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Summary Sentence

Discovery of five new impact craters that have excavated shallow sub-surface ice in the northern mid-latitudes of Mars confirm models with higher average atmospheric water vapor content than at present.

Abstract

New impact craters at five sites in the martian mid-latitudes excavated material from depths of decimeters, with a brightness and color strongly indicative of water ice.  Near-infrared spectra of the largest example confirm this composition and repeated imaging showed fading over several months, as expected for sublimating ice.  Thermal models of one site show that millimeters of sublimation occurred during this fading period, indicating clean ice rather than ice in soil pores. Our derived ice-table depths are consistent with models using higher long-term average atmospheric water vapor content than present. Craters at most of these sites might have excavated completely through this clean ice, probing the subsurface to depths not previously sampled and revealing significant heterogeneity in the vertical distribution of the ice itself.

Theoretical models predict that buried water ice is stable in the high-latitudes of Mars beneath a desiccated soil layer (1-4) with an extent and depth that depend on temperature and humidity (which vary with changing orbital elements). Hydrogen abundances inferred from neutron (NS) and gamma-ray spectrometer data show that the upper-most decimeters of the martian surface contain large amounts of water ice poleward of latitudes ±60° (5-8) which can exceed 50% by mass (~75% by volume).  A key parameter setting the extent of stable ground ice is the global average atmospheric water vapor. Models suggest 20 precipitable microns (pr-μm) best explains the NS data (9), while direct measurements indicate only 14pr-μm (10) or perhaps even lower (11).  The mid-latitude boundary enclosing the area where buried ice is presently stable is expected to be abrupt (Figure 1) and its position is sensitive to this long-term global average.  However, NS data do not tightly constrain the location of this abrupt edge (Figure 1) (12) and although the NS can constrain the depth to the top of the high-latitude ice table, it is insensitive to changes in ice concentration a few centimeters below that (13).
Here we report on a new method to probe subsurface ice on Mars.  New, meter- to decameter-scale, impact craters that formed within the period covered by spacecraft datasets have been observed (14).  We have identified new mid-latitude craters at five sites that excavated material with a brightness and color in High-Resolution Imaging Science Experiment (HiRISE) images (15) that is strongly indicative of water ice (Figures 2-4).  These sites, located near the boundary of Utopia and Arcadia Planitia both on and adjacent to the Phlegra Montes (Figure 1), were identified by the Context Camera (16) (CTX). Constraints on their formation times come from before and after images (Table 1). 
Hyperspectral data from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) (17) covering the five sites of interest were examined for spectral signatures of water ice.  In general, the bright material imaged by HiRISE occupies only a few percent of a CRISM pixel (18m across); however, bright material at site 3 was extensive enough to occupy a significant fraction several CRISM pixels. Water ice absorption bands were detected over this feature that are lacking in spectra of adjacent terrain (Figure 4). The other sites do not show spectral evidence of water ice due to their small ice-covered areas (next largest is site 5, occupies only ~0.1 CRISM pixels).

Site 1 (Figure 2) contains a cluster of small craters, the result of atmospheric breakup of the bolide (18).  Icy material is visible in two of these craters, many of which have flat floors indicating excavation to a mechanically stronger material.  Site 5 (Figure 3) contains a single crater with isolated interior decimeter-scale spots of ice and a larger (4x9m) exterior icy patch adjacent to the crater’s eastern side.  The asymmetry of the exterior ice is puzzling as the crater and its 1km-long dark rays are symmetric. Aeolian action may have transported ice within the crater over its eastern rim, a direction consistent with nearby crater wind streaks (19).  Sites 1 and 5 are flat areas notable for their well-developed polygons (about 7-8m across). Sites 2 and 4 (Figure 3) occur in the Phlegra Montes, eroded massifs with associated debris-covered aprons (20).  The craters occur on these aprons, which were argued to be ice-rich debris (21); however, similar aprons elsewhere are now known to be composed of relatively pure ice (22-23). Sites 2 and 4 have ice on their interior crater walls and draped over their rims. Site 3 (figure 4) has excavated subsurface ice almost entirely onto its ejecta blanket. We interpret the absence of ice on the crater floor at sites 2-5 to indicate that these impacts excavated completely through a relatively thin buried ice layer. The presence of ice on the site 1 crater-floors indicates excavation to this layer, but not through it, consistent with derived crater depths (Table 1).

