distribution 320 

is asymmetric, with the chlorides existing at higher elevations on the southern side of the deposit, 321 

where channels feed in. A flat-topped volcanic unit is present to the north, with no chloride 322 

detections on top of it (Fig. 5a,f), but chloride occurs at elevations up to 10 m higher than the flat 323 

top of the volcanic unit, indicating that this deposit was likely fed by surface water runoff from 324 

the south, and the basin never filled to capacity. The maximum water level was lower than the 325 

top of the volcanic unit, i.e.,  <~20 m. 326 

3.2.4.3 Chloride adjacent to Knobel crater (near Gale) 327 

This extensive, multipart chloride deposit (Fig. 6) is in a small basin, with an apparent channel 328 

leading into it from the southwest. Previous studies (Ehlmann & Buz, 2015; Huang et al., 2018) 329 

have interpreted chloride to be in stratigraphic layers with small patches of chloride in erosional 330 

windows. While chloride does appear to be in a layer, covered by ejecta in one part of the deposit 331 

(Fig. 6b), we also see small pond-like chloride deposits with crisp edges within the ejecta (Fig. 332 

6c), and other patches consistent with ponds at a variety of elevations (~50 m over 8 km). In 333 

lower parts of the basin, we see a few chloride-free mesa tops, despite being surrounded by 334 

chloride (Fig. 6 d, e, f). If these mesas were part of a capping unit overlying chloride, we would 335 

expect to see the same unit at similar elevations around the deposit edge. Instead, a contiguous 336 

layer of chloride slopes down to the basin from elevations well above the mesa tops. These 337 

observations of asymmetric elevation deposits are consistent with an existing chloride deposit 338 

upstream and within the topographic low, hit by an impact crater (providing a chloride source at 339 

high elevation around the crater rim), and reworked by small volumes of water to form the 340 

draped morphologies observed. Basin-filling volumes of water would have left behind chlorides 341 

on mesa tops, rather than only ~6m up the sides as observed.  342 



 

Figure 6. Chloride deposit adjacent to Knobel crater (132.0 E, 6.4 S; CTX DEM built from 

P20_008780 1727 XN and F22_044502 1732 XN). A) The light toned chloride unit is within a local 

low fed by a channel from the south, impacted by a small crater. Inferred stratigraphic relationships 

vary across the deposit. (B) a chloride deposit (purple in HiRISE color (ESP 044502 1735)) is in a 

layer exposed in small cliff edge and may pre-date the impact crater in the centre of (A). (C) Within 

the impact ejecta blanker are small, thin patches of chlorides (PSP 008780 1735), which appear to 

drape underlying topography; we interpret these as small ponds that occurred after the impact event. 

(D) Larger patches of chloride, with crisp edges corresponding to topographic lows, are also 

consistent with ponding (ESP 044502 1735). The purple chloride unit does not fully cover the 

topographic high (black arrow). (E) A flat-topped mesa is not covered by chloride, despite being 

surrounded by light toned, fractured chloride. Chlorides are found from the basin bottom up to ~ 6 m 

up the mesa.  This mesa is at a lower elevation than nearby contiguous chloride deposits (see cross 

section F-F’); if the chloride were in a stratigraphic layer rather than draped, we would see other 

exposures of a non-chloride layer at this elevation, instead of contiguous chloride. (F) Cross section 

derived from HiRISE DEM (stereo pair: ESP 044502 1735 & PSP 008780 1735) showing chloride at 

a wide range of elevations, and in some cases following slopes; this could result from small volumes 

of briny runoff, carried downhill, ponding to a max water level of ~ 6 m in the lowest areas. 

3.3 Age Dating 343 



Osterloo et al. (2010), using published maps from 1986 (Tanaka) and 1987 (Greeley and Guest), 344 

found that most deposits were within Noachian terrains and ~24% within Hesperian terrains. 345 

Using the updated Tanaka et al. (2014) global map of Mars with unit ages, we find that only 7 346 

deposits (/642) are in terrains mapped as Hesperian, near the edges of the Tharsis and Hesperia 347 

volcanic terrains. The rest are within Noachian terrains, consistent with work by Hill and 348 

Christiansen (2019). However, this type of analysis only provides an oldest-bound on the age. 349 

We found a number of sites where chloride was clearly on top of volcanic terrain, e.g. chloride in 350 

superimposed channels or on top of a surface with wrinkle ridges. When possible, we performed 351 

crater-counting to obtain more constrained oldest-bound ages, using the best local constraints. In 352 

one location, we obtained a youngest-bound age, using cross cutting fracture relationships (Fig. 353 

