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Geophysical survey techniques including gravity, magnetics, and ground penetrating radar were utilized to study
the diatreme and tuff ring at Rattlesnake Crater, a maar in the San Francisco Volcanic Field of northern Arizona.
Significant magnetic anomalies (+ 1600 nT) and a positive gravity anomaly (4 1.4 mGal) are associated with
the maar. Joint modeling of magnetic and gravity data indicate that the diatreme that underlies Rattlesnake
Crater has volume of 0.8-1 km?, and extends to at least 800 m depth. The modeled diatreme comprises at least
two zones of variable density and magnetization, including a low density, highly magnetized unit near the center
of the diatreme, interpreted to be a pyroclastic unit emplaced at sufficiently high temperature and containing
sufficient juvenile fraction to acquire thermal remanent magnetization. Magnetic anomalies and ground
penetrating radar (GPR) imaging demonstrate that the bedded pyroclastic deposits of the tuff ring also carry
high magnetization, likely produced by energetic emplacement of hot pyroclastic density currents. GPR profiles
on the tuff ring reveal long (~100 m) wavelength undulations in bedding planes. Elsewhere, comparable
bedforms have been interpreted as base surge deposits inflated by air entrainment from eruption column
collapse. Interpretation of these geophysical data suggests that Rattlesnake Crater produced highly energetic
phreatomagmatic activity that gave way to less explosive activity as the eruption progressed. The positive gravity
anomaly associated with the maar crater is interpreted to be caused by coherent bodies within the diatreme and
possibly lava ponding on the crater floor. These dense magnetized bodies have excess mass of 2-4 x 10'° kg,
and occupy approximately 5% of the diatreme by volume. Magnetic anomalies on the crater floor are elongate
NW-SE, suggesting that the eruption may have been triggered by the interaction of ascending magma with
water in fractures of this orientation. GPR imaging of the tuff ring also suggests that substantial land-slip may
have occurred on the western rim, perhaps causing part of the tuff ring to collapse into the crater. Strong radar
reflections indicative of well-developed weathering horizons are present as well. The techniques employed
at Rattlesnake Crater demonstrate the value of combining multiple geophysical techniques in areas where
exposures are limited and invasive exploration is not an option.

© 2015 Elsevier B.V. All rights reserved.

Introduction

maars, which greatly augment what we can observe on the surface
and contribute to our understanding of the structure and eruptive

Explosive phreatomagmatic volcanism creates risk for the millions
of people that live within active volcanic fields around the world
(Chester et al., 2000). These eruptions occur when rising magma and
groundwater interact, and can produce craters 1-2 km in diameter
and more than 300 m deep (Wohletz and Sheridan, 1983; Lorenz,
2003; Lorenz and Kurszlaukis, 2007; Valentine and White, 2012). The
excavation of such craters, or maars, may result from one explosion or
many, and the length of time between eruptions is highly variable
(White and Ross, 2011). Geophysical survey methods provide valuable
data about diatremes and related sub-surface features associated with
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mechanisms of phreatomagmatic vents (Schulz et al., 2005; Mrlina
et al., 2009; Blaikie et al., 2014). Here we present new geophysical sur-
veys and forward models of the sub-surface structure for Rattlesnake
Crater, one of many phreatomagmatic eruption sites in the San
Francisco Volcanic Field (SFVF) of northern Arizona, USA.

Maar craters are underlain by diatremes that contain pulverized
country rock and juvenile material produced during the eruption
(White and Ross, 2011; Valentine and White, 2012). The top of the
diatreme is generally assumed to roughly coincide with the diameter
of the surface crater, although the shape of the crater can change signif-
icantly due to syn-eruptive and post-eruptive processes such as faulting,
mass wasting, subsidence, and in-filling by sediments (White and Ross,
2011). Previous geophysical surveys reveal that some maar-diatremes
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have complex structures that are not evident on the surface, including
multiple eruption points, igneous dikes, buried lava lakes, faults and
subsidence features (Schulz et al., 2005; Mrlina et al., 2009; Blaikie
et al., 2012; Bolds et al., 2012).

Surrounding the crater, a tuff ring made of ejected material forms a
rim around the eruption site. Examination of the tuff ring can yield valu-
able information regarding magma volatile content and composition,
and the duration of an eruption (Chough S.K., 1990; Sohn and Park,
2005; Brand and Clarke, 2009). Observations of erosional surfaces
within tuff rings are used to infer the number of eruptive phases a
vent may have produced, and the duration of repose between them
(McPhie et al.,, 1990; Zimmer et al.,, 2010). Analysis of exposed deposits
can also be used to estimate eruptive energy (Vazquez and Ort, 2006;
van Otterloo and Cas, 2013). However, many stratigraphic studies of
phreatomagmatic sites are limited by the availability of exposed units
in outcrop.

Utilizing gravity and magnetic surveys is a well-established
approach to studying phreatomagmatic eruption sites (Cassidy et al.,
2007; Lopez Loera et al., 2008; Mrlina et al., 2009; Bolds et al., 2012;
Skacelova et al., 2012). Similarly, GPR has been widely utilized in studies
of volcanic tephra and surge deposits (Russell and Stasiuk, 1997;
Goémez-Ortiz et al, 2006; Gomez et al.,, 2008; Kruse et al., 2010;
Courtland et al., 2012, 2013), and of phreatomagmatic deposits
(Cagnoli and Ulrych, 2001). In this paper we use all three techniques
to constrain the geometry, volume, and facies of the diatreme beneath
Rattlesnake Crater and its tuff ring.

Rattlesnake Crater and the San Francisco Volcanic Field

The SFVF of northern Arizona is an active volcanic region containing
more than 600 volcanic vents within 4700 km? (Priest et al., 2001). The
SFVF is a Colorado Plateau field (Condit et al., 1989), and the locus of ac-
tivity within the field has shifted from west to east with time, reflecting
the motion of the North American Plate (Tanaka et al., 1986). The SFVF is
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bimodal, but most volcanic vents erupt basalts (Priest et al., 2001).
There are at least 12 vents that show evidence of phreatomagmatic
activity within the SFVF; many of these sites have complex or mixed
eruptive histories.

