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Maria Steinrueck 

Factors determining explosivity 
In general, higher viscosity and higher gas content of the magma lead to more explosive 
eruptions. This is because explosions happen when gas gets trapped in the magma and builds up 
until the pressure becomes too high. 
The viscosity of magma decreases with increasing temperature and increases with increasing 
silica content (because silica polymers form even before the magma fully crystallizes, increasing 
viscosity). Explosive eruptions therefore in general are associated with intermediate and felsic 
magmas. 

Table 1 Reminder for non-geology folks like me 

Silica content Mg and Fe 
content 

Typical rock formed in 
volcanic eruptions 

Mafic Low High Basalt 
Intermediate Intermediate Intermediate Andesite 
Felsic High Low Rhyolite 

Volcanic Explosivity Index 
The Volcanic Explosivity Index (VEI) was developed by 
Chris Newhall and Stephen Self in the 1980s. It categorizes 
the explosivity of volcanic eruptions based on multiple 
criteria including 

Volume of ejected tephra 
Height of eruptive column 
Height of spreading 
Qualitative description 

-
Starting at VEI-2, the VEI increases logarithmically with the 
volume of ejected tephra. The VEI can only be accurately 
determined for historically observed eruptions. For past 
eruptions, the VEI can only be estimated based on the 
volume of ejecta. 
The higher the VEI, the lower is the world-wide frequency of the eruption type. VEI-1 
Strombolian eruptions occur on a daily basis, while VEI-6 Plinian eruptions occur 1-2 times per 
century and VEI-8 Ultra-Plinian events are estimated to occur less than once in 50,000 years. 
Figure 1 Volcanic Explosivity Index (credit: USGS) 
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Strombolian Eruptions 
Strombolian eruptions are small-scale explosive volcanic eruptions 
with a VEI of 1 to 3. They are named after Stromboli volcano off the 
west coast of Italy. The lava in Strombolian eruptions is typically 
basaltic lava with relatively high viscosity. Typically, during these 
eruptions, material is thrown tens to a few hundreds of meters into the 
air and then falls back onto the ground in ballistic trajectories. Over 
time, material accumulates around the eruption site to form a scoria 
cone (cinder cone). 
Scoria cones are tens to hundreds of meters tall. They have uniform 
slopes close to the angle of repose (30  to 40 ). Some, but not all 
scoria cones are monogenetic, meaning that they formed in a single 
eruption episode. 

Figure 3 Examples of scoria cones. Left: Bandera Crater, a 10-20 ka old scoria cone in the Zuni-Bandera volcanic field (credit: 
L. Crumpler) Right: SP Crater in the San Francisco volcanic field near Flagstaff (credit: USGS)

Vulcanian Eruptions 
Vulcanian eruptions are named after Vulcano, a 
volcano on the Italian island of Vulcano. With a 
VEI of 2 to 3, they are more explosive than 
Strombolian eruptions. Typically, Vulcanian 
eruptions start with a sequence of loud steam 
explosions (phreatomagmatic) that clear away rock 
over the volcanic vent. An eruption column (cloud 
of ash and tephra, mixed with volcanic gases) 
forms and can reach heights of 5-10 km. 
Throughout the eruption, explosions remain 

- The eruption can be 
accompanied by pyroclastic flows. Vulcanian 
eruptions are typically associated with intermediate 
to felsic magma.

Figure 2 Strombolian Eruption 
of Stromboli volcano in Italy 
(credit: Wolfgang Beyer)

Figure 4 Vulcanian eruption of Tavurvur volcano in Papua New 
Guinea (credit: J.W. Ewert, USGS) 
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Plinian Eruptions 
Plinian (VEI 4) and Ultra-Plinian (VEI 6) eruptions are the most catastrophic and explosive 
volcanic eruptions. Unlike Strombolian and Vulcanian eruptions, which have discrete explosive 
bursts, they produce a sustained eruption column that continuously expels enormous volumes of 
tephra, ash and volcanic gases. These ash plumes can reach heights of up to 45 km. Often, 
extensive, highly destructive pyroclastic flows are part of the eruption. Plinian eruptions were 
named after Pliny the Younger, who extensively described the 79 AD eruption of Mount 
Vesuvius, which buried the cities of Pompeii and Herculaneum. Other famous examples are the 
1980 eruptions of Mount St. Helens and the Ultra-Plinian 1991 eruption of Mount Pinatubo. 
 