Monitoring by HiRISE (Figures 2 and S2) has shown changes in the excavated bright material at all sites, consistent with sublimation of water ice.  Exposed mid-latitude water ice is expected to sublimate causing darkening and reddening as debris within the ice accumulates as a soil lag. Figure 2 shows a clear fading and reddening of icy material at site 1 over time. Its bright blue appearance took 140-200 days to disappear at this location and season. To quantify the total sublimation in this interval we constructed a one-dimensional thermal model (see SOM).  We simulated a dry soil layer with underlying ice to establish the pre-impact subsurface temperature as a function of season. We then removed the soil layer and followed the ice surface temperature to calculate sublimation.  Among many parameters, the most influential were wind speed (nominally 2.5ms-1) and initial ice albedo (nominally 0.4), which we darkened linearly to background levels by Ls 180(. Varying all parameters within reasonable ranges yielded total sublimations of 0.3-11.5mm with our nominal case yielding 1.7mm. Purposefully conservative choices in environmental and physical parameters make this sublimated thickness a robust lower limit (24).

Our estimate of sublimation at site 1 before this ice fades to background brightness implies clean ice. Experiments indicate that 17(m of dust masks bright white material at wavelengths of HiRISE’s blue-green filter (15,25).  If this fading were due to a sublimation lag of dust-sized particles then it implies a debris concentration of only 1% by volume (an upper limit as the sublimation estimate is a lower limit).  Figure 2 also shows the brightness evolution of the dark areas (regions blown clear of dust). These areas brighten towards the level of surrounding undisturbed terrain, indicating that atmospheric dust is settling out on the surface. This implies that some of the fading of the ice is also due to this dust fallout rather than generation of a sublimation lag and so the actual dust content of the ice is even lower than discussed above.  Similarly, if some of this observed darkening were due to ice-grain growth via thermal metamorphism (26) then the ice would be cleaner than derived.  Aeolian removal of dust could counter this darkening, causing an underestimate of the dust content. This is unlikely as this site is a sink for atmospheric dust as evidenced by the brightening of the dark areas. Ice exposed at site 1 is not pore-filling ice, but relatively pure with impurities <1%, at least in the uppermost millimeters.  Sites 2, 4 and 5 are at similar latitude and fade at similar rates (Figure S2) implying that this ice is similarly pure.  Site 3 (at higher latitude) is fading and shrinking at a slower rate as expected. We consider it unlikely that these small impacts can clean dirty ground-ice by melting, as any melt within the crater should easily drain through the heavily fractured floor. Further work will address phase changes during the impact (27).

These craters formed near the abrupt transition from where ground ice is expected to be stable to where it is not (Figure 1).  Here, the expected depth to ice in models is extraordinarily sensitive to latitude (Figure S4) and its presence in these shallow craters provides a strong test of these models.  Comparing results (9) of models using 20pr-(m of atmospheric water vapor with these new data yields excellent agreement (Table 1).  The high latitude of site 3 means that buried ice is expected and its excavation confirms this.  Model results of the other sites show that they are near the edge of the stable region, but expected to have ice within 1m of the surface. Two craters in the site 1 cluster appear to have exposed a well-defined ice table and their depths coincide closely with the expected ice-table depth. Sites 2, 4 and 5 all have crater depths in excess of the model-predicted depth to ground ice and so excavation of ice at these locations is consistent with these model results. Crater depth could not be measured for site 3; however, ice is expected there at a depth of only 12cm and an 8m crater would easily excavate deeper. Sites 2-5 do not have bright ice on their crater floors, indicating that the craters may have excavated through a clean ice layer <1m in thickness. The Phoenix lander encountered a mix of ice-cemented soil and relatively clean ice at 68(N (28) and at depths close to model predictions (29).  Viking Lander 2 at 48( N (Figure 1) dug trenches ~15cm deep (30) and did not discover ice (model predicts ice at 24cm). Given these new data, it is likely that ice exists slightly deeper than excavated to in the 1970s.

