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Introduction: The detection of minerals formed by 

aqueous alteration of basaltic rock complements geo-

morphic evidence for water’s presence on the surface 

of ancient Mars [1-7]. Hundreds of detections of 

Fe/Mg phyllosilicates in rims, ejecta and central peaks 

of craters in the southern highlands may indicate exca-

vation of altered crust from depth [6]. Questions con-

cerning the formation, stratigraphic position and pres-

ervation of these clays remain unanswered. 

Geothermally heated aquifers in basaltic rock pro-

vide a likely formation mechanism for clays [8,9]. We 

use an impact excavation model to quantitatively fol-

low clay-bearing materials from initial subsurface lo-

cations to their final ejected location. Our results focus 

on how much clay-rich material is excavated and 

where on the ejecta deposit it lands. 

 

 
Method: Our model's purpose is to quantify the re-

distribution of material from the subsurface to the sur-

face by impact excavation for several crater sizes (10-

330 km), clay layer thicknesses (250 m to 3 km) and 

clay layer burial depths (250 m to 7 km). We seek to 

answer one basic question: if material of some thick-

ness originates at a particular depth, where does it end 

up after an impact event?  

The Maxwell Z-model approximates the flow field 

using three assumptions [10]: independent ballistic 

trajectories can be calculated; flow below the ground 

plane is incompressible; and the radial velocity below 

the ground plane is given by ur=�(t)/r
Z
 where r is the 

radial distance from the effective origin of flow, � is a 

measure of the strength of the flow field, and Z deter-

mines the shape of the flow-field and the change of 

velocity with increasing radial distance. Assuming � is 

constant in time and Z=2.71, leads to definitions of the 

transient crater radius, the excavation cavity, and the 

ballastic emplacement of a rim and an ejecta deposit 

that all correspond well with impact crater theory [11] 

and observation [12]. Analytic equations, obtained or 

derived from [10-12], describe the streamlines for cra-

ter excavation and ejecta ballistics. Figure 1 illustrates 

many of the important model concepts. Although hy-

drocode models better capture impact excavation, 

many of the experimentally observed features con-

tained in the Maxwell Z-model continue to be valid 

[10]. Our parameter space yields 1,920 permutations, 

all of which were modeled in this work—the Maxwell 

Z-model trades detailed accuracy for efficiency. 
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Figure 1: A schematic of a 90 km diameter crater gener-

ated using a Maxwell Z-value of 2.71. The surface is 

marked by the solid horizontal line at a height of zero 

km. 2 km below the surface resides a 2 km thick clay-rich 

layer marked by the dashed lines.  Streamtubes, bounded 

by streamlines (solid curved lines) populate the excava-

tion cavity and intersect the clay-rich layer. The base of 

the outermost streamline that intersects the horizontal at 

the transient crater radius indicates the excavation depth. 

All the material in a given streamtube leaves the surface 

at a velocity that depends on distance from the crater's 

center. The ejected material follows a ballistic trajectory 

marked by the dotted lines. Material lands downrange 

and builds the crater rim and ejecta deposit (solid line 

beginning at 45 km, the final crater radius). 

Figure 2: The volume fraction of clay-rich material in the 

total ejected volume depends on crater size, clay-rich 

layer thickness and layer burial depth. It increases with 

layer thickness (color-filled envelopes) and decreases with 

burial depth (solid lines marked by depths). The volume 

fraction for a given burial depth and thickness remains at 

zero until a crater excavates to that layer depth. It then 

increases with crater diameter until the excavation depth 

penetrates below the thickness of a clay-rich layer. Be-

yond that, the volume fraction decreases as increasing 

amounts of clay-poor material contribute to the total 

ejected volume. Note for greyscale print-outs: on the right 

side of the plot envelopes for specific clay-layer thick-

nesses pinch out and stack in the same order as their la-

bels (top-right). 
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      Results: The total delivery of clay-rich material 

increases with crater size. Figure 2 shows how the vol-

ume percent of clays in the ejecta peaks at values 

greater than ~50% for final crater diameters between 

30 and 110 km depending on layer thickness and burial 

depth. As crater diameter increases clay-poor material 

is excavated (Figure 3). This clay-poor material re-

duces the peak volume percentage of clay-rich material 

to ~10-30% for craters larger than ~200 km.  

Conclusion: The impact excavation method for de-

livering clays to the surface could explain clays associ-

ated with ejecta deposits and may reveal clues about 

the volatile content and stratigraphy of the upper Noa-

chian crust. This technique also makes predictions. For 

example, clay distribution on ejecta deposits as a func-

tion of crater size can be used to infer the thickness and 

burial depth of a clay-rich layer.  
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Figure 3: Crater size exerts the strongest influence on the delivery of clay-rich material to the surface. Here four crater 

diameters—30, 45, 60, 90 km—excavate a region with a 1 km thick clay-rich layer (parallel dashed lines) buried 2 km 

below the surface. Excavation cavities are populated with streamtubes (curved solid lines). The final radius is marked 

by a solid vertical line. In the upper-right corner of each panel the ejecta deposit height and the relative height of clay-

rich material are marked by the solid and dashed lines respectively. The volume fraction of clay-rich material in the 

ejecta deposit as a function of distance from the rim is indicated by the dash-dot line in the lower-right corner of each 

panel. The 30 km crater fails to reach the clay-rich layer (panel a). When the excavation depth terminates in the clay-

rich layer, the rim has the highest volume fraction of clay-rich material in the excavation deposit (panel b). The volume 

fraction peak in the ejecta deposit shifts radially away from the rim as crater diameter and corresponding excavation 

depth increases (panel c). Crater diameters with excavation depths that penetrate well beyond the clay-rich layer ex-

hibit a reduced volume fraction that is greatest in the distal reaches of the ejecta deposit (panel d). 
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