  
 
Figure 5 Examples of Plinian eruptions. Left: 1991 eruption of Redoubt Mountain (credit: R. Cluclas, USGS). Right: 1980 
eruption of Mount St. Helens (credit: Austin Post, USGS) 

Planetary Connection 
While there are many examples of effusive volcanism (flood volcanism and shield volcanoes) on 
planetary bodies such as the Moon, Mars and Venus, it has proven much harder to find 
unambiguous evidence of the classic explosive eruption types mentioned above on these bodies. 
One example of explosive volcanism that has been relatively well-studied is rootless cones (e.g., 
Lanagan et al., 2001). These are formed through steam explosions that happen when lava flows 
over damp ground or a small enclosure of water or ice.  
There are also cones that have been interpreted to be cinder cones by one author (e.g., Bro
Tauber, 2011). However, alternative interpretations (both volcanic and non-volcanic) cannot be 
excluded for these cones. 
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Figure 6 HiRISE image of rootless cones in Elysium quadrangle on Mars. (credit: NASA/JPL/ University of Arizona) 
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Interplay of Life and Land on and around the Zuni-Bandera Volcanic Field 
Geology  Soil  Climate  Flora  Fauna  Human Interactions 

Zarah Brown October 11th, 2019 

Geology, Soil, Climate 
The Zuni-Bandera Volcanic Field contains five lava flows ranging from ~3,000 to 54,000 

years old, of both aa and pahhoehoe types. These provide a wide array of volcanic substrates for 
life. Cinder cones dot the landscape and lava tubes form underground caves. Cracks and 
depressions in the lava surface along with the collapse of lava tubes add unevenness to the 
terrain. The oldest flows in this region are more heavily covered with sand, soil and sediment 
delivered by flowing water and aeolian processes from the surrounding landscape. While some 
of this volcanic field is characterized by barren rock, much of it is covered by forest, shrubland 
and grassland (see Fig. 1). Kipukas are islands of pre-existing rock around which lava has 
flowed. The underlying sedimentary limestone, sandstone and shale can provide archipelagos of 
habitat for plants that cannot otherwise grow on volcanic substrate. 

Local vegetation depends on soil, climate, elevation and aspect (compass direction a 
slope faces). The El Malpais National Monument (ELMA) that encompasses most of the Zuni-
Bandera Volcanic Field ranges from 1,950 to 2,560 m in elevation (6,400-8,400 ft). The cool, 
semi-arid continental climate here is typical of New Mexico. This region gets about 280 mm (11 
in) of rain annually, concentrated in the summer monsoon season. Flash flooding helps transport 
sediment and contributes to the formation of arroyos. Surface water percolates into the 
groundwater within a few weeks. Volcanic rocks can be vesicular and porous and the lava beds 
retain water better than the surrounding land. Water percolates down into the basalt, where it is 
insulated from evaporation and can form pools. Plants can access this water through deep root 
system. In some cases, this water becomes ice, for example, at the Bandera Ice Cave. The moist, 
cool environment near the mouths of ice caves can support plant species like ferns, mosses and 
lichens, which would otherwise not grow in the surrounding arid climate. 

Flora 
 youngest in this region (~3 and ~10 ka, 

respectively). At higher elevations, these flows host low density coniferous forests of Douglas-fir 
and ponderosa pine. Aspen can sometimes be found growing from fissures within the lava. At 
lower elevations, these woodlands become dominated by the shorter pinyon pine and one-seed 
junipers. The understory of the younger flows is sparse; grasses and other vegetation exist 
sporadically where soils have accumulated. Because of scant understory and open canopy, fire is 
relatively infrequent in young flows, allowing for trees to live longer. Tree ring data from a dead 
Rocky Mountain juniper log showed it growing between 29 BCE and 1859 CE. ELMA is 
currently home to Douglas-firs dating from between 719-1062 CE, one of the older living 
Douglas-firs in existence. Ponderosa pine are resistant to both fire and drought and tend to be 
found in sites that are drier. 