Rattlesnake Crater is a basaltic maar and tuff ring located in the
southeast region of the SFVF (Fig. 1). The crater is elongate, approxi-
mately 1.4 km in diameter on the long axis, in a NW-SE direction. The
tuff ring surrounding the crater varies in height from approximately
60 m on the NE side to only a few meters high on the SW side, and is ob-
scured on the SE side by an overlapping scoria cone, called Rattlesnake
Hill. The presence of tephra from Sunset Crater (Ort et al., 2008), and
the Brunes-age magnetic orientation associated with Rattlesnake Hill
lavas (Tanaka et al., 1986) place the age of Rattlesnake Crater between
900 and 780,000 yBP.

Rattlesnake Crater is constructed on top of substantial lava flows,
tens of meters thick that crop out in the area surrounding the tuff ring.
Based on coring in the area, the sub-surface stratigraphic column com-
prises Paleozoic sedimentary units identified in descending order as
the Kaibab, Toroweap, Coconino, Schnebly Hill, and Supai Formations
(Hoffmann et al., 2006). The uppermost stratigraphic unit, the Kaibab
Formation, is a fractured (Gettings and Bultman, 2005) and karsted
(Montgomery and Harshbarger, 1992) Permian limestone with a
maximum thickness of 200 m in the area. Underlying the Kaibab, the
Toroweap Formation, a mixed variety of near-shore clastic units, is
less than 100 m thick. The Coconino Sandstone, a sequence of cross-
bedded fine-grained sandstone 400-500 m thick, is the primary
water-bearing unit. The thin (tens of meters) Schnebly Hill Formation
both interfingers with and underlies the Coconino and is made of very
fine grained mudstones, limestone and dolomite units. The well logs
of Hoffman et al (2006) end in the Supai Formation, sometimes grouped
with a number of lower units as “Redbeds”, which are a collection of dis-
tinctively colored alternating units of sandstone, siltstone and mudstone.

The entire tuff ring is covered by weathering products and fall
deposits, with the important exception of a band of outcropping units
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Fig. 1. Data acquisition locations for the geophysical study of the Rattlesnake Crater complex (blue star, inset), one of hundreds of volcanic vents (red dots, inset) within the SFVF, Arizona.
The complex includes Rattlesnake Crater, a maar surrounded by a tuff ring and bounded to the SE by Rattlesnake Hill, a scoria cone. White lines show the track of the ground magnetic
survey (Fig. 3); black dots indicate gravity survey points (Fig. 2), and yellow lines indicate the locations of GPR profiles. The green box shows the map extent of the contoured magnetic
anomaly map. Map Coordinates are in UTM, zone 12. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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on the inner wall of the NE side of the crater (Fig. 1). This outcrop com-
prises a section of the upper ring, approximately 650 m in length, with
maximum outcrop thickness of 20 m. At its widest point, the outcrop
roughly follows the shape of the crater rim, then diverges downslope
to the west before pinching out midway down the inside slope of the
crater wall. Valentine (2012) identified a possible unconformity in the
tuff ring outcrop containing basaltic fragments that may indicate the
maar and the scoria cone formed concurrently, but the source of these
fragments is uncertain and they may be from underlying lava flows.
Xenoliths from lower Coconino and Redbed units are more abundant
in the top-most layers of the tuff ring suggesting progressive deepening
of explosions inside the maar diatreme (Valentine, 2012). Nevertheless,
the utility of geological field mapping is limited by the lack of exposures.
Furthermore, the area is protected because of the presence of
archeological sites. Remnants of protected native encampments, found
on both the flanks of the scoria cone and the tuff ring, rule out the pos-
sibility of trenching or similar approaches to investigate the underlying
deposits in and around the crater. Gravity, magnetic and GPR surveys
allow us to study the structure of the diatreme beneath the crater as
well as the internal structure of the tuff ring in a noninvasive fashion.

Structural influences

Understanding structural controls on distributed volcanism is im-
portant in order to assess the potential distribution of future events,
the tectonic conditions that give rise to distributed volcanism and the
sequence of events during individual eruptions. Indication of structural
controls can include the position of some vents on, or near, faults (Riggs
and Duffield, 2008; George et al., 2015), development of vent align-
ments parallel or slightly oblique to fault zones (Guffanti et al., 1990;
Aranda-Gémez et al., 2003), and the development of vent alignments
parallel to joint sets or other tectonic fabrics (Delaney and Gartner,
1997; Nemeth et al., 2003; Cassidy and Locke, 2010; Kiyosugi et al.,
2010; Re et al., 2015). There is abundant evidence in the SFVF that
volcanism migrates along faults (Conway et al., 1997). Bedrock in the
region surrounding Rattlesnake Crater is highly fractured, with orienta-
tions mainly to the NW and SW (Gettings and Bultman, 2005). Fractures
are assumed to be the primary groundwater recharge mechanism
for the Coconino Aquifer, and produce significant water yields to
wells in otherwise impermeable stratigraphic units (Montgomery and
Harshbarger, 1992; Hoffmann et al., 2006).

Geophysical techniques

Gravity and magnetic data can be used individually to construct
models of the subsurface, but modeling both data sets simultaneously
offers a better constrained and therefore more meaningful model
(Schulz et al., 2005; Mrlina et al., 2009; Skacelova et al., 2012). However,
models with very differing characteristics can often produce an equally
good fit to the data. We present two models that produced a good fit to
the observed gravity and magnetic data. Gravity anomalies often are
associated with diatremes because the eruption may create density dif-
ferences with the surrounding undisturbed geological section. In some
cases, maar-diatremes have negative gravity anomalies resulting from
the lower density of the pulverized country rock and lower-density ju-
venile material left in the diatreme (Schulz et al.,, 2005). Positive gravity
anomalies result from the emplacement of a significant amount of
dense material into the diatreme (Cassidy et al., 2007). In detailed
ground-based surveys, an overall lower density diatreme allows subtle
gravity anomalies created by subsequent intrusions and other internal
structures to stand out especially well (Skacelova et al., 2012).