Clean buried ice on the Earth is typically generated by repeated freeze/thaw cycles, which are unlikely here. Atmospheric condensation/precipitation of ice/snow might have occurred and been buried by a sublimation lag or atmospheric fallout of dust.  Another possibility is purification of ground ice by thermal contraction of ice in regolith pores, deposition of atmospheric vapor in the newly created space and thermal re-expansion that eventually expels the intervening regolith grains (31), a process thought to take tens of Myr. Buried massive ice can be removed by diffusion to the atmosphere, but diffusion of vapor into the regolith creates only pore-filling ice. Whatever the formation mechanism, this ice must survive shorter-timescale removal episodes.

Eight new craters poleward of 30° (two southern-hemisphere, six northern) that do not show evidence of water ice are also known (Table S1). Exposed ice can become unrecognizable within months and all these craters may be up to a few years old so their current ice-free appearance may not indicate a lack of ice at these locations. However, the northern sites are at lower latitude than the five icy sites making subsurface ice less likely. As the CTX dataset becomes more extensive the number of known sites will increase and allow a more complete mapping of the boundary of stable subsurface ice.

Small, frequent, impacts are natural probes of the martian subsurface offering a new method to gauge the depth and extent of buried ice and probe beneath the top of the ice-table for the first time.  The ice appears heterogeneously distributed and includes a relatively clean layer <1m thick.  Comparing these data with models informs us about the time-averaged atmospheric water content.  The available sites support a value of 20pr-(m that can be reconciled with the lower values observed in the current atmosphere by recent orbitallly-forced climate change (32).
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Figure and Table Legends
Figure 1. Sinusoidal projection of expected ice depths (9) with Viking Lander 2 and sites 1-5 labeled. Contours represent depths to an ice-rich layer (g/cm2) derived from NS data (8).
Figure 2. HiRISE false-color data (see Table 1 for image details) of icy material and its sublimation at site 1. Panels are 75m across. Images here and in subsequent figures have north at the top and are illuminated from the lower left. Plot shows the brightness evolution of the lower-right icy patch (solid) and dark impact zone (dashed) in each HiRISE filter scaled by the brightness of the surrounding undisturbed terrain (to remove incidence angle and first-order atmospheric effects). Blue-green and near-infrared bands in the Ls 126( observation were summed 4x4.

Figure 3. HiRISE false-color data of sites 2, 4 and 5 (see Table 1 image details). Panels are 35m across. 
Figure 4. HiRISE false-color data of site 3 (see Table 1 for image details). Gridlines show the scale (18m) (but not accurate location) of CRISM pixels. CRISM spectrum with water ice absorption bands indicated is an average of four adjacent pixels in observation FRT0000D2F7.
Table 1. Timing, locations and observations of sites 1-5. Martian dates are given by aerocentric longitude of the Sun (Ls) and Mars year (M29 started 12/2007). Image names beginning with V are from THEMIS VIS, names beginning with P/B are from CTX and abbreviated (full names: P22_009556_2263_XI_46N183W, P20_008699_2247_XN_44N182W, P21_009095_2225_XN_42N195W, B01_010058_2375_XN_57N209W, B01_010018_2247_XN_44N195W, P20_009015_2262_XI_46N171W). Crater diameters and depths (shadow measurements) are measured off asterisked HiRISE image.  Both ice-containing craters at site 1 were measured. There was no identifiable shadow at site 3. Rightmost column shows mean and range of predicted ice-depths within a 9x9km region centered on each site (9).
New Impact Craters Probe Buried Martian Ice

Supplementary Online Material

Detection of New Impacts

New impacts are most easily detected where the impact can disturb surficial dust and darken the surface.  CTX panchromatic images (pixel scales of 5-6m) that are examined by the CTX science team for evidence of recent impacts i.e. dark patches in otherwise bright areas (Figure S1).  When earlier images differ in appearance, HiRISE data are acquired to confirm an impact origin and measure crater diameter.  Over 80, unevenly distributed, new impact craters have been confirmed in this way.  These discoveries are biased to dust covered regions of Mars that commonly have clear atmospheric conditions during spring and summer.
The acquisition dates of image pairs like that shown in Figure S1 provide constraints on the formation time of the crater.  Table 1 lists these constraints for the five sites discussed in this paper.  Most were less than a few months old when discovered. Sites 2 and 5 could be much older; however, given the rates at which this icy material is changing (Figures 2 and S2), they also likely formed during 2008.  These impacts are likely to have a spread of ages as their spatial distribution would be difficult to explain as a single event; however, there are no data to rule out the possibility that they all formed simultaneously between June 4th and June 28th in 2008.