 The Twin Craters, Hoya de Citoya and El Calderon flows are older (~16, 50, 54 ka, 
respectively). Due to the more robust and uniformly distributed soil layers, these flows exhibit 
more developed understories. The abundance of grasses fosters more frequent fires and can lead 
to a lower density of trees. Following Fig. 1 is an identification guide for three of the most 
predominant tree species in the national monument. 
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Figure 1. Vegetation map of El Malpais National Monument. Inset shows four of the volcanic flows in 
ELMA. These figures are 26 and 8, respectively, from the National Resource Technical Report 
NPS/SCPN/NRTR-2013/803. 
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Douglas Fir 
Pseudotsuga menziesii 

Douglas-fir can be identified by their cones, which point 
downward and have three-pointed bracts sticking out of the scales, 
which drop to the ground intact. They have soft, thin needles 
spiraling out in double rows from the twig. Bark is grey to brown, 
becoming darker and more deeply furrowed with age. Young trees 
take on a conical shape, making them popular for Christmas trees, 
but develop a characteristic droop as they grow and age. While 
Douglas-firs grow on average to be 70 m (210 ft), on the shallow 
soil of the lava fields they grow stunted, typically reaching only 
about 5 m (16 ft). 
 These trees host insects, small mammals and epiphytic 
plants like lichens and mosses. It also supports microscopic fungi 
and Scuzz, a cohort of fungi, algae, yeasts and bacteria that can be 
found in or on the needles. Scuzz reduces the loss of needs to 
needle-eating insects and increases the nitrogen intake for the tree. 
 

Ponderosa Pine 
Pinus ponderosa 

Ponderosa pine can be identified by their dark, yellow-green 
needles 13-25 cm long (5-10 in), which grow in clusters of two or 
three. Cones have a distinctive triangular barb. Their orange-brown 
bark forms long vertical plates. The 
tallest and most densely-packed stands 
of ponderosa pine are located in the 
northwestern end of ELMA. Like the 
Douglas-fir, ponderosa pine tend to grow 
in stunted form on the lava flows. 
 

Pinyon Pine 
Pinus edulis 
The state tree of New Mexico, pinyon pine trees have stiff, dark green 
needles which grow in bundles of two and are ~3 cm (1.2 in) long. The 
cones are rounded and about as long as the needles. They contain nut-like 
seeds, covered in a thin shell. These are edible (and delicious) and are eaten 
and traded between Native American tribes. These are also a food source to 
small mammals in ELMA. 
 
Fauna 
The trees found on the Zuni-Bandera lava field provided cover and protections for animals and 

animals can feed on the browse. More than 50 species of 
mammals have been found in the ELMA. In the summer 
deer, elk and turkey can be found in ELMA. In the 
winter, deer can still be found in the lower-elevation 
pinyon-juniper type regions. Twelve species of bats have 
been identified in the national monument. The El 
Calderon and Braided Bat Caves, have been closed at 
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various points in the history of their managment in an effort to slow the westward progression of 
white-nose syndrome (left). This disease se is caused by the fungus, Pseudogymnoascus 
destructans (far left), which can be transported into caves on the shoes of visitors. It grows on 
the faces of the bats, increasing the time they spend awake during hibernation, depleting their fat 
reserves and leading to starvation. It can also damage their wings and other thin membranes, 
leading to dehydration. Other cave biota can be negatively affected by surface runoff, which 
transports pesticides, nitrates and petrochemicals from roads and nearby farming to the caves. 
Stream channels originate outside the lava field but can flow into the lava tube system. 
 
Humans 
            The first humans to inhabit the area around the Zuni-Bandera Volcanic Fields lived in the 
Paleo-Indian period of 10,000 to 5,500 years ago. The land covered by ELMA is the indigenous 
land of two tribes - the Zuni Pueblo the west and the Acoma Pueblo to the east. The Zuni people 
have lived in this region for 3-4,000 years, establishing irrigated agriculture and raising 
livestock. They live in the mountains to the west, hunting there and in northern plains. They also 
historically used the land around the Bandera Ice Caves. Success as a desert agri-economy is due 
to careful management, conservation of resource and the maintenance of a complex social web. 

supplemented by the sale of arts and crafts. The Zuni Pueblo hosts the 
A:shiwi A:wan Museum and Heritage Center. The Acoma Pueblo were established in this region 
by at least the 11th century. Acoma people used kipukas for cattle and sheep. Analysis of pottery 
shards found in ELMA suggests trade relationships with other tribes.  