Magnetic anomalies associated with volcanic deposits originate
from induced and remanent magnetization of intrusions, as well as
the thermal magnetization of some pyroclastic deposits and lava flows
(Mandeville et al., 1994; Morales et al., 2006; Fontana et al., 2011).
Thermal magnetization of pyroclastic deposits surrounding the crater

can be created by two different processes. Thermal Remanent Magnetiza-
tion (TRM) results from hot emplacement above the Curie temperature,
typically above 560 °C, but sometimes involving much lower blocking
temperatures (Clement et al., 1993; Sulpizio et al., 2008). Thermal Viscous
Remanent Magnetization (TVRM) involves post-emplacement magneti-
zation due to prolonged exposure to elevated temperatures and is greatly
aided by deuteric alteration, and the presence of water/steam in the
subsurface (Dunlop, 1989; Hashimoto et al., 2008). Magnetic anomalies
thus provide insight into a variety of emplacement mechanisms that
may be active at maar-diatreme systems.

GPR radargrams are obtained by recording on a receiving antenna
the return signal of an electromagnetic pulse sent into the ground
from an adjacent transmitting antenna. Once emitted, this energy
scatters or reflects from discontinuities in the electrical permittivity of
buried features, and attenuates into the surrounding medium (e.g.
Davis and Annan, 1989). As the transmitter-receiver pair is moved
across the surface, the reflected signals that are returned to the receiver
antenna at each position are combined to create a cross-sectional radar
image of the subsurface. In volcanic deposits, strong reflections are most
commonly associated with changes in moisture content, porosity, and
lithology, such as those produced by buried weathering horizons
(Cagnoli and Ulrych, 2001; Gomez et al., 2008; Kruse et al., 2010;
Courtland et al., 2012).

Methods
Gravity data collection and processing

Fifty-seven gravity stations were occupied along two intersecting
lines that cross Rattlesnake Crater: one striking West-East and the
other roughly North-South. The North-South line was skewed to the
west along its southern portion to avoid the steep terrain of Rattlesnake
Hill. Gravity data were collected at approximately 100 m intervals
except for the last two points on the ends of each line, which had
200 m spacing. Local variations in gravity over such a small area are
subtle. Repeated measurements at base stations were used to correct
for instrument drift. In addition to instrument drift, gravity readings
were corrected to account for Earth tide, latitude, free air, and terrain
(White et al., 2015). Position differences between gravity stations
were measured with a total station to create a 3D network solution.
Four benchmarks were tied to the global reference frame by observing
the benchmark with geodetic GPS for 12 h. The coordinates of each
measurement site are estimated to have vertical error on the order of
+/—1 cm, which results in an error of +/—0.003 mGal.

A range of densities were used to perform Bouguer and terrain
corrections on the gravity profiles and compare the results to local to-
pography. The minimum correlation between gravity and topography
was obtained using a rock density of 1900 kg m™>. This value is lower
than the bulk density of 1980 kg m™2 estimated for the Coconino Sand-
stone at nearby Meteor Crater (Roddy, 1978), but rock in the vicinity of
Rattlesnake Crater is highly fractured (Gettings and Bultman, 2005) and
some units are significantly karsted (Morgan et al., 2004), indicating a
lower density is appropriate for gravity corrections at this site. Terrain
corrections were made using SRTM data (Jarvis et al., 2008), with
30 m resolution. The resulting profiles were de-trended to remove the
regional gravity gradient.

Magnetic data collection and processing

Magnetic surveys were conducted during two separate trips to ob-
tain coverage of the entire volcano (Fig. 1). Each survey was conducted
on foot using a cesium-vapor magnetometer. Data were collected by
teams of two: a leader with a handheld GPS for navigation and a person
following with the magnetometer and a GPS data logger. N-S survey
lines were spaced 50 m apart inside the crater and every 100-200 m
outside the crater. E-W lines were collected on the northern side of
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the tuff ring where terrain allowed, roughly 150-200 m apart. Magnetic
data were not collected on the steepest parts of the tuff ring or on the
slopes of Rattlesnake Hill. Along collection lines, sample spacing is
approximately 1 m, and a total of 72,437 magnetic measurements
were collected.

The positions of magnetic readings were retrieved by matching the
time stamp records of the magnetometer and GPS data logger. Sensor
dropouts and spikes in the data were removed by setting a maximum
allowable change in neighboring magnetic readings (1 m apart) to
<80 nT, and removing points that create a slope greater than 80 nT/m
from the dataset (George et al., 2015). The regional total magnetic
field strength, based on the international geomagnetic reference field
(IGRF), was subtracted from each day's data before combining with
other survey results.

After processing, data reproducibility was assessed by comparing all
line crossings. Line crossings were defined as magnetic readings taken
less than 5 m apart on the ground and separated by more than 30 min
in time (George et al., 2015). The mean difference among the line cross-
ings in our survey is 0.48 nT with a standard deviation of 167 nT. The
standard deviation of 167 nT is a result of very high localized magnetic
gradients within the survey area, produced by bombs and blocks buried
in the shallow subsurface. As expected, we found that line crossing
errors were greater on steeper terrain, probably due to the position of
the sensor with respect to the slope. We note that survey error,
expressed as the standard deviation at crossing points, is <10% of the
total magnetic data range.

The magnetic map was filtered by upward continuation to aid in in-
terpretation of magnetic anomalies. This technique uses a mathematical
filter to attenuate the influence of shorter wavelength anomalies. In
effect, this results in a magnetic map that appears as it would if the
data had been collected using a sensor located at greater height above
the topographic surface. Data from the first survey was upwardly
continued 2 m before being combined with data from the later survey
to account for a difference in sensor heights between the two surveys.
The combined data was then interpolated to a grid with 10 m spacing.
Two upward continuations were performed. A 5 m continuation
shows the data with all but the very shortest wavelength anomalies,
which are typically caused by surface noise such as individual
pyroclasts. A 50 m continuation produces a map that illustrates anoma-
lies with wavelengths typically associated with material tens of meters
below the surface.

GPR data collection and processing

Two GPR profiles were collected on the tuff ring surrounding Rattle-
snake Crater (Fig. 1). Profile 1 extends 500 m over the west side of the
tuff ring and part of the crater floor on the shorter, more gently sloping
side of the tuff ring where there are no outcrops. The data were acquired
with 50 MHz unshielded antennae spaced 2 m apart and moved by
manually repositioning the antennae every meter along the survey
line. Profile 2 traverses 325 m of the outer slope of the taller, steeper
side of the tuff ring and was acquired with a 250 MHz shielded antenna
pair pulled on a sled.