9). 354 

3.3.1 Icaria Fossae, South Tharsis 355 

The Icaria Fossae region south of Tharsis hosts chloride deposits that are cut by the fractures 356 

(Fig. 10a-c), indicating that the chloride was deposited prior to fracturing but after the underlying 357 

terrain was formed. Nearby, a similar flat basin exists where the same suite of fractures that cut 358 

the chlorides are erased by deposition of a younger unit (Fig. 9d). This surface unit must thus be 359 

younger than the chloride deposits, providing both an upper and lower age bound to constrain 360 

chloride age in this location. The terrain underlying chloride (red) is dated at 3.3 Ga, while the 361 

nearby (blue) basin was resurfaced 2.0 Ga (Fig. 9e, f), meaning the chlorides were deposited 362 

between 3.3-2.0 Ga, Late Hesperian to Early Amazonian. By contrast, in the global scale Tanaka 363 

et al. (2014) map, these terrains are respectively classified as Late Noachian highlands and Early 364 

Hesperian volcanics.  365 

  366 



 367 

Figure 7. Age of three chloride deposits near Thaumasia Planum and Bosporous Planum, East 

Tharsis. (A) Three regions with chloride are defined by topographic boundaries. (B) In the small 

purple region, light toned chloride deposit is found within a channel that cross-cuts a dateable 

surface (see also Fig. S7) (C) In the green region, the chloride deposit partially infills a channel at 

the surface on the wrinkle ridged dateable surface. (D) The magenta region in Bosporus Planum 

contains many chloride deposits, many of which are also in channels crossing the surface. (E) 

Purple region has a resurfacing age of ~ 3.3 Ga (resurfaced terrain ~ 3.7 Ga). (F) Green region has 

a resurfacing age of ~3.4 Ga, resetting craters smaller than ~ 10 km diameter, and an older age at 

3.7 Ga. (G) Magenta region yields a uniform age of ~ 3.3 Ga. 



 368 

 

Figure 8. Age of dateable chloride-bearing terrains on Mars. (A) Chloride deposits on the eastern 

edge of Hesperia Planum and in nearby Noachian highlands. (B) Chlorides are on top of Hesperian 

lava flow and occur within a channel (possibly a collapsed lava tube), indicating deposition after 

emplacement and resurfacing of the lava flow. (C) crater counting results from the lava flow in the 

orange area in (A) show a resurfacing age of 3.4 Ga (and older age ~ 3.6 Ga). (D) Southwest 

Tharsis site (detail in Fig. 6) near Icaria Rupes has an underlying large, smooth unit, likely a lava 

flow. (E) The chloride deposit is present within channels incising the lava flow unit, indicating that 

the chlorides are younger than the volcanic unit. (F) Crater counting for the blue region in (D) 

yields an age of 2.3 Ga. (G) Cluster of chloride deposits on a volcanic unit in Noachis Terra. (H) 

Chloride is present within channels on top of this unit (white arrow) and deposits drape over a 

wrinkle ridge (black arrow). (I) Crater counting for cyan in (G) gives a resurfacing age of ~3.6 Ga 

(older surface ~3.8 Ga). 



 369 

3.3.2 East Tharsis (Bosporos & Thaumasia Plana) 370 

On volcanic units east of Tharsis, chlorides are present at three distinct elevations (Fig. 7a). In a 371 

small basin in Thaumasia Planum, chloride is deposited within a channel (Fig. 7b), immediately 372 

downhill from remnants of Noachian highlands with Fe/Mg clays (Fig. S8), and in an adjacent 373 

depression, a local depression has chloride-infilled channels cut into a volcanic unit (Fig. 7c). To 374 

the south, Bosporus Planum hosts a unit with many chlorides occurring within dissecting 375 

channels (Fig. 7d). At these three locales, terrains immediately under the chlorides were 376 

 

Figure 9. Age dating of chloride Icaria Fossae region south of Tharsis (113.75 W, 39.39 S).  (A) 

Chloride deposits are found within heavily fractured terrain (red outline) but not on nearby smooth, 

resurfaced terrain (light blue). Boundaries for the red region were drawn based on a marked change in 

slope marking the boundary between a resurfaced (and fractured) basin and highland regions. (B, C) 