 
Figure 3. Examples of the type of pottery found at ELMA, which are made by tribes located elsewhere 
and are an indication of trading. Left: White Mountain Redware (prehistoric Anasazi/Mogollon). Center: 
Socorro Black-On-White (storage jar, ~1100 - 1250 CE). Right: Mongollon Brown Ware (St. Johns Bowl 
1175-1300 CE) 
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Ground Penetrating Radar Investigations of the Zuni-Bandera 

Volcanic Field 

 

Emileigh Shoemaker, Indujaa Ganesh, Joana Voigt, John Noonan 

 
 

1 Motivation  
 
The SHARAD (SHAllow RADar) and MARSIS (Mars Advanced Radar for Subsurface and 
Ionospheric Sounding) orbital sounding radar systems onboard the NASA Mars Reconnaissance 
Orbiter (MRO) and ESA Mars Express orbiter detect many subsurface interfaces in volcanic 
terrains on Mars (Carter et al., 2009; Morgan et al., 2013; Simon et al., 2014; Voigt & Hamilton, 
2018; Ganesh et al., 2019; Shoemaker et al., 2019). In cases where emplaced lava flows and other 
volcanic materials are visible in topography data, a thickness can be determined. The composition 
can thus be determined using the relationship between the thickness and the real dielectric constant, 

 of the medium through which the radar wave propagates given by Equation (1) 
 

 (1) 

 
where  is the round-trip travel time of the radar wave traveling through the subsurface and 
returning to the spacecraft, h is the thickness of the material, and c is the speed of light in a vacuum. 
In most cases, there is not sufficient topographic relief of the emplaced materials to determine their 
thickness. Thus interpretation of subsurface stratigraphy from such reflectors becomes much more 
difficult from orbit. Earth boasts a variety of volcanic fields such as the Zuni-Bandera Volcanic 
Field, the subject of this investigation, which act as excellent planetary analogs both in 
composition and eruption style for terrestrial worlds like Mars. Investigation of the varying 
stratigraphy of lava fields available on Earth and documenting responses by ground penetrating 
radar (GPR) systems will assist in the geologic interpretation of orbital radar data. In this 
investigation, we will study three sites within the flow field, each with unique stratigraphies. The 
general geologic context of the Zuni-Bandera Volcanic Field can be found in Section 2 followed 
by a detailed description of our regions of interest in Section 3 and a description of GPR techniques 
and past investigations in Section 4. 
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2 Geologic Context of the Zuni-Bandera Volcanic Field 
 
The Zuni-Bandera volcanic field, located south of the town of Grants in central-western New 
Mexico, comprises ~100 identified volcanoes. These volcanoes, located along the Jemez 
lineament, were active within the past 16 Ma with the most recent activity constrained to 700-3000 
years ago. Within this field, originating southwest of the Rio San Jose, and occupying a valley east 
of Grants is the McCartys flow (Figure 1). Radiocarbon dating of charcoal samples collected from 
underneath the flow records an age of 3160-3200 yrs. Contrastingly, He dating performed on 
samples from the flow top suggests a younger age of 2450 ± 1200 yrs. Cl cosmogenic dating done 
for all the flows within the Zuni-Bendera field provided an older age of 3900 ± 1200 years for the 
McCartys field. These studies place the age of the McCartys flow between 2500 and 3900 years, 
making it the youngest flow in the Zuni-Bandera volcanic field.  
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Figure 1. Map of the Zuni-Bandera field with the study area marked by a hollow black rectangle. The 
southernmost yellow star shows the location of the McCartys vent. Image slightly modified from Hamilton 
et al., in review.  

 
This 48 km long basaltic flow extends over an area of ~305 sq. km, and has an estimated volume 
of ~6.9 cu. km. The flow was emplaced on top of Holocene alluvial sediments and other flows of 
the Zuni-Bandera field, specifically the Hoya de Cibola flow to the South, and the Hoya de Cibola 
and Bandera flows to the North. The origin of the flow, marked by a yellow star in Figure 1, lies 
in a broad valley between mesas 37 km south of the intersection of interstate 40 and NM 117. The 
vent that sourced the McCartys flow is now occupied by a cinder cone that rises ~8 m above a low, 
broad shield morphology of the flow field. Lava that was erupted from this vent flowed northeast 
for 40 km to the San Jose valley along existing drainage paths, and then turned eastward and flowed 
down the valley for another ~10 km, finally terminating near the town of McCartys.  Some of the 
lava also flowed southwest of the vent for 8-10 km over and around the Hoya de Cibola flows and 
onto Holocene alluvial plains. Our study area, shown in Figure 1, is located within this southwest 
part of the flow.  
 
The McCartys flow was initially emplaced at high effusion rates (which decreased with time) as 
thin lobes which eventually integrated to form a large sheet-lobe flow. Linear flow structures on 
top of the flows preserve the record of high early effusion rates. Evidence for the early 
emplacement process can be seen in the form of structures at the contacts/boundaries between 
initial lobes and kinematic markers on the flow surface which are mis-oriented from the overall 
flow direction caused by rotation of the outer surfaces from the initial direction of emplacement. 
The Hoya de Cibola flow also exhibits similar structures. Several volcanic features of interest such 
as lava rise plateaus, inflation pits, tubes, lava wedges, of interest and squeeze-ups are preserved 
within this relatively young and unweathered pahoehoe flow. 
 