GPR survey conditions were cool and dry, with no recent rainfall.
Data were processed with the software package ReflexW using a
dewow filter, time zero adjustments, and uniform linear gain adjust-
ments. Profile 1 was migrated with a uniform velocity diffraction stack
migration. The profiles were then corrected for topography. Analysis
of diffraction hyperbolas indicates the radar velocity was approximately
0.13 m/ns and relatively uniform along both profiles over the 0.3-10 m
depths of the reflecting horizons. This velocity was used to migrate the
50 MHz data, to convert time to depths, and to correct for topography.

At the 0.13 m/ns velocity, the center frequency of the 50 MHz pulse
corresponds to a wavelength of ~2.6 m; that of the 250 MHz pulse to
~50 cm. Thus the radar wavelengths are longer than the thickness of
most individual beds observed in the tuff outcrop. Vertical resolution

can be characterized as approximately one fourth of the radar wave-
length (Guha et al., 2005). Thus, horizons in a radargram will capture
the attitude of beds, but there may not be a one-to-one correspondence
between radargram returns and subsurface contacts. Lower frequency
antennae, like the 50 MHz used to collect Profile 1, provide greater
depth penetration, but lower spatial resolution. Conversely, the
250 MHz antennae used to collect Profile 2 provides finer spatial resolu-
tion, but with much less penetration into the subsurface.

Geophysical anomalies and their interpretation
Gravity anomalies

An overall positive gravity anomaly was detected within Rattlesnake
Crater. The gravity data have an overall range of 1.4 mGal with
maximum positive amplitude near the center of each profile line. The
positive anomaly extends over the entire crater on the W-E profile
line and over a portion of the crater in the S-N direction (Fig. 2). This
positive anomaly is the result of denser material in the subsurface in
the crater area relative to the undisturbed section outside the crater.
On the W-E profile, a significant gravity low (—0.7 mGal) correlates
with the location of the tephra ring on the E side of the crater. The
elevated gravity readings just outside the tephra ring on both sides of
the crater on the W-E profile coincide with lava flows surrounding
the crater. On the S-N profile, the highest gravity readings are near
the center of the crater, and drop off sharply on the N end of the crater.
The low gravity readings at the N end of the S-N profile may be a result
of the low density material in the tephra ring. A low related to the
tephra ring on the west side of the crater may be masked by the proxim-
ity of lava flows from Rattlesnake Hill. Our attempts to collect gravity
measurements on the north side of the tephra ring, which is steep and
densely vegetated, were not successful, so the S-N measurements do
not continue past the crater to the north. There is no tephra ring
exposed on the southern end of the S-N profile; the gravity signature
on the southern end is a result of traversing deposits from Rattlesnake
Hill.

Magnetic anomalies

The magnetic map (Fig. 3) reveals anomalies associated with
mapped features, and others that do not correspond with features visi-
ble on the surface, which are interpreted to be the result of sub-surface
structures. The primary positive anomaly in the center of the map
corresponds to the crater and has an area of about 0.48 km? (Fig. 3, Let-
ter A). The highest amplitude region inside this central anomaly
(41600 nT) is elongate NW-SE, parallel to the long-axis of the maar.
The strongly positive magnetic anomaly to the south of the crater corre-
sponds to spatter on the summit rim of Rattlesnake Hill (Fig. 3, Letter B).
In the SW quadrant of the map, a band of positive anomalies extends to
the edge of the survey area, and has no corresponding surface feature
(Fig. 3, Letter C). On the west side of the map, a mottled pattern of
weaker anomalies cover the area between the tuff ring and the edge
of the survey map (Fig. 3, Letter D). Wrapped around the central crater
anomaly, a roughly horseshoe-shaped positive anomaly corresponds to
the tuff ring (Fig. 3, Letter E). Along the SW section of the tuff ring,
anomalies E and C become difficult to distinguish from one another.
The trend of negative readings in the northern part of the map generally
follows the pattern expected for the dipole signature of normally
magnetized material in the northern hemisphere. The trend is even
more apparent on the 50-m upward continuation of the magnetic
anomaly map (Fig. 4).

The magnetic anomaly marked as Feature A in Figs. 3 and 4, paired
with the coincident positive gravity anomaly (Fig. 2) indicates the pres-
ence of dense, highly magnetized material within the diatreme. Feature
A is within the map area of the crater, with the exception of the NW
section. In the NW, the anomaly extends beneath the base of the inner
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debris apron of the tuff ring. Morphologically, the shape of the tuff ring
is broader and less steep at this location compared to the rest of the tuff
ring. It may be that the inner wall of the western section of the tuff ring
has collapsed, shifting material from the wall further into the crater on
the NW side. This could also explain why the outcropping unit on the
NE section of the inner wall (drawn on Figs. 3 & 4 just below the letter
E) is not present in outcrop on the NW side. Feature A is modeled as
an intrusion (or intrusions) within the diatreme and a shallowly-
buried lava flow within the crater (Fig. 5).

The large anomaly SE of the crater represents the positively magne-
tized material of Rattlesnake Hill (Figs. 3 & 4, Letter B). Our survey of
Rattlesnake Hill was limited by topography to the lower flanks and
one transect across the top, so the anomaly shown is an incomplete
representation of the magnetic signature of the volcano.

A nearly continuous band of positive magnetic values west of Rattle-
snake Hill can be seen on both versions of the magnetic map (Figs. 3 &4,
Feature C). Feature C most likely represents a lava flow. Its strong signa-
ture in the 5 m upward continuation (Fig. 3) indicates the top of the
flow must be relatively close to the surface. It is also evident on the
50 m continuation (Fig. 4), so the flow must be relatively thick; at
least tens of meters. A nearby outcropping lava flow, assumed to be
from Rattlesnake Hill, has a measured thickness of 21 m (Harburger,
2014). Other basaltic flows in the SFVF have measured thicknesses of
more than 30 m (Harburger, 2014), so a flow tens of meters thick is
plausible. This lava flow is not evident on the surface by outcrop or
topography, but may be part of a flow that outcrops on the west side
of Rattlesnake Hill.