The chloride deposit is cut by a fracture, indicating that the chloride deposition happened after the 

terrain formed but before the fracturing occurred. (D) Fractures are completely resurfaced by later 

event, leaving a smooth, easily dated terrain that must be younger than the fractures. (E) Age date of 

the fracture unit outlined in red, underlying chloride deposits (3.3 Ga). (F) Age date of light blue, 

resurfaced unit (2.0 Ga) that covers the fractures and must be younger than the chlorides. 



resurfaced at 3.3-3.4 Ga (Fig. 7e-f), prior to chloride deposition. The two high elevation 377 

localities also record an older 3.7 Ga age. In the global scale Tanaka et al. (2014) map, these 378 

terrains are all classified as Late Noachian volcanics, corresponding to this oldest age, but local 379 

mapping establishes the oldest-bound on timing of the chlorides was Late Hesperian (<3.4 Ga).  380 

3.3.3 East Hesperia Planum 381 

At the eastern edge of Hesperia Planum, chlorides are detected atop volcanic terrain and in 382 

Noachian highlands nearby (Fig. 8a). The chloride in Hesperia Planum is located within a 383 

channel (Fig. 8b), indicating that it was emplaced after the volcanic unit. This unit has a 384 

resurfacing age of 3.4 Ga (older age is 3.6 Ga); chlorides must be younger than 3.4 Ga (Late 385 

Hesperian). In the global scale Tanaka et al. (2014) map, this unit is classified as Early Hesperian 386 

volcanic. 387 

3.3.4 SW Tharsis 388 

Chlorides are present on top of a smooth volcanic unit southwest of Tharsis, (Fig. 8d), where 389 

they are sometimes found in channels (Fig. 8e). This large, flat volcanic unit is dated at 2.3 Ga. 390 

Because the chlorides are on top of it, they must be younger than ~2.3 Ga, Early Amazonian. In 391 

the global scale Tanaka et al. (2014) map, this unit is classified as Early Hesperian volcanic. 392 

3.3.5 Noachis Terra 393 

Here, chlorides are on top of an older volcanic unit (flat area with wrinkle ridges; Fig. 8g), 394 

present in channels (white arrow in Fig. 8h) and draping over a wrinkle ridge (black arrow, Fig. 395 

9h). This unit has a resurfacing age of 3.6 Ga (underlying terrain dated to 3.8 Ga). In the global 396 

scale Tanaka et al. (2014) map, this unit is classified as Late Noachian highland. 397 

4 Discussion 398 

4.1 Earth analogs for surface water-deposited Martian chlorides 399 

In our analysis of Martian chlorides, all lines of evidence point to surface water runoff. We 400 

observe even more channels feeding into the deposits than reported previously. Evidence for 401 



small volumes of water includes ponding at multiple elevations, asymmetry in deposits (high on 402 

one side, where channels lead in, and much lower on the other side), and draping textures where 403 

slightly higher topographic highs (>3 m) are generally not covered by chlorides. For a larger 404 

volume of water, deposits would have been more likely to form a flat layer rather than being 405 

influenced by underlying topography. Our thickness estimates lower than prior literature, <~3m 406 

and typically <~1m thick layers, are also consistent with small volumes of water.  407 

On Earth, large-scale chloride deposits are most commonly associated with arid playa 408 

environments, such as the halite salt flats in Badwater Basin (Death Valley, California; Fig. S7). 409 

These environments have meter-scale polygonal ridges and/or fractures (Fig. S7d, e), similar to 410 

the characteristics of martian chlorides. However, these environments are extremely flat (<1 m 411 

elevation change over ~2.5 km; Fig. S7c; LiDAR data from Snyder, 2005), groundwater fills the 412 

basin and cycles of flooding and evaporation level the topography. As the last salt to crystalize in 413 

a sequence, playa chlorides are typically in the lowest topographic depressions and their chloride 414 

deposits many tens of meters-thick as they are zones of groundwater upwelling for local 415 

watersheds. This is very dissimilar to the martian chloride examples.  416 

A more analogous terrestrial environment is paternoster lakes, glacial-fed lakes that are 417 

connected by streams, occurring at different elevation steps. A saline example is found in the 418 

Antarctic Dry Valleys (Fig. 10) (e.g., Meyer et al., 1962). Don Juan pond is in a local 419 

topographic low in the valley bottom with a bright white ring of salt around a shallow muddy 420 

pond (Fig. 10c). Salt crusts show a sharp contact at the edge (Fig. 10d) with salt encrusting short 421 

boulders (~< 10 cm). Both groundwater (e.g. Toner and Sletten, 2013) and deliquescence plus 422 

snowmelt (Dickson et al., 2013) have been proposed as water sources for  Don Juan Pond. 423 