 

3 Field Objectives 
 
Our field investigation of the Zuni-Bandera Volcanic Field using GPR will visit three sites, each 
of which possesses a different stratigraphy (see table 1 for the expected geological contacts). Two 
of the sites have a known stratigraphy. At each site, four GPR transects are planned with length of 
20 m (site 1 and 3) and 40 m (site 2). This study will perform two GPR transects parallel to one 
another and two will be perpendicular to them to get a better three-dimensional understanding of 
the underlying terrain.  
 
The first study site is located on the eastern margin of the McCartys flow field (see inset in Figure 
1). At this site the McCartys lava rests on top of a layer of Quaternary sediment (Fig. 2a and b). 
An older sedimentary ridge confined the lava which can be seen in the central part of Figure 2 a 
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2a). The study site itself is located in the central part of a flat-topped higher-elevated area, that 
represents a lava-rise plateau. The second study site is located to the west (Fig. 2 c) where the 
McCartys flow overlies the older lava flow field, Hoya de Cebola (Fig. 2 g). The GPR transects 
will be 20 m in length and are located on a flat-lying higher-standing lobe. The final site is within 
the inner part of the McCartys flow field (Fig. c to f for exact location). In this study the McCartys 
flow buries the underlying geology and thus the stratigraphy is unknown. Based on the geological 
map shown in Figure 1 the eastern flow front of the older underlying Hoya de Cebola could be 
inferred to be present in that area.  
 

 
Table 1. summarizes the main parameters of all three investigation sites, including: location, expected 
geological contacts, GPR track lengths, elevation of the planned study sites versus the elevation of the 
surrounding of the lava flow, and estimated flow thicknesses. 

Study 
Site 

GPS 
 location  

Geological 
Contact 

GPR 
Traverse 

length 
[m] 

Elevation 
Flow vs. 

surrounding 
[m] 

Flow 
thickness 

[m] 

Hammer 
Head 

 
 

McCartys - 
Quaternary 
Sediment 

20 2173 
2164 

9 

Flow 
Interior  

 
 

McCartys - 
uncertain: 
Quaternary 
Sediment 

or 
Hoya de 
Cebola Flow 

40 2180 
2161 

19 

Flow 
Margin 

 
 

McCartys -  
Hoya de 
Cebola Flow 

20 2169   
2161 

8 
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Figure 2. Gives an overview of all three investigation sites. The outlines of panel a) and c) are shown in 

 lava flow is in contact with quaternary sediment. 
b) Close-up to the higher-elevated terrain, plateau that is also shown with the dashed white lines. Within 
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the plateau the planned four GPR traverses are shown. c) and d) Modified version from Hamilton et al., in 
review. c) orthoimages from the southern part of the McCartys lava flow-field, resting on the older Hoya de 
Cebola in the west and quaternary Alluvium in the east. Outline of panel e), f), and g) are shown with the 
white boxes. Panel e) and f) are a close-up to the study site 2. Orthoimage in the e) panel include the 
planned GPR traverses and respective digital terrain model in panel f). Both images are from Hamilton et 
al., in review. Panel g) gives an overview of the third study site with a close-up the inflated lobe in h), which 
is outlined with a white dashed line.  
 
 

Planned Schedule 
 

 
 Walk from parking place (500 m) to lava flow margin: ~ 20 min. 
 Description of sedimentary layer at flow margin: ~ 30 min.  
 Walk to study site (50 m on lava): ~ 10 min. 
 Set-up of equipment at study site: ~ 20 min. 
 Run one Traverse: ~ 30 min.  

=> total of four traverse: ~2 h; use time to describe lava   
 Pack equipment: ~ 20 min. 
 Hike back: ~ 30 min.  

Total time: ~ 4 h 20 min.  
 

Day 2: s  
 Walk from parking place (50 m) to lava flow margin: ~ 5 min. 
 Description of sedimentary layer at flow margin: ~ 20 min.  
 Walk to study site (850 m on lava): ~ 30 min. 
 Set-up of equipment at study site: ~ 20 min. 
 Run one Traverse: ~ 30 min.  