An area of mottled, short-wavelength anomalies extends along the
west side of the survey area (Fig. 3, Feature D). Some of these anomalies
correlate to small lava outcrops on the side and near the base of the tuff
ring. These anomalies strongly attenuate as a result of 50 m upward
continuation (Fig. 4), suggesting they result from very shallow bodies,
most likely just beneath the surface. Field observations were inconclu-
sive in determining the stratigraphic relationship between this lava

flow and the tuff ring. These small lava outcrops could be clastogenic
in origin, relating to an episode of fountaining, or these flows may
come from a buried vent beneath the tuff ring, as small buried vents
have been documented under maar deposits at other phreatomagmatic
sites in the SFVF (Valentine, 2012). Alternatively, this flow may connect
to the flow marked as Feature C to the south (Fig. 3), though there
are substantial differences in the amplitude and wavelength of these
anomalies in the magnetic data.

The entire rim of the tuff ring has a positive magnetic signature
(Figs. 3 & 4, Feature E). The highest amplitude magnetic anomalies are
on the NE section and coincide with the tallest part of the ring. Many
tuff rings have little to no magnetic signature due to the random orien-
tation of pyroclasts deposited below the Curie temperature. There are
two possible explanations for the magnetic signature of the tuff ring.
One possibility is that at some point during the eruptive history, mag-
matic eruptive activity deposited spatter or some other basaltic material
around the crater. This is the case at other phreatomagmatic vents in the
SFVF such as Colton Crater and Red Mountain (van Kooten and Buseck,
1978; Riggs and Duffield, 2008). The other possible explanation is that
the magnetic signature is from the pyroclastic material which makes
up the tuff ring itself. Tephra packages emplaced rapidly and in
sufficient thickness could maintain enough heat after deposition to
produce significant TRM. The positive magnetic signature of the tuff
ring is inferred to be strongest along the rim because the inner and
outer slopes of have undergone significant weathering. Slope failure
could also cause a random orientation to the magnetically oriented
clasts.

Gravity and magnetic modeling
Model properties

Gravity data and magnetic data collected along the E-W gravity
profile were used to create two forward models of the maar-diatreme.
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Magnetic data were modeled as the apparent magnetization resulting
from thermally magnetized diatreme fill and tuff deposits, remanent
magnetization of intrusions within the diatreme, and lava flows near
the surface (Fig. 5).

Forward models were created using OASIS Montaj and Gm-Sys
software packages. These programs allow the user to create model
geometries of the sub-surface, assign values for density and magnetic
susceptibility, and compare the resulting calculated gravity and mag-
netic anomalies with observed data. Our model was created using a 2
% D approach as outlined in the GMSYS user's manual (Popowski
et al., 2009). A 2 3% D model allows the user to specify how far each
object extends into and out of the plane of the profile line, and also
allows those objects to intersect the profile line at an angle other than
90°. The area beyond the edges of these defined shapes can only have
one set of attributes. This area is designated in our models as “Country
Rock”, and set to 1900 kg m~> density and zero magnetic susceptibility.
For simplicity and ease of comparison, all model objects inside the
diatreme were specified to extend 0.7 km into and out of the plane of
the model profile, perpendicular to the profile, for a total width of
1.4 km. We note that model results are only marginally sensitive to
the width of these modeled objects, within reason constrained by the
outcrop pattern of the crater and tuff ring. Stratigraphic and aquifer
depth information shown on the model (Fig. 5) are derived from a
well drilled roughly 20 km W of our study site (Hoffmann et al.,
2006). The depths and thicknesses of units are approximations, as
depth and stratigraphic characteristics may vary over relatively small
distances.

Our magnetic calculations are based on apparent magnetization, a
combination of induced and remanent magnetization described by:

kapparent = T/ H (1)

where T is the magnitude of the total vector of magnetization, and H is
the magnitude of the Earth's magnetic field.
T=kH+ ], (2)
where k is the magnetic susceptibility, and J; the magnitude of the
vector of remanent magnetization. This estimate assumes that the
vector of remanent magnetization is parallel to the current direction

of the Earth's field, H, which is a reasonable assumption for the normally
magnetized Rattlesnake Crater anomalies.

Model #1:

The modeled diatreme has the same density as the surrounding
country rock, with the exception of its innermost zone. The primary
magnetic and gravity anomaly within the crater is modeled as a single
body of relatively high magnetization and high density (2500 kg m~>
and 0.037 SI respectively), consistent with coherent basalt (Fig. 5,
Coherent Body A). The thin vertical segment tapers out at a depth
of approximately 1 km, although this depth is not especially well
constrained. The vertical portion of Coherent Body A is topped by a
thin horizontal body of similar density and magnetization which
extends approximately 800 m along the profile line. This horizontal
body either represents a lava flow deposited on the paleo-crater floor
and buried by subsequent deposits, or a shallow sill within the diatreme.
Coherent Body B is given the same density and apparent susceptibility,
and also assumed to be a basaltic intrusion in this model. The diatreme
is divided into zones of inwardly increasing apparent magnetic suscep-
tibilities (0.013, 0.025, and 0.063 SI) and decreasing densities
(1900 kg m~2 and 1800 kg m~3) similar to the approach of Mrlina
etal. (2009) (Table 1). The tuff ring surrounding the crater was modeled



260 A. Marshall et al. / Journal of Volcanology and Geothermal Research 304 (2015) 253-264

Table 1

Density and susceptibility values used in Model #1 (Fig. 5).
Model components Density Apparent

(kg/m>) susceptibility, SI

Country rock 1900 0.000
Diatreme zone 1 1800 0.062
Diatreme zone 2 1900 0.025
Diatreme zone 3 1900 0.013
Crater fill 1850 0.000
Tuff ring 1700 0.037
Coherent body A & B and surface lava flows 2500 0.188

with a density of 1700 kg m~> and an apparent susceptibility of 0.037 SI.
The top layer of fill in the crater was modeled as 1850 kg m™> with zero
magnetic susceptibility.

