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Introduction:  Pyroclastic surges are dilute flows 

of gas and rock fragments.  On Earth, pyroclastic surg-
es are often generated by the interaction of magma and 
ground water, resulting in explosive steam eruptions 
(phreatomagmatic eruptions).  These eruptions are very 
hazardous and nearly impossible to observe, but the 
cross-stratified deposits that they leave behind provide 
important records of flow conditions.  There has been 
considerable debate about the identification of poten-
tial surge deposits on Mars, proposed as both impact-
induced and volcanic base surges [1, 2].  At the land-
ing site for the Mars Exploration Rover (MER) Oppor-
tunity at Meridiani Planum, deposits that have been 
recognized as eolian deposits with some reworking by 
subaqueous processes [3-7] were alternatively suggest-
ed to be formed by a surge [1, 2].  At the other MER 
landing site at Gusev Crater, evidence points to pyro-
clastic activity (in large part based on the identification 
of a bomb sag) with possible eolian reworking [8].  
These cases illustrate that in the absence of geologic 
context, or volcanic indicators such as bombs or lapilli, 
it may be difficult to distinguish bedforms in pyroclas-
tic surge deposits from those in eolian or fluvial depos-
its, which would have very different implications for 
habitability.  This suggests a need to establish better 
criteria for the identification of pyroclastic surge de-
posits in remote-sensing applications.   

Terrestrial Analogue:  Two examples of pyroclas-
tic surge deposits are exposed in Hunt’s Hole and Kil-
bourne Hole, located about 20 miles southwest of Las 
Cruces, in southern New Mexico.  Hunt’s Hole and 
Kilbourne Hole are part of a group of Pleistocene vol-
canic craters formed during phreatomagmatic erup-
tions.  Clasts are sourced from the underlying Camp 
Rice Formation (consisting of basin floor sediment and 
fluvial gravels), and localized basalt flows [9].  The 
craters expose ~2-13 m of stratigraphy, dominated by 
decimeter-to-meter scale dunes.  At Hunt’s Hole, the 
geomorphic pattern around the rim of the crater pro-
vides 3D exposures at the scale of the bedforms, which 
allows for observations of bedform geometries. 

Methods:  To characterize the field site we 
mapped paleoflow directions, measured stratigraphic 
sections, collected samples for grain size analysis, 
identified facies, and measured bedform characteristics 
in the cross-stratified facies.   

This study also uses a new technique known as 
Terrestrial Laser Scanning (TLS) to study cross-
stratification.  TLS is based on Light Detection and 
Ranging (LiDAR).   The intensity of the returned laser 
is a function of grain size, packing and composition.  
Due to large grain size variations present in pyroclastic 
surge deposits, individual beds can be resolved using 
TLS.  We then produce digital outcrop models with 
millimeter-to-centimeter-scale resolution.  Additional-
ly, we apply consumer-level technology using photo-
grammetry to create 3D models from digital photog-
raphy.  The combination of these methods enables vis-
ualization and mapping of geologic surfaces in 3D. 

We also make estimates of hydrodynamic condi-
tions to approximate a range of flow depths and depo-
sitional velocities for the bedforms observed at Hunt’s 
Hole, and make predictions for pyroclastic surges on 
Mars.  

Observations:  Field observations reveal 
paleoflow directions radiating outward from the center 
of the crater.  Outcrops are dominated by decimeter-to-
meter-scale dunes, with very high angles of climb.  
Angles of lee-side laminae generally are higher than 
angles of stoss-side laminae, with no evidence of up-
stream migration of bedforms.  In vertical succession, 
bedforms pass upwards from truncation to draping, 
angles of climb increase, bulk grain size decreases, 
lapilli become more abundant, and small ripple-like 
bedforms appear.  Grain size analysis indicates that the 
deposits are dominated by fine-to-medium-grained 
sand, and all samples are moderately to poorly sorted. 

Cross-bedding is clearly visible in LiDAR scans, 
and the intensity of the return is well correlated with 
grain size.  Finer grain sizes produce higher intensities, 
while coarser material results in lower intensities (Fig. 
1).  The data suggest that LiDAR intensity distribu-
tions may serve as a proxy for grain size, which could 
be a very useful remote sensing tool. 

Interpretations: The deposit at Hunt’s Hole likely 
represents a single event.  Observations in vertical suc-
cession are all consistent with a temporally decelerat-
ing flow, with very high rates of accumulation relative 
to rates of migration.  Unlike eolian deposits, the set 
thicknesses here may be a large fraction of the original 
bedform heights (and in some cases entire bedforms 
are preserved).  Observations at Hunt’s Hole indicate  
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low flow regime conditions.  Hydrodynamic considera-
tions suggest that flow depths capable of producing the 
dunes were on the order of 10 meters, suggesting dep-
ositional velocities on the order of 10 meters per se-
cond.  For the same grain size, particle concentration 
and flow depth on Mars, the depositional velocity 
would be half the speed. 

Identification on Mars:  With limited geologic 
context, Mars surface exploration can be very chal-
lenging.  We propose that even in the absence of clear 
volcanic features such as bomb sags and lapilli, pyro-
clastic surge deposits can be distinguished from eolian 
and fluvial deposits based on unique textures and 
styles of stratification.  Pyroclastic surge deposits can 
be distinguished from eolian deposits based on very 
large grain size variations across individual foresets.  
As seen at Hunt’s Hole, cross-stratification is com-
posed of grains ranging from very fine sand to gravel.  
Such coarse grain sizes would be too large to be trans-
ported by wind.  A similar argument may be used to 
distinguish pyroclastic surge deposits from fluvial de-
posits.  In an aqueous flow that could transport gravel, 
the fines would be swept away, and not co-deposited.  

Another way to identify pyroclastic surge deposits 
is the presence of dunes with very high angles of 
climb.  In terrestrial deposits, ripples may exhibit very 
high angles of climb, but supercritical angles are al-
most never seen in dunes.  Subcritical angles of climb 
result in truncation and preservation of only a fraction 
of original bedform heights.  The rapidly decelerating 
nature of pyroclastic surges produces very high accu-
mulation rates, and allows dunes to climb at critical to 
supercritical angles, which results in nearly complete 
bedform preservation. 

Bedform reconstructions using TLS and modeling 
allow us to better understand the 3D nature of dunes in 
pyroclastic surge deposits, and provide metrics for 
their identification on Mars. 
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Fig. 1: (Top) Flow-parallel cross-section of bedforms 
in pyroclastic surge deposit, flow direction from left to 
right. (Bottom) TLS scan of the same outcrop, taken at 
slightly further distance from the outcrop (small bush 
in the way).  Cross-bedding is easily observed in TLS 
data.  Higher intensity areas correspond to finer grain 
sizes and surface coating; lower intensity areas corre-
spond to coarser grain sizes. 
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