=> total of four traverse: ~2 h; use time to describe lava   
 Pack equipment: ~ 20 min. 

 
 Hike to study site 3 (1 km on lava): ~ 45 min.  
 Set-up of equipment at study site: ~ 20 min. 
 Run one Traverse: ~ 30 min.  

=> total of four traverse: ~2 h; use time to describe lava   
 Pack equipment: ~ 20 min. 
 Hike back (1.5 km on lava or 5 km along the margin): ~ 60 min 

Total time: ~ 8 h  
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4 Methodology 
 
Ground Penetrating Radar (GPR) provides physical properties of materials by receiving a reflected 
radar signal along a ground track, the path the instrument takes over the landform of interest. An 
excellent review of the process is described in Davis and Annan 1989, and a brief summary of the 
physics is presented here. The process for using GPR to determine stratigraphy of a field site 
follows. 
 
Physics of Ground Penetrating Radar 
 
An electromagnetic wave between 10-1000 MHz is emitted by the GPR, which penetrates the 
ground below, propagating at a velocity dictated by the 
is determined by both the geophysical parameters and ground mineralogy (Annan and Davis, 1976; 
Jensen 2009). The depth to which the wave is capable of reaching with an intensity large enough 
to allow measurement of the reflection is dependent on several factors. First, the frequency of the 
GPR largely determines the effective depth to which measurements can be made. Longer 
wavelength (lower frequency) radar is capable of penetrating deeper through the medium, but loses 
spatial resolution in the process (Annan and Davis, 1976). Secondly, the volume scattering of the 
medium reduces the reflection and subsequently limits the effective depth of measurements (Davis 
and Annan, 1989). Thirdly, the electric properties, which are dictated by the mineralogy, density, 
and water content, strongly affect the depth of measurement (Olheoft 1998).   For materials that 
have a low conductivity, like the porous results of volcanic activity in the form of dry ash and 
cinders, GPR is capable of penetrating 20 meters at 400 Hz (Heggy et al. 2007). The reflected 
signal allows determination of depth of boundary layers that indicate a change in dielectric 
constant, which provides constraints on the material that the radio wave propagates through as well 
as highlight layering, fracturing, and any large scale (~ 1 meter) porosity. Without a reflection off 
of a boundary layer the permittivity of the material cannot be determined.  When proposed in the 

-based geological analysis but has been recently adapted for 
general purpose planetary geology.  
 
Previous Investigations of Lava Flows using Ground Penetrating Radar 
 

of the SHARAD and MARSIS instruments, respectively. Each instrument has been incredibly 
successful in their operations, but here we focus specifically on measurements of lava flows.  
SHARAD measurements from ground tracks over Amazonis Planitia placed constraints on the 
material properties of Vastitas Borealis formation (Campbell et al. 2008), showing lava flow and/or 
sediment deposits below a dust mantle. The observed subsurface reflector could be explained by a 
sharp contrast in density (i.e. lava flow to sediment), or from the presence of a soil layer bifurcating 
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two deposits of similar dielectric constants. Ground tracks from SHARAD over the Tharsis region 
were able to determine that lava flows in the region were sourced from rift zone volcanoes and 
that all lava flows were of similar bulk density (Simon et al. 2014). More specifically, the 
measurements of lava flow dielectric constants from SHARAD are able to discern that the likely 
dust covering these flows lowers the permittivity gradient as the wave propagates, in turn allowing 
a larger than expected signal to pass into the high-permittivity lava flow (Carter et al. 2009). 
Additional Earth-based radar observations using the Arecibo Observatory as a transmitter and the 
Green Bank Telescope as a receiver has provided measurements of lunar lava flows as well, 
showing the presence of large (decimeter) subsurface rocks (Campbell et al. 2009). However, 
orbital GPR measurements require a significant database of Earth-analog field sites to compare to 
in order to accurately interpret the remote sensing data.  
 
