
 
Figure 1. The energy balance for an ice mass on the floor of 
a cave. SH is the sensible heat flux, LH is the latent heat 
flux, C is conductive flux, u is horizontal wind speed and 
LW is the longwave (IR) flux. Sources of water include ad-
vection of water vapor and percolation of meteoric water. 
The mass overburden (D, kg/m2) is determined using an 
upward looking cosmic ray detector (gauge) with restricted 
field of view (Θ), which measures the vertical flux of atmos-
pheric muons (µ) that reach the interior of the cave.  
 

 
Figure 2. Gauge principle – Measurements of the transmis-
sion of the vertical flux of muons are related directly to over-
burden depth (A→B). Transmission is the ratio of counts 
measured in the cave to counts measured on the surface. 
Here, overburden is expressed in terms of equivalent meters 
of standard rock (ρ = 2650 kg/m3). Our calibration curve is 
compared with a previous study [3].  
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Background:  Perennial ice is found in many ter-

restrial caves and ice may be present within caves on 
the Moon and Mars. The conditions for ice formation 
within caves are not completely understood. Why do 
some terrestrial caves have ice, while nearby caves do 
not? For example, El Malpais National Monument in 
New Mexico contains many caves that are adjacent to 
one another, some of which have seasonal ice, some 
have perennial ice, and others have little to no ice. Var-
ious processes could contribute to the formation and 
retention of ice, including cold trapping, wind-forced 
convection, thermal conduction, advection of wa-
ter/heat, and percolation of water through the sur-
rounding rock (Fig. 1) [1, 2]. For terrestrial and mar-
tian caves, we hypothesize that wind-forced convection 
produces the thermal conditions necessary for ice for-
mation as well as delivering water vapor to the interior 
of the cave. To test this hypothesis, we are planning 
analog studies to fully characterize the mass/energy 
balance of ice caves using a combination of cave cli-
mate monitoring, geophysical surveys, and sampling. 

Overburden measurements:  Part of this work in-
volves testing instrumentation that uses cosmic rays 
(muons) to constrain the density, porosity and permea-
bility of the surrounding rock and to monitor percola-
tion of water from the surface. The sensor technology 
enables rapid, cost-effective nondestructive characteri-
zation of caves, providing a powerful new tool for ter-
restrial and planetary cave research.  

The column of rock above the cave, or “overbur-
den” is expressed as the mass of rock per unit area and 
can be determined from measurements of atmospheric 
muons (Figs. 1 & 2). Relativistic muons are produced 
steadily by the collisions of galactic cosmic ray ions 
with nuclei in the upper atmosphere. They arrive at the 
surface of the Earth in large numbers (~10,000 mu-
ons/m2/min) and can penetrate large distances through 
rock with minimal deflection. As such, they provide a 
stable source for probing the interior of large structures 
on or beneath the surface of the Earth [3-6]. See [7] for 
potential applications to planetary caves. 

The bulk density of the cave ceiling (kg/m3) can be 
determined from the mass overburden (kg/m2) and the 
thickness of the ceiling (m). The latter can be found 
using a georeferenced lidar survey of the surface and 
interior of the cave. The macroporosity of the ceiling 
can be determined from the ceiling bulk density given 
the specific gravity of intact rocks. Inflow of meteoric 

water and exchange of  air through the rock column is 
likely controlled by a macroscopic network of fractures 
in the rock. Overburden measurements provide bounds 
on the available volume for fluid flow.  

In addition, the flow of liquid water through the 
ceiling and surrounding rock can be directly observed 
by monitoring temporal changes in the mass overbur-
den with time (e.g. before and after rain showers). 
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Figure 3. Block diagram and measured pulse height spec-
trum for electronic collimation (see text for details). Data are 
compared to Monte Carlo simulations of the interaction of 
atmospheric muons with the scintillator. The minimum ioni-
zation peak for muons can be decomposed into vertical 
(θ<30°) and large-angle (θ>30°) components. The vertical 
component is used to determine overburden. 
 

 
Figure 4. a) Photo of our two-paddle system for geometric 
collimation (left). Deployment of the single-paddle electronic 
collimator in the Lava River Cave (right). b) Measurements 
of overburden (eq. meters of standard rock) during Day 1 
show systematic variations in rock column along the length 
of the cave. Replicate measurements were made at selected 
locations the following day. The observed decrease in over-
burden may result from draining of the rock formation fol-
lowing a soaking rain. The distances were determined using 
a laser range finder and have large uncertainties (~30%), 
motivating the need for a georeferenced lidar survey. 
 
 

When combined with surface rain gauge data and 
modeling, the temporal variations can be used to infer 
the permeability of the rock formation.  

Instrumentation. Our goal is to implement afford-
able, low size-weight-and-power, battery operated in-
struments that can be deployed within the rocky terrain 
found in caves. To accomplish this, we use plastic 
scintillating “paddles” read out by compact photosen-
sors to detect downward-going muons. Two methods 
can be used to determine the flux of muons arriving 
within a selected angle of zenith: Electronic collima-
tion and geometric collimation. Electronic collimation, 
illustrated in Fig. 3, results in a very simple, compact 
instrument that we have tested in several caves (Figs. 3 
& 4). A single paddle is read out by a silicon photo-
multiplier (SiPM), shaper and multichannel analyzer 
(MCA). The MCA records a pulse height spectrum that 
can be calibrated to give the spectrum of energy depos-
ited by muons that pass through the paddle. Minimally 
ionizing muons produce a broad peak in the recorded 
pulse height spectrum that is well separated from the 
natural gamma-ray background. The energy deposited 
is roughly proportional to chord length traversed by the 
muon, such that vertical muons can be distinguished 
from those arriving at larger angles (Fig. 3). Geometric 
collimation (Fig. 4a), which records coincidence inter-
actions between two paddles separated by a gap that 
defines the field of view, will be used to validate 
measurements by the single-paddle system.   

Initial Results. Functional testing of the electronic 
collimator was carried out in caves in Hawaii,  New 
Mexico, and Arizona. A preliminary study of the Lava 
River Cave (LRC), a lava tube in the San Francisco 
volcanic field near Flagstaff, was carried out using the 
single paddle system. Overburden measurements were 
made at 12 measurement locations spanning the length 
of the tube (Fig. 4b). The initial measurements (Day 1) 
are consistent with rough estimates of depth based on 
barometric pressure. These measurements were carried 
out during a soaking rain. The rain abated overnight. 
Replicate measurements made the next day (Day 2) 
yielded systematically lower overburdens. We hypoth-
esize that this resulted from draining of water from the 
rock formation. To test this, we plan to make addition-
al, temporal measurements to determine if overburden 
is correlated with precipitation. Macroporosity and 
permeability determined by combining overburden 
data with a georeferenced lidar survey will be validat-
ed using geotechnical data acquired at the cave.  
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