Dickson et al. (2013) observe seasonal flow of chloride-rich brines on top of a permafrost layer a 424 

few meters below the surface. Downstream in the valley is Lake Vanda, which has chloride-rich 425 

bottom waters (Angino and Armitage, 1963). The ~15 m elevation difference over 10-15 km is 426 

similar to martian chloride deposits; they do not exhibit the polygonal fracturing/ridges that we 427 

see in playa environments and on Mars, probably because they are still active/wet.  428 

 429 



4.2 Water source for the chloride deposits 430 

Meltwater runoff from snow/ice, either seasonal or episodic, likely supplied the overland water 431 

flow necessary for the chloride deposits. Today, we only see thin seasonal water frosts in the 432 

southern highlands of Mars (e.g., Fig. S4; Vincendon et al., 2010), which would likely not 433 

provide enough brine for the km
2
-scale chloride deposits, even if temperatures and pressures 434 

were high enough to allow for melting rather than sublimation. However, in the Hesperian and 435 

late Amazonian, such southern highlands surface ice deposits and subsurface ice or permafrost 436 

may have been more widespread, thicker, and able to melt and provide a water source, during 437 

certain obliquity regimes (e.g., Wordsworth et al., 2015). A few locations show concentric rings 438 

in chloride deposits (Fig. 4c, S5d), which might reflect multistage evaporation or repeated 439 

wet/dry cycles. Additionally, rare episodes of precipitation (e.g. due to volcanic outgassing) 440 

 

Figure 10. Chloride deposit in McMurdo Dry Valleys, Antarctica (Earth). (A) Google Earth image 

shows a glacier in the upper parts of the valley and the locations of Don Juan Pond and Lake Vanda. 

(B) These salty water features are at different elevations (range, ~25 m) and connected by channels. 

(C)  Don Juan Pond (photo J. Dickson), showing the white salt crust and very shallow water level 

(muddy patch) within the larger valley, downstream from the glacier. (D) Close-up of sharp salt 

contact (bottom edge) and salt crust that has covered shorter boulders, climbing up ~ 10 cm.   



could provide a source of surface runoff; such precipitation might be enriched in chlorine (e.g. 441 

Nekvasil et al., 2019) (see 4.3).  442 

An alternative source for small volumes of water is deliquescence, where salt minerals present in 443 

the soil can adsorb water vapor from the air and form a concentrated brine when the relative 444 

humidity is high enough (as observed in Antarctica; Dickson et al., (2013)). This may contribute 445 

to the observed deposits but does not seem likely to generate the overland flow seemingly 446 

required for 1-3 m thickness of chloride enrichment in some locales, although further modeling 447 

of deliquescence water volumes may be an avenue for future work. 448 

4.3 Ion sources for chloride deposits 449 

Our results concur with previous studies that have noted chloride deposits’ relationship with 450 

Fe/Mg clays as well as a lack of association with other salts (sulfate, carbonate) that are typically 451 

associated with large-scale chloride deposits on Earth (Ruesch et al., 2012; El Maary et al., 452 

2013). Even using machine learning techniques (Dundar et al., 2019) and searching every 453 

targeted longwave CRISM image that intersects chloride, we were unable to find any small 454 

deposits of accompanying salt minerals. We do not observe phases other than Fe/Mg clay 455 

minerals when impact craters have broken through a chloride-enriched layer. Thus, it appears 456 

carbonate and sulfates may be effectively absent, or if present, be buried deeper than is typical 457 

for playa mineralization sequences with CO3
2-

, SO4
2-

, and Cl
-
 ions.  458 

Chloride ion sources include magmatic gases from volcanism as globally distributed atmospheric 459 

gases or from local fumaroles, leaching and alteration from igneous crust, or remobilization of 460 

older chloride deposits. In agreement with previous work (e.g. Osterloo et al., 2010; Ruesch et 461 

al., 2014), we do not believe that any local volcanic sources are likely or required, given the lack 462 

of observed fumarole structures and silica or sulfate accessory minerals.   463 

Chloride contents of soils, dust, and sedimentary rocks on Mars range from ~0.3-3 wt. % with 464 

unaltered igneous rocks sometimes lower (Berger et al., 2016; Haskin et al., 2005; Thomas et al., 465 