Observed changes at sites 2-5

Table 1 details our HiRISE observations for sites 1-5.  All sites showed evidence of change both in the area that was ice covered (which shrank) and the brightness and color of the remaining ice (which decreased and reddened). Evidence for these changes at site 1 was presented in Figure 2 of the main article and evidence of these changes for sites 2-5 is shown here in Figure S2.  Each color band of the HiRISE data shown in Figures 1 and S2 is ratioed to the mean brightness in that band of an undisturbed region (256mx256m) roughly one kilometer south of the impact site.  The exact position of these reference regions was shifted to avoid large topographic features that have a slope-induced brightness uncharacteristic of the material such as rims of nearby large craters. Thus, ignoring the contrast reduction due to atmospheric dust, color and brightness in the sub-frames of Figures 2 and S2 can be compared at each site.  The common behavior of these sublimating ice patches is a sharp reduction of their reflectance in the blue-green channel with more modest changes in the red and near-infrared channels.

CRISM Data Preparation

To remove the effects of atmosphere and aerosol absorptions, scatterings, and emissions, CRISM spectra were modeled with the Discrete Ordinate Radiative Transfer (DISORT) code of (S1) which has been adapted for use with CRISM images (S2).  DISORT models the reflectance that CRISM would measure if looking through a Mars-like atmosphere at a surface that scatters light according to the Hapke model (S3).  The code treats the atmosphere as parallel layers composed of CO, CO2, and H2O vapor, and requires inputs of historical climatological data (S4-S6).

Several DISORT runs were conducted with various single-scattering albedos, and the relationship between single-scattering albedo and observed I/F was fit using a fifth-order polynomial.  A look-up Table was then used to convert the CRISM I/F data to single-scattering albedo.
Thermal model description

The reader is referred to a companion paper Dundas et al. which is currently being reviewed for a full description of the model.  A summarized description follows here.

The thermal model developed and used here is a one-dimensional explicit solution of the heat diffusion equation in the martian subsurface where boundary conditions are incoming solar flux and downwelling long wavelength atmospheric radiation (set to 4% of the noontime short-wave flux) and constant planetary heat flow of 30mWm-2.  The thickness of numerical layers in the subsurface is chosen so that the diurnal temperature wave is resolved by at least 10 layers (thicknesses also increase with depth by a constant factor for computational efficiency) and the model extends to depths sufficient to capture the annual thermal wave.  Time increments in the model are chosen in conjunction with the layer thicknesses and material thermophysical properties to satisfy the Courant criterion for numerical stability. The model is divided into three material layers. A ground ice layer of adjustable thickness and depth is sandwiched between two dry regolith layers that extend from the ice to the surface and bottom of the model domain respectively. The model includes the effects of seasonal CO2 frost formation, although this frost does not form at every site.  We assume a flat surface with no radiative contribution from nearby slopes (which will cause an eventual underestimate of total sublimation) although shadowing by the crater walls at site 1 is accounted for.  We used a thermal inertia typical of the impact site area (S7) to estimate the thermal conductivity of the original overlying regolith, assuming the same density and heat capacity as (S8), and the measured albedo from the Thermal Emission Spectrometer (TES) (S9).  We varied the initial albedo of the ice and forced it to decrease linearly with time to the ice-free condition we observed in the HiRISE data, which is actually a little darker than the pre-impact dust-covered terrain (see Figures 2 and S2).