Model 1 indicates a dip-angle of 79°-83° for the inwardly-dipping
diatreme walls. Along the E-W profile line, the diameter of the top of
the diatreme is approximately 1.1 km, roughly the same width as the
distance across the crater floor along the profile. The diatreme is not
modeled below a depth of 1500 m, as the model is not sensitive to
reasonable changes in density and susceptibility below that depth. If
we assume an inverted cone-shaped diatreme, with inwardly dipping
walls of 80°, the maximum depth of the modeled base of the diatreme
is about 3 km in Model 1. This depth is consistent with Valentine's
depth estimate based on the xenolith content of the tuff ring
(Valentine, 2012). Using this depth and the inverted cone geometry
yields a maximum diatreme volume of approximately 1 km?>. If instead
that same cone is truncated at 1500 m, the maximum depth to which
we modeled the diatreme, the diatreme volume is approximately
0.9 km>. Based on these calculations, the volume of the diatreme
beneath Rattlesnake Crater is approximately 0.9-1 km®.

Model #2:

The diatreme in Model 2 extends to a depth of ~800 m, and main-
tains the dip angle on the outer walls of the diatreme of about 80°. As
in Model 1, the primary magnetic and gravity anomaly within the crater
(Fig. 5, Coherent Body A) is modeled as a single body of relatively high
magnetization and high density; although the density is lowered from
2500 to 2400 kg m 3, and the vertical portion of the body tapers out
atadepth of 0.5 km. The horizontal component remains nearly identical
in its geometry to Model 1. Coherent Body B is significantly different in
its geometry, as well as having a lower modeled density of 2300 kg m >
and a much lower apparent susceptibility of 0.088 SI. While the suscep-
tibility and density values assigned to this body in Model 2 are much
lower that they were in Model 1, they are still significantly higher values
than the surrounding diatreme. The higher magnetization and density
indicates that Body B is likely some sort of coherent material, that is of
uniform density and magnetic properties, although not of the same
density or apparent magnetic susceptibility as Body A. Body B may rep-
resent a deposit like spatter (e.g. Lefebvre et al., 2012), which would
have a lower density and lower susceptibility than a lava flow or sill,
but still significantly higher values than the surrounding diatreme.

Table 2
Density and susceptibility values used in Model #2 (Fig. 5).

Model components Density Apparent susceptibility, SI
(kg/m?)
Country rock 1900 0.000
Diatreme zone 1 1850 0.050
Diatreme zone 2 1880 0.013
Crater fill 1800 0.000
Tuff ring 1700 0.037
Coherent body A 2400 0.188
Coherent body B 2300 0.088

In Model 2, the density of the top layer of fill in the crater is lowered
from 1850 kg m ™~ to 1800 kg m ™3, while the magnetic susceptibility of
the fill remains at zero. The diatreme is simplified into two zones, and
the outer zones, which in Model 1 were only delineated from the coun-
try rock by a small apparent magnetic susceptibility, are eliminated. In
contrast to Model 1, the entire diatreme in Model 2, excluding the co-
herent bodies, has a lower density than the surrounding country rock:
1850 kg m~2 and 0.050 SI for Zone 1; and 1880 kg m~> and 0.013 SI
for Zone 2 (Table 2). Diatreme Zone 1 was given a significantly higher
magnetization than in Model 1. This higher magnetization is required
to make up for the response that was a result of the deeper diatreme
and longer vertical component of Coherent Body A in Model 1. Because
Diatreme Zone 3 in Model 1 was distinguished from the country rock
only by a slight magnetic susceptibility, Zone 3 can be removed from
the left side of the diatreme without a change in fit to the observed
data. Body A has such a strong control on the magnetic response of
this section of the model that the small contribution to the overall
magnetic signal from the diatreme is negligible.

Model similarities:

In Models 1 and 2, Coherent Body A was modeled as tapering out at
depth (1 and 0.5 km respectively) and topped by a thin horizontal body
of similar density and magnetization. The depth to the horizontal body
is 30-40 m beneath the current crater floor. In both models, the central
positive gravity anomaly is due almost entirely to the presence of this
relatively dense magnetized body. Assuming that the gravity anomaly
measured along the profile is axisymmetric, we use Gauss' law to
estimate the total excess mass producing the gravity anomalies of
Body A and Body B to be approximately 4 x 10'° kg for Model 1.
Given the density contrast between the intrusion and the diatreme fill
of approximately 700 kg m~> in Model 1 (Table 1), this yields a volume
of the coherent body of approximately 0.06 km?>. Therefore, approxi-
mately 7% of the diatreme volume consists of coherent material in
Model 1. The density contrast in Model 2 is lower, approximately
500 kg m~>, and the modeled diatreme is shallower than Model 1.
Using the same approach for making the calculations, the coherent bod-
ies in Model 2 have a total volume of approximately 0.03 km?, and make
up roughly 5% of the diatreme. In both models, fitting the observed grav-
ity and magnetic data requires that Diatreme Zone 1 have higher mag-
netization and lower density than the other zones of the diatreme.
This change can be explained by an increase in the fraction of pulverized
material and hotter emplacement in Zone 1 compared to the outer
zones where lower-temperature emplacement occurred. The slightly
higher density in the outer zones of the diatreme may also be the result
of a significant portion of wall rock being incorporated in the outer
sections of the diatreme.

The elevated magnetic readings and low gravity readings associated
with the tuff ring are accounted for by modeling the tuff ring with a den-
sity of 1700 kg m™> and an apparent magnetic susceptibility of 0.037 SI
in both models. This supports the idea that the positive magnetic values
of the tuff ring are a result of TRM of pyroclastic deposits rather than
buried deposits of denser magnetized material.

GPR

GPR Profile 1 (Fig. 6) extends over the peak of the tuff ring and down
onto the crater floor with a maximum penetration depth of about 20 m.
Several notable features lend insight into the structure of this
phreatomagmatic system. On the outside of the tuff ring, parallel beds
dip approximately 15° away from the crater (Fig. 6, Feature 1). These
reflectors continue past the depth of signal penetration (10-15 m)
and are interpreted as surge deposits. (e.g. Sohn and Chough, 1989;
Chough S.K., 1990; White, 1991; Vazquez and Ort, 2006; Ort and
Carrasco-Ndfiez, 2009). These deposits dip relatively uniformly along
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Fig. 6. Profile 1-50 MHz profile over the west side of the tuff ring (see Fig. 1 for location). The profile shows the data corrected for topography with time converted to depth assuming a
uniform velocity of 0.13 m/ns. White dashed lines indicate inferred fault locations. Numbers mark features discussed in text.

the ~100 m of the profile beyond the rim. If these outward-dipping beds
are part of a larger waveform, the wavelength must be >~250 m.