2019). We assume halite and estimate how much material would (1) have to be fully leached to 466 

generate all chloride deposits observed and (b) how much material contains enough chloride to 467 

account for a median chloride deposit (~10 km
2
, ~1m thick). Across the southern highlands, the 468 



total area of the chloride deposits is ~14 000 km
2
 (Osterloo et al., 2010). Assuming a layer ~1 m 469 

thick of 25% halite (Glotch et al., 2016), this translates to ~1x10
14

 mols Cl. For a density of 470 

typical rocky materials (3000 kg/m
3
), this amount of chlorine would be present in a layer 0.7-7 471 

mm thick across the southern highlands (area ~6.5 x10
7
 km

2
). But the chloride deposit-forming 472 

processes appear to be more locally controlled, involving small amounts of water moving 473 

through local topographic lows, so as a more appropriate metric, we find that chloride derived 474 

from the top 3-30 cm of typical martian materials would need to be leached over a 1000 km
2
 area 475 

to create a median chloride cluster. Indeed, ~1000 km
2
 is the typical area included within the 10 476 

km buffer zone around a deposit and is the size of several of the larger basins in which small 477 

chloride deposits are found (e.g. Fig. 1a). Since we know capillary action can access the top 478 

meters of porous media, these calculations mean leaching from the top soil layer is a plausible 479 

chlorine source, if the fluid and rock chemistry and duration enables leaching. 480 

We propose a conceptual model that explains the observed characteristics of chloride deposits 481 

(Fig. 11). Either large-scale volcanic processes or chemical weathering enrich Cl in Martian dust, 482 

soils, and sedimentary rocks (e.g. Settle, 1979; Clark and van Hart, 1981; Nekvasil et al., 2019). 483 

Widespread Fe/Mg clays across the Noachian highlands are an indication that chloride ions may 484 

already have been released into more mobile phases by significant earlier alteration of igneous 485 

rock (Milliken et al., 2009). To generate large-scale areas of concentrated chlorides, capillary 486 

action with small water volumes derived from melt dissolves Cl-bearing phases in the top ~1 487 

meter of soil and generates surfaces/near-surfaces enriched in chloride precipitated during water 488 

evaporation/sublimation. Small volumes of low temperature water preferentially dissolve just the 489 

most soluble salts (chlorides), providing a mechanism for separating chlorides and retention of 490 

less-soluble sulfates like Ca sulfates in the subsurface, where they are hidden from remote 491 

sensing. Such mobility has been observed in soils at Gusev crater where both Cl and S are 492 

enriched in soils but Cl is more enriched at the surface relative to S (Haskin et al., 2005). Small 493 

volumes of meltwater—likely repeatedly—then mobilize small salt deposits and aggregate them 494 

in local topographic lows. Clay-bearing soilts (e.g., Warrence et al., 2003) or permanfrost 495 

(Dickson et al., 2013) may serve to inhibit infiltration of meltwaters into the subsurface.  496 



 497 

4.4 Timing 498 

Although chloride deposits are found overwhelmingly in Noachian and early Hesperian terrain 499 

(3.9-3.6 Ga) when considered at Tanaka et al. (2014) map scale (e.g. Osterloo et al., 2010), 500 

because the chlorides drape on these surfaces, this only provides a no-older-than bound. Where 501 

crater counts on local units with clear stratigraphic relationships are possible, these typically 502 

indicate much younger oldest bounds. Hynek et al. (2015) date the Meridiani chlorides to be <3.6 503 

Ga, while Ehlmann and Buz (2015) and Huang et al. (2018) date the underlying Knobel terrain to 504 

~3.7 Ga and the overlying capping rock to 1.1 Ga.  Here we show several chloride deposits must 505 

be younger than ~3.3-3.4 Ga (Hesperian), one must have formed between 3.3 Ga and 2.0 Ga, and 506 

there is even one that is on top of Amazonian terrain (younger than 2.3 Ga).  507 

 

Figure 11. Schematic diagram for chloride formation (A) At end of a surface water epoch, 

evaporation/capillary action form a salt crust in regions with impermeable clays. (B) Water ice 

accumulates (e.g. at elevation, or on pole-facing slopes). (C) Ice melts, sending small volumes of 

meltwater downstream. Previously deposited salt crusts may be dissolved, creating briny waters, 

redepositing in local topographic lows. Clays or permafrost prevent infiltration of the transported 

surface waters.  (D) Freezing/evaporation occurs, leaving perched and/or asymmetric salt deposits 

(rather than basin-filling rings of salt). 