This model was run for sufficient time (usually several decades) to stabilize the temperature profile to serve as the pre-impact initial condition. In our nominal case, we assumed pure ice buried beneath 0.5 m of regolith. At the time of impact, we remove the overlying dry soil and run the model forward in time to track the temperature of the exposed ice. We experimented with adding heat due to the impact in the form of artificially boosting the initial temperature of the exposed ice and found this had a small effect on our final results. Ignoring this extra heat means that the total sublimations quoted below are again slightly underestimated. During the remainder of the model run we track the thinning of the uppermost ice layer when figuring surface temperature and the cooling effect of latent heat of sublimation.  We also continued to model the temperature of the pre-impact surface as a proxy for the regional temperature. The atmospheric temperature was estimated from this regional surface temperature in a way which ensured it was close to equal at night, but was approximately 20-25K lower during the day, consistent with Viking Lander 2 measurements (S10).  Although our model is one-dimensional we included an estimate of the effects of lateral heat conduction from the exposed ice to adjacent buried ice.  We calculated conductive losses through the edge of the exposed ice patch at every depth using both temperatures of the exposed and buried ice and the heat-diffusion length scale which increases as the square-root of time.  This effect served to reduce the temperature of the exposed ice and lowered the total sublimation calculated by roughly 40% (the exact amount depends on he other model parameters).
For simplicity, we assumed a constant near-surface water vapor partial pressure estimated from the column abundance and condensation height of (S4). This abundance may be an overestimate (S11) and also neglects a seasonal decrease in late summer. These approximations again result in a conservative estimate of sublimation, as lower humidity will increase ice loss. Sublimation was calculated using equations for free and forced convection based largely on those used for previous studies. (e.g. S12-S14).  The formulae we used (S15) differ in two small ways, which in most cases have the combined effect of again reducing the total sublimation we calculated by less than a factor of two.  The more significant of these two changes involved including temperature when calculating the density difference between the saturated boundary layer and surrounding atmosphere (the ((/( term of S12-S14), previous studies calculated this difference based only on the different mean molecular weights and assumed that the boundary layer and atmosphere were isothermal.  Forced convection depends on the product of the drag coefficient and wind-speed; we varied a constant windspeed to investigate this. We took the typical windspeed to be 2.5 m/s, similar to that at the Viking 2 landing site (S10). The model was run forward in time until Ls 180( (when the ice had darkened) at which point the total amount of sublimation is output.

We varied several parameters which included the time of impact, the depth and thickness of the ice layer, the initial albedo of the ice, the wind-speed, the thermophysical properties of the surrounding landscape and pre-impact terrain and how well coupled the atmospheric and regional surface temperatures were. In our nominal case, the time of impact was Ls 96( (the mid-point of the allowed range), the ice was assumed to lie 0.5m below the surface (the current depth of the exposed ice), the initial albedo of exposed ice was set to 0.4, wind-speed was 2.5 ms-1 and pre-impact surface albedo and thermal inertia were taken from the TES results (S7, S9).  The most influential parameters were windspeed (investigated range of 0-7.5 ms-1) and the initial ice albedo (investigated range of 0.3-0.5).

Varying these parameters within reasonable ranges yielded total sublimations of between 0.3-11.5mm with our nominal case yielding 1.7mm of total sublimation.  At each step in this process choices were made which would consistently underestimate the total ice sublimation.  We therefore consider millimeters of sublimation to be a robust lower limit.  This underestimation is intentional as higher sublimation would reinforce our main conclusion that the sublimating ice we observe is clean.
Currently Ice-Free High-Latitude Craters

Table S1 details fresh impact craters at latitudes poleward of (30( that show no evidence for current ice in HiRISE data. All these craters may be up to a few years old so their current ice-free appearance may not indicate a lack of sub-surface ice at these locations. Of these currently ice-free craters, only one is known with certainty to have formed less than a year before it was imaged by HiRISE (site 11, about 400km south of site 5). It is possible that buried ice is not present at this lower latitude (39.6(N) or the excavation depth was insufficient to expose it, however the impact occurred a minimum of 71 days before the HiRISE followup image (and possibly up to a year before) so excavated ice may also have sublimated away as described for site 1.