The plethora of terrestrial analog field sites available for high spatial resolution mapping has 
provided researchers with the opportunity to explore the reflection signatures of different lava flow 
structures and volcanic deposits. The research done on Mars geophysical analogs was initiated by 
Grimm et al. 2006, Heggy et al 2006a, Heggy et al. 2006b, and Khan et al. 2007 at several different 
locations in the American West. Grimm et al. 2006 focuses on the Bishop Tuff in California, 
Heggy et al. 2006a and Khan et al. 2007 on lava flows in Craters of the Moon National Monument, 
and Heggy et al. 2006b on buried volcanic features in the Amargosa Desert of Nevada. These 
studies also are particularly interested in the loss mechanisms for relatively low frequency GPR, 

the conductivity and stratigraphy of the geological features. Higher frequency GPR, in the 100-
900 MHz range, has been carried out for Mars analog environments as well (Paillou et al. 2001, 
Grant et al. 2004), but only for a single volcanic field site located in Djibouti with relatively low 
penetration due to high conductivity. The high-iron content of some lava flows substantially raises 
the conductivity, limiting the effective depth of GPR. Most critically, Paillou et al. 2001 combines 

-ray crystallography of samples taken 
from the site, allowing correlation of signal with mineralogy. More recent work has focused on 
the effectiveness of using GPR to detect lava tubes (Miyamoto et al. 2005, Rowell et al. 2010), 
and was successful to depths of 10m, often similar in depth to the lava flow itself. The lava flows 
at their sites on Mt. Fuji and in Craters of the Moon are pahoehoe flows, similar to those of the 
Zuni - Bandera volcanic field. Understanding the structure and radar response of Earth-analog lava 
flows and tubes at an abundance of sites with high spatial resolution GPR will provide the context 
dataset needed to identify similar features more successfully in MARSIS and SHARAD orbital 
observations on Mars.  
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An Introduction to the Ground Penetrating Radar System 
 
The investigation of the flows in the Zuni-Bandera volcanic field will be conducted using two 
antennas and a controller manufactured by Geophysical Survey System Inc. (GSSI). The SIR4000 
handheld controller system is capable of connecting to both digital and analog antennas as well as 
integrating GPS. The two antennas that will be used in this investigation are a 200 MHz antenna 
and a digital 350 MHz HS (HyperStacking) antenna. The digital antenna uses stacking, which is 
essentially averaging over many scans in order improve the resolution of the data. A typical depth 
range for the 200 MHz antenna is between 7 and 12 m while the 350 MHz antenna has a depth 
range between 6 and 12 m.  We will integrate a Trimble Geo7x Handheld GPS system into the 
GPR setup. The GPS connects directly to the GPR controller and tracks each transect in real time, 
outputting the radar image along with the GPS information upon downloading. An example of the 
setup is shown in Figure 3. Both antennas are operated similar to this example. 

 

 
Figure 3. Example of the GSSI GPR setup. The 200 MHz antenna (orange box) is pulled by a strap 
connected to the box itself with a calibrated survey wheel attached to measure distances. The Trimble 
Geo7x GPS is attached to the survey wheel mount. One person pulls the antenna forward while the other 
walks behind holding the controller and monitoring the output in real-time.  
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Data Acquisition 
 
The transects conducted will be those described in Section 3. A tape measure will be laid down to 
measure the length of the transect with survey flags placed at each endpoint. Each transect will be 
conducted in pairs, with one person pulling the antenna, carefully keeping the radar antenna 
coupled to the surface while the other person is operating the controller and monitoring the output 

antenna. Distances are measured by the system using a calibrated survey wheel which is mounted 
to the antenna. Each transect will be between 10 and 50 m in length. The location of the survey 
flags will be recorded by the GPS in addition to the along-transect tracking. As the GPR moves 
along the surface, pulses at the frequency of the antenna are sent into the subsurface. When a pulse 
reaches a layer of sufficient dielectric contrast, a bright return can be seen in the radargram at the 
location of that interface. A representative radargram can be seen in Figure 4.  
 

 
Figure 4. Example of a radargram output by the GSSI system. Along track distance increases along the 
x-direction and time-delay or depth increases in the negative y-direction with the surface at 0 cm. Red 
arrows indicate two subsurface interfaces, or reflectors, that span the entire visible portion of the 
radargram. There is a significant contrast in the dielectric constant between each layer creating the two 
bright, well-defined, linear reflectors.  

  
Radargrams are generated in real-time as the user is operating the controller. The dielectric 
constant can be assumed to convert time-delay into depth for viewing. For volcanic materials such 
as Lunar and Terrestrial basalts, dielectrics between 7 and 11 are reasonable (Carter et al., 2009) 
while more porous or less-dense materials such as sediments or pyroclasts require an assumption 
of a much lower dielectric. We will assume a dielectric constant reasonable for basalts for this 
investigation. After the data are collected, they will be exported into the GSSI RADAN 7
software package in order to be processed and interpreted. All radar transects and GPS information 
will be imported into a GIS software program for additional post field-trip analysis. 
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Pix4D

Pix4Dcapture

Ctrl+DJI
OPEN PIX4DCAPTURE

Plan new mission > DOUBLE GRID MISSION

Pix4Dcapture

MAVIC 2 PRO
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Pix4Dcapture
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Flight Settings
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START END
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PRESS AND HOLD (3S) TO TAKEOFF Pix4Dcapture
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ABORT
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Basic Editor� Basic GCP/MTP Editor
GCP/MTP

Preview
Remove

OK Basic GCP/MTP Editor OK
GCP/MTP Manager

View > Processing
Processing 1. 