Taking into account both our age dates and those of previous studies, we conclude that chloride 508 

deposits might have started to form in the Noachian, but the processes creating these deposits 509 

continued until at least the Early Amazonian ~2.3 Ga. Given the crisp, fresh appearance of these 510 

deposits in spite of being within erodible deposits in dusty regions, we hypothesize that a 511 

significant proportion of them may even be on the younger side of the age range, though dateable 512 

units are not nearby to prove.  The persistence of episodes of small volumes of water into the 513 

Amazonian is consistent with other recent observations in Gale crater of young small valleys and 514 

Amazonian age dates of diagenetic minerals (e.g. Ehlmann and Buz, 2015; Grant et al., 2019; 515 

Martin et al., 2017).  516 

4.5 Explaining the global spatial distribution of chloride deposits 517 

A long-standing, puzzling fact about the chloride deposits has been that they are almost all in 518 

highlands south of the equator and not in highlands regions north of the equator (e.g. Mawrth 519 

Vallis, NE Syrtis). This is a clue about Martian paleoenvironmental conditions and not merely a 520 

detectability issue as many other alteration minerals are found in these terrains (Ehlmann and 521 

Edwards, 2014). Prior work has suggested chloride deposits follow the same approximate 522 

distribution as the valley networks (Hynek et al., 2010; see Fig. 2a). We agree but also conclude 523 

that the fact that valley networks north of the equator lack the chloride deposits detectable at 524 

THEMIS resolution (Fig. 2a) is important to understanding chloride deposit origin and timing. 525 

Bouley et al. (2016) propose that the valley networks formed prior to true polar wander, induced 526 

by reorientation of the volcanic Tharsis bulge to the equator. They demonstrate that the densest 527 

valley networks line up with a ~0°-30°S zone of maximum modelled precipitation in Mars’ 528 

expected pre-Tharsis orientation. We note that the chloride deposits align with the ~0°-30°S zone 529 

of maximum expected precipitation in the present orientation of Mars, thus indicating that the 530 

chloride deposits likely formed after this true polar wander was complete (Hesperian or later). 531 

That is, the chlorides do indeed occur in locations with prior valley networks—and highlands 532 

clays deposits that indicate paleoweathering—but, importantly, only where precipitation is 533 

favored in the modern climate regime. Future work with climate models should focus on 534 

modeling conditions that enable late Amazonian surface waters to form large-scale chlorides 535 

with the minimum water quantities needed to reproduce the thin, perched, draped deposits.   536 



5 Conclusions 537 

Chloride deposits found across the southern highlands of Mars likely represent small volumes of 538 

surface water, deposited in existing topographic lows such as old channels and resurfaced lake 539 

basins. Chloride deposits tend to be draped on top of underlying topography, and at a range of 540 

elevations, unlike playa environments or evaporites from deep lakes on Earth. The deposits are 541 

thin (<3m) and asymmetric with greater thicknesses near inlet channels. Despite being found in 542 

local topographic lows, many chloride deposits are within 10 km of even deeper lows with no 543 

signs that groundwater upwelling is responsible for these deposits. Instead, surface runoff is the 544 

most likely water source, from sources like seasonal or episodic melting of ice or permafrost. 545 

Their distribution south of the equator is coarsely consistent with predictions for ice deposition 546 

as snow on Amazonian Mars over obliquity cycles. Saline paternoster lakes in the Dry Valleys, 547 

Antarctica are an analogous terrestrial analog environment. 548 

Weathering of basaltic materials to clay minerals releases cations. Mass balance calculates show 549 

sufficient chloride anions to generate the observed deposits could be leached from the top layer 550 

(<1 m) of soil/dust in the highlands surrounding the topographic lows. Supply of Cl in volcanic 551 

aerosols may also contribute. The deposits are self-consistently explained by chloride sourced in 552 

observed nearby clay-bearing Noachian highlands—by leaching of rocks and sediments or 553 

remobilizing earlier-formed salt deposits—transport of small volumes of meltwater downhill 554 

leading to deposition atop younger terrains. 555 

While our update of the statistics of distribution relative to the latest global-scale geologic maps 556 

shows the vast majority (97%) of chlorides are superimposed on Noachian terrains, these are 557 

simply oldest-bounds on the age of the chlorides. Those sites that allow detailed age-dating by 558 

crater counting with local units with superposition relationships show, in multiple cases, chloride 559 

deposit formation between 3.4-2.3 Ga.  Thus, we conclude that Mars’ chloride deposits record 560 

the last large-scale waters on Mars and continued to form into the Amazonian by surface liquid 561 

water flow. 562 
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