Some of these sites have morphologic indicators that suggest ice may once have been present. For example, a cluster of craters at site 12 has individual craters with flat-floors a few decimeters deep that are very similar to those at site 1 in appearance and dimensions (Figure S3). This cluster obviously excavated down to a resistant material that has a depth consistent with ground ice. Sites 9 and 12 are likely to host sub-surface water ice on the basis of the same modeling that successfully explains the five icy sites described in the main text (S8).  Sites 6 and 7 in the southern hemisphere are likewise expected to host stable ground ice.
The southern hemisphere is badly represented in our sample of high-latitude craters for a number of reasons.  The current argument of perihelion causes aphelion to occur in the northern summer. When Mars is closer to the asteroid belt the impact rate is higher. Up to six or seven times more craters are expected to form at aphelion (near northern summer solstice) than perihelion (near southern summer solstice) (S16).  As time is critical in detecting these sites before the fade away and most imaging occurs in late spring and early summer due to favorable lighting we should expect to discover more of these sites in the northern hemisphere.  Another important factor is that the presence of large expanses of dusty areas in the northern hemisphere (enabling these impacts to be discovered) which the southern hemisphere lacks (S17). The two high-latitude southern-hemisphere impacts discovered (sites 6 and 7, Table S1) occur in the Argyre and Hellas basins respectively, which are moderately dusty (S17).  These basins may yield more impact discoveries in subsequent southern summers; however, their surfaces are also frequency obscured by clouds and dust storms. 

Model Predictions of Mid-Latitude Ice Table Depths

The mid-latitude locations of these craters make them especially valuable for validating previous models. The depth to stable ground ice is expected to increase with decreasing latitude in a very sensitive manner in this zone (Figure S4).  A sharp latitudinal cutoff where ice is no longer stable at any depth occurs in this mid-latitude zone.  This cutoff is a salient feature of all recent models of ground-ice stability (e.g. S8, S18, S19) and its position has been shown to be sensitive to variation in the long-term average atmospheric water vapor.  Models that attempt to couple changing orbital elements with this measure of atmospheric water vapor (e.g. S19) predict that this boundary can vary by several degrees of latitude over recent time. The model of Chamberlain and Boynton (S19) suggests that variations in the argument of perihelion over the past 10 Kyr alone would have caused this boundary to shift by 10-15 degrees of latitude in the northern hemisphere.  Thus, accurately constraining the position of this boundary from observations of these newly formed craters is a great opportunity to understand the recent history of ground ice on Mars.
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Supplementary Online Material Figure Legends
Figure S1.
Center and left panels show the crater-discovery CTX image pair for the site 1 impact and are both 4km across. Right-hand image shows the first HiRISE followup (see Figure 1 and Table 1 for locations, dates and image names). All images have north at the top and are illuminated from the lower-left.
Figure S2.

HiRISE false color data (see Figure 1 and Table 1 for locations, dates and image names) showing ice patches and their sublimation at sites 2-5. The panels are 35m across, have north at the top and are illuminated from the lower left. The plots on the right show the brightness evolution of an icy patch (solid) and dark impact zone (dashed) in the three HiRISE filters scaled by the brightness of the surrounding undisturbed terrain (to remove incidence angle and first order atmospheric effects).
Figure S3.

HiRISE false color data (see Tables 1 and S1 for locations, dates and image names) showing currently ice-free craters at sites 1 and 12. The panels are 20m across, have north at the top and are illuminated from the lower left.
Figure S4.
Depths to stable ground ice as a function of latitude (S8) for each of the five sites of interest and Viking Lander 2.  Crater locations are indicated by vertical dashed lines while crater depths are indicated by horizontal dashed lines.  No reliable crater-depth could be measured for site 3.  The intersections of these lines show that all the impact sites are expected to have excavated to ground ice whereas Viking Lander 2 missed discovering ground ice by 10cm.
Table S1.
Timing, locations and observations of the eight impact sites with latitude poleward of 30( that were not observed to contain ice. Image names starting with H were acquired by the High-Resolution Stereo Camera on Mars Express, beginning with M were acquired by the Mars Orbiter Camera and beginning with I by the THEMIS IR camera. Full names of CTX images are P14_006704_1279_XI_52S053W, P15_006739_1314_XN_48S290W, P21_009144_2133_XN_33N092W, P17_007735_2186_XN_38N137W, B02_010505_2205_XN_40N170W, P20_009027_2190_XN_39N138W and P17_007514_2208_XN_40N223W.