Beneath the crest of the tuff ring, reflectors to a depth of ~12 m form
a very gentle trough filled with progressively slightly flatter layers
(Fig. 6, Feature 2). One possible explanation is that gravity-driven
faulting within the tuff ring, beneath the site of the current rim, created
accommodation space. The trough progressively shoaled and flattened
as successive deposits in-filled. Fall deposits from later eruptions may
contribute to the trough fill. Alternatively, this feature may be part of a
longer-wavelength depositional bedform. Brand and Clarke (2009)
compile wavelengths of surge deposit bedforms as a function of
distance from the vent for 7 sites. Of these, the Rattlesnake western
rim feature (~100 m wavelength; ~600 m from vent) fits most
closely with a series of depositional packages documented at the
phreatomagmatic Table Rock Complex in Oregon (Brand and Clarke,
2012, Fig. 2e). At the Table Rock Complex, the long wavelengths are
interpreted as the product of super-critical flow conditions (Brand and
Clarke, 2009) in which inflated base surge deposits can scour underlying
material.

On the inside slope of the tuff ring, a trough of surficial sediments up
to 5 m thick covers features that strongly diffract the GPR signal (Fig. 6,
Feature 3). The U-shaped features on the radargram near Feature 3 are
an artifact of imperfect collapse of diffractors in the 2D migration of
the data. We interpret these diffractors as the shallow termini of beds
that have been truncated by erosion or slope failure on the inner face
of the tuff ring. Similar truncation surfaces have been observed in out-
crop at other tuff ring locations (Sohn and Park, 2005; Brand and
Clarke, 2009, 2012). Another trough filled with surficial sediments
lower on the slope (Fig. 6, Feature 4) is most likely the result of grain
avalanching. Towards the bottom of the tuff ring (Fig. 6, Feature 5), a
set of buried reflective horizons overlap each other and dip towards

Southwest
0 100

Distance (m)

the crater. These could represent on-lap deposits from successive surges
within the crater.

There are horizontal reflectors to about 8 m deep beneath the crater
floor (Fig. 6, Feature 6). These are the result of post-eruptive fill layers
and/or soil horizons. Deeper reflectors within the crater cannot be
interpreted reliably due to high attenuation within the crater. We sus-
pect this higher degree of attenuation is related to soil development
on the crater floor.

GPR Profile 2 (Fig. 7) is a 250 MHz survey line collected on the east-
ern side of the tuff ring. The profile starts at the crest and continues east,
away from the crater, and down the outer slope of the tuff ring. The
units beneath the crest of the tuff ring (Fig. 7, Feature 1) are not roughly
horizontal, as they are on GPR Profile 1, but dip steeply (approximately
50°) away from the crater. This difference highlights the variable nature
of the depositional and/or post-depositional processes affecting the tuff
ring.

Downslope from the crest, the reflecting units exhibit symmetrical
wave-like features (Fig. 7, Feature 2) with wavelengths of ~100 m,
and amplitudes of ~5-8 m. The depth of penetration for this profile is
~10 meters, so the total thickness of these wave package is unknown.
These features are much longer than most sandwaves reported in the
literature (Sheridan and Updike, 1975; Cole, 1991; Cagnoli and Ulrych,
2001; Douillet et al., 2013, others). However, as discussed above for
the dimension of the trough on the western rim profile, such wave-
lengths have been reported at the Table Rock Complex in Oregon
(Brand and Clarke, 2009, 2012). Although outcrops at Rattlesnake Crater
are sparse, anti-dune structures are present in the upper units of the tuff
ring (Valentine, 2012). The presence of anti-dunes, typically interpreted
as the result of highly energetic deposition, lends further strength to the
hypothesis that the reflectors seen in the GPR data may be similar in
origin to those at Table Rock.

Northeast
200 300

Fig. 7. Profile 2-250 MHz profile over a northeastern section of the tuff ring. GPR “picks” on the eastern side of the tuff ring (see Fig. 1 for location). The profile shows the data corrected for
topography and time converted to depth. With topographic correction, reflectors become difficult to make out at this scale, so picks on semi-continuous returns are illustrated for ease of
interpretation (solid white lines). Dashed lines indicate hypothesized continuity of reflecting horizons. Numbers 1and 2 mark features discussed in text.



262 A. Marshall et al. / Journal of Volcanology and Geothermal Research 304 (2015) 253-264

Comparison of GPR data to exposures of dune and sandwave
structures documented at other tuff rings could be a valuable tool for
studying the eruption dynamics of late-stage phreato-magmatic activity
at locations with no cross-sectional tuff ring exposures.

Discussion

Rattlesnake Crater is elongate in a NW-SE direction, the primary
orientation of fractures in the area. Nearly all other phreatomagmatic
eruption sites in the eastern part of the SFVF also appear to be oriented
in this direction. Locally, there are also significant numbers of non-
phreatomagmatic volcanic features that have multiple vents or
that are elongate in this orientation, such as The Sproul, near Merriam
Crater (Ho, 2014). The highest-amplitude magnetic anomalies within
Rattlesnake Crater and the vents on Rattlesnake Hill are co-linear and
NW-SE trending (Figs. 3 and 4). Based on these observations, we
suggest that underlying structural control was responsible for creating
aligned features associated with Rattlesnake Crater, and may have
aided the flow of groundwater to drive the phreatomagmatic eruption.
The relatively impermeable country rock is highly fractured in the
eastern part of the SFVF (Gettings and Bultman, 2005), and these
fractures can hold significant quantities of water (Montgomery
and Harshbarger, 1992; Morgan et al., 2004). It seems logical that
phreatomagmatic activity in the SFVF might be triggered by the interac-
tion of magma with these water-filled fractures (e.g. Lorenz, 2003).