Initial Processing 2. Point cloud and Mesh 3. DSM, 
Orthomosaic and Index Start

56



Quality Report
Quality Report

View > Processing 2. Point Cloud and Mesh
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AA A A A

BB BB

CC C

DD

Offensive Grid

Put the following ships on your defensive
grid by placing the appropriate letters -- 
horizontally, vertically or diagonally.

1 - Aircraft Carrier

1 - Battleship

1 - Cruiser

2 - Destroyers

Defensive Grid

A
B
C
D
E
F
G
H
I
J

1 2 3 4 5 6 7 8 9 10

A
B
C
D
E
F
G
H
I
J

1 2 3 4 5 6 7 8 9 10

Instructions (2 Players Required):
Both players place their ships on the 
defensive grid according to the chart above.
Whoever goes first calls out a position 
(i.e. G-6).  The other player says either “Hit” 
or “Miss” depending upon whether one of 
his ships is in the position called out. The 
person calling out should mark a hit or a 
miss on the “offensive grid” to keep track 
of the shots.  The other person should mark 
the shot on the “defensive grid”.  If the shot 
is a “Hit”, the player goes again--otherwise 
the other player takes a  turn.  Once the 
opposing player has scored a hit on all of the 
spaces for a particular ship, you must call out 
“Hit...you sunk my Cruiser“ (or whatever type 
of ship it was).  Once a player has sunk all the 
opponents ships, he is declared the winner.

Battleship Another fun activity from:

www.funorama.com

battleship image copyright © www.arttoday.com
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1

5 7
9 2

7 1 2 9 6
9 5 8 3
2 3 6
7 5 1
6 5 9

5 3 9
1 5 2 6

2

2 8
1 3 4 9
9 7 5

6 4 3
4 8 9

5 2 7 4
9 1

8 9 2
7 1 4 2

3

6 5
7 4 9 5 2
3 5 1 4

3 4 5
2 7 9
4 5 2 6 7
7 8 5
4 7 2

9 5 6

4

4 3 9
7 6 5
2 4 5 1

1 3 2
8 4
2 6 9 8
3 1 7
9 2 5
2 1 9 4

5

1 8 2
5 6 1 7

6 3 7 2
7 9 1

3 4 6 7
2 4

1 3 7
2 5 1
6 5 3

6

4 8 2
3 7 5

2 9
9 3 1

1 7 4 9 8
6 1 7

3 8 6 2 4
4 3 5

2 9 374
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7

3 2 4 5 8
4 6 7 2
5 3 4

2 1 4
5 9 3 2
6 3

5 4 7
6 3 1 7 5
7 1 6

8

2 5 7
5 9 1 3
2 3 6 7

9 6
8 1 4

7 5
4 2 1 6

8 6 3 1
1 3 8 9

9

8 2 1 5
2 3 6
9 5 6 2

4
7 5 3 2

6 5 7 8
6 1 4

1 4 3 5
2 8 7

10

1 7 8 4
8 2 9 3
6 2

3 2 7
5 9 8 2

6 1
8 5 9

9 6 5
7 8 2 3

11

5 9 8
2 7

7 6 1
1 6 5 9 8

7 1
9 8 6 2

8 9 4
2 1 8
9 6 5 2

12

5 4 6
6 2 9 1

9 8 4
9 6 5

3 8 2
5 8 2 1

8 7 6 2
4 7

1 7 4 75
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SUPER TIC TAC TOE 
 
Like the normal version, but more. The board is made up of 9 sub-games within the                
larger supergame. Player one begins by placing an X inside one of the sub-games.              
The square chosen within that sub-game determines the next sub-game for player            
two to make their move, and so on. For example, if player one chooses the middle                
square in the upper-right sub-game, player two must place their move within the             
middle sub-game. If you win a sub-game, you win that space in the uber-game.              
Connect three squares in a row in the super game to win. This game can be broken.                 
There might not be a winner. Maybe you’ll have fun. You’ll probably get mad at               
your opponent. 
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