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Introduction:  Terrestrial volcanic fields provide 

excellent analogs for studying subsurface flow struc-
tures, such as lava tubes similar to those that could be 
encountered on the Moon, and can be used for the re-
finement of geophysical prospecting techniques and 
data analysis methods for application to future lunar re-
source prospecting. Along with locating resource mate-
rials such as volatiles and minerals, it will be important 
to search for subsurface volcanic structures (e.g. lava 
tubes, caves). Geophysical techniques, such as magne-
tometry, will be able to identify the presence, scale, and 
extent of caves or tubes connected to mare pits. [1] Lu-
nar lava tubes can provide shelter from radiation, micro-
meteoroids, and large thermal fluctuations; simplifying 
the various engineering requirements for both human 
and robotic systems [2, 3]. 

Geophysical characterization of the near subsurface 
will be key to successfully executing lunar exploration 
prospecting missions to locate accessible resources on 
the Moon. Scientifically, detailed geophysical charac-
terization can be impacted by short wavelength varia-
tions in the near subsurface over small distances, and the 
non-unique nature of geophysical analysis. Operation-
ally, data acquisition will be subject to competing re-
quirements between instrument limitations, communi-
cation requirements, mission objectives, engineering 
constraints, and terrain accessibility. Routinely during 
terrestrial fieldwork, tradeoffs between sample density 
and resolution, and location accessibility must be bal-
anced to obtain research objectives. 

This study is specifically focused on the geophysical 
prospecting and characterization of subsurface locations 
of lava tubes using magnetometry. Through terrestrial 
surveys and examination of the modeled magnetic solu-
tions, we show that it is possible to use magnetometry 
as a first-order tool for locating and providing initial ge-
ometric characterization of lava tubes within basaltic 
lava flows. We discuss the implications of the environ-
ment and age of our three field sites on the clarity of the 
data, as well as the implications of sample density and 
resolution to potential lunar surface prospecting and sci-
ence operations. 

Field Sites: Our three field sites are Lava Beds Na-
tional Monument (LBNM), CA; San Francisco Vol-
canic Field (SFVF), AZ; and Mauna Loa Volcano 
(MLV), HI. The LBNM site encompasses a multitude 
of lava tubes, lava flows, and cinder cone volcanos as-
sociated with the Medicine Lake shield volcano. The 
lava tubes range in length from a few meters to nearly 7 
km, with diameters up to 20 meters. [4, 5] The multi-

level Skull Cave, an intact portion of the Modoc Crater 
Lava Tube System, of ~20 meters diameter and over 150 
meters in length, is one of the largest. It is estimated to 
be approximately 11,000 years old. LBNM is a semi-
arid region with primarily ground brush, juniper, and 
conifer vegetation. 

The SFVF field site is part of the San Francisco 
Mountain stratovolcano complex. This region is charac-
terized by numerous cinder cone volcanoes, lava flows, 
rilles, and faults. [6] Within the SFVF is the Lava River 
Cave lava tube which is located on the western flank of 
Humphrey’s Peak. This portion of intact lava tube is ap-
proximately 1.2 km in length and varies from several 
meters to on the order of 10 meters in diameter and was 
formed around 700,000 years ago. [7] This lava tube is 
situated within a semi-arid ponderosa pine forest. 

The MLV field site is on the northern flank of the 
Mauna Loa volcano on the island of Hawaii, near the 
Hawaii Space Exploration Analog and Simulation (HI-
SEAS) field station. This region is characterized by rel-
atively young basaltic a’a’ and pahoehoe lava flows of 
less than 200 years in age that contain several known 
lava tubes. This location of Hawaii is semi-arid, with 
effectively no vegetation on the lava flows. 

Field Measurements: For this study, data were ob-
tained by surface magnetic surveys using a GEM Over-
hauser Magnetometer system. The walking surveys 
consisted of parallel lines at 3 to 5 meter intervals, de-
pending on the location, running perpendicular to the 
length of the lava tubes. The magnetometer system ac-
quired the total magnetic field strength and GPS loca-
tion at a frequency of 5 Hz. Additionally, Light Detec-
tion and Ranging (LiDAR) 3-D surveys of both the in-
terior and ground surface of the lava tubes were con-
ducted with Riegl Vz-400 terrestrial laser scanner. [8, 9] 
These data capture surface details, and provide exact lo-
cation and geometry of the lava tube.  

Analysis and Modeling: The magnetic survey pro-
vides for mapping of detailed magnetic anomalies, with 
the intent to identify the magnetic signature associated 
with lava tubes without the need to enter the tube itself. 
Figure 1A shows the results of the above ground survey 
of Skull Cave in LBNM. The magnetic signatures from 
the three field sites are used to provide a characteriza-
tion of the variations between geomorphology and the 
geologic environments between these locations.  

The LiDAR mapping of the tube structure enabled 
3-D forward modeling of the lava tube geometry to pro-
duce ground level magnetic signature of the lava tubes 
voids within an infinite block of basalt, as seen in 
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 Figure 1B, for comparison to the field data. [10]  
From both the observed data and the lava tube mod-

els, the gradient of the anomalies can also be calculated 
and plotted. Figures 1C and 1D show the magnetic gra-
dient plots associated with the magnetic anomaly plots.  

Both magnetic anomalies and gradients provide in-
puts for a future inversion model that will explore the 
allowable range of tube geometries when combined 
with other geophysical data (e.g. seismic, gravity, EM). 

Operational Implications: There are a number of 
prospecting, science, and hardware related elements that 
will need to be balanced to successfully achieve desired 
lunar mission objectives, via coordinated surface oper-
ations. This coordination will need to be between the 
various instrumentation; as well as divided between hu-
man, human-tended, and remotely controlled tasks. The 
areas to consider include 1) the data point density, loca-
tions, and resolution; 2) coincidental verses comple-
mentary data sets; 3) engineering constraints (time, 
power, environmental limits, etc.); 4) terrain accessibil-
ity; 5) data management; and 6) overall mission objec-
tive prioritization. Elements such as data point density, 
locations, and resolution; as well as terrain accessibility 
can be simulated through modifying the terrestrial data 
sets to mimic various operational lunar surface condi-
tions, with the goal to assess the capability of the result-
ing analysis to resolve the required detail for locating 
and characterizing subsurface voids.    

Conclusion: We have collected ground surface 
magnetic data sets on multiple lava tubes of three 

different ages and environments. The mapping and cal-
culated gradients of the magnetic anomalies show po-
tential for locating subsurface voids within a lava flow 
as well as generating the general 2-D aerial outline of 
the lava tube in geologically mature locations contain-
ing magnetically buffering overburden. The LiDAR 
surveys enabled forward modeling of a complex lava 
tube structure within a uniform block of basalt. These 
models can be extended to evaluate the possible rema-
nent magnetic signatures produced by large scale lava 
tubes that are thought to exist on the Moon [11, 12]. Ad-
ditionally, our terrestrial data sets can be modified to 
simulate the analytical impacts from various operational 
constraints. These results can be used to form the foun-
dation for executing lunar surface magnetic surveys to 
determine the probable locations and geometries of lava 
tubes, from which the most promising sites can then be 
targeted for more detailed internal exploration. 
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Figure 1: Overhead view of the observed (frame A) and modeled (frame B) magnetic anomalies, and the corresponding 
observed (frame C) and modeled (frame D) magnetic gradients produced by Skull Cave, LBNM (outlined in each plot). 
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