Outcrop studies (Valentine and White, 2012; Lefebvre et al., 2013;
Delpit et al., 2014) indicate significant local variations in ash/lithic
ratios, grainsize, and bedding characteristics; and the occurrence
of steeply-dipping contacts are commonplace within diatremes.
Diatremes exhibiting zones with highly variable internal properties
have also been documented by cores (Brown et al., 2009), physical
blast experiments (Graettinger et al., 2014) and geophysical modeling
(Blaikie et al., 2014). We interpret the zones of variable density and
magnetic properties required to model Rattlesnake Crater gravity and
magnetic data in terms of these observations. Modeling of our geophys-
ical data (Fig. 5) suggests that the outermost areas of the diatreme carry
the lowest magnetization, yet still have significant apparent magnetic
susceptibility contrast with the surrounding, undisturbed country
rock. This result is consistent with diatreme deposits containing a rela-
tively low proportion of ash and related juvenile material, and possibly
containing blocks, or megablocks of country rock and reworked materi-
alemplaced at low temperatures (Delpit et al,, 2014). Studies of exposed
diatremes show zones along the outer portion can be very rich in wall-
rock material (Lefebvre et al., 2013). Diatreme Zone 1 carries higher
magnetization than zone 2 in both Models 1 and 2 (Fig. 5). This higher
magnetization is likely due to a higher proportion of basaltic fragments
in this part of the diatreme. The zones of varying susceptibility within
the central part of the diatreme (i.e. Zone 1 and 2) may be a result of a
migrating vent within the crater (e.g. Kurszlaukis and Fulop, 2013), or
represent a change in eruption dynamics over time.

Diatreme Zone 2 has a density that is consistent with recycled pyro-
clastic material, but it carries much higher magnetization than expected
for such a deposit. The apparent magnetic susceptibility is unlikely to be
produced by randomly oriented basalt fragments emplaced at low
temperatures, as might be the case in Diatreme Zone 3, because these
fragments would have randomly oriented vectors of remnant magneti-
zation. Instead, the high magnetization suggests Diatreme Zone 2 is
uniformly magnetized. Its low density and high magnetization are con-
sistent with hot emplacement of non-bedded pyroclastic zones within
the diatreme, such as those interpreted to be formed by late-stage
intra-diatreme fragmentation (Delpit et al., 2014). The asymmetry of
density and susceptibility within the diatreme is also consistent with
random explosion depths and/or multiple shallow explosions suggested
at other maar-diatremes (Valentine and White, 2012; Blaikie et al.,
2014). (Brown et al.,, 2009; Blaikie et al., 2014; Graettinger et al., 2014).

GPR data reveal possible on-lap features on the lower walls of the cra-
ter (Fig. 6, Feature 5), suggesting multiple episodes of phreatomagmatic
activity within the crater. GPR data also suggests that the irregular shape
of the tuff ring may in part result from faulting on the western side of the
ring. We cannot say if the hypothesized faults developed during the
eruptive phase of the maar or later, but the uppermost units on Profile
1 (Fig. 6, feature 2) indicate failure occurred before eruptive activity
ceased. The geometry and wavelengths of the pyroclastic units revealed
in the GPR data (Figs. 6 and 7) suggest that at least some of the eruptive
activity at Rattlesnake Crater was highly energetic. Pyroclastic material
deposited under high-energy conditions in thick deposits could create
the proper conditions to maintain elevated temperature long enough
to acquire relatively high TRM, which accounts for the positive magnetic
signature of the tuff ring (Figs. 3 & 4, Feature E). We suggest that this high
emplacement temperature is consistent with intra-diatreme fragmenta-
tion (diatreme Zone 3), following emplacement of diatreme Zones 1 and
2.

The highest amplitude gravity and magnetic anomalies in the crater
are related to the dense magnetized body in the center of the crater
(Fig. 5, Coherent Body A), which we interpret as a dike intrusion, with
a horizontal component that is either a lava flow or a shallow sill located
at a depth of 30-40 m beneath the present surface. There are several ex-
amples in the exposed diatremes of the nearby Hopi Buttes volcanic
field of significant basaltic intrusions emplaced after phreatomagmatic
activity ceased (e.g.White, 1991), and late-stage lava ponding is a fea-
ture that has been observed at other maars (e.g. Risso et al., 2008).
Body B on the right side the diatreme (Fig. 5) could be an intrusion
emplaced in a similar manner to Body A, or it could be comprised
of spatter internally deposited within a diatreme, as described by
(Lefebvre et al., 2012) at Castle Butte South. In that case, spatter deposits
were interpreted as the result of pulsating, weak, hot fragmentation
(Lefebvre et al., 2012). While most of our geophysical data suggest an
energetic eruptive history, spatter deposits could have developed
during the transition from phreatomagmatic activity to cone building.

A Brunes-age magnetic orientation and the presence of ash from
Sunset crater establishes an age of 900-780,000 B.P. for Rattlesnake
Crater. The presence of well-developed weathering horizons in the
GPR data suggest Rattlesnake Crater erupted a significant period of
time before the Sunset Crater eruption 900 years ago. The relative
timing of the formation of the crater and the scoria cone is inconclusive.
Deposits from Rattlesnake Hill do overlap the crater and tuff ring in
some places. But there is also magnetic evidence that suggest a lava
flow from Rattlesnake Hill is covered by material from the tuff ring
(Figs. 3 and 4, Feature C). It is not clear if the lava was buried through
primary deposition or through the gravitational deformation of the
tuff ring through remobilization of pyroclastic sediments over time.
Additionally, the presence of a possible unconformity within the tuff
outcrop containing basaltic bombs (Valentine, 2012) may also indicate
the crater and cone were active concurrently. In any case, it is clear
from the geophysical data and their interpretation that Rattlesnake
Crater did not form from a simple explosion, but instead was shaped
by a series of events including energetic surges, vent migration, dike
emplacement, and lava flows.

Conclusions

Gravity and magnetic data provide a basis for modeling the subsur-
face geometry of the diatreme associated with Rattlesnake Crater. While
forward models can have significant uncertainty, the comparison of two
models, each developed from both magnetic and gravity data, helps to
illustrate the overall concepts required to achieve a good fit to our
geophysical data. The gravity and magnetic anomalies indicate the
diatreme is not uniform, but instead comprises zones of variable density
and magnetization. These zones indicate variable ratios of country rock
and juvenile material in the diatreme, shifting vent location through
time, and the presence of dense magnetized bodies within the diatreme.
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The presence of low density, highly magnetized zones within the
diatreme are consistent with massive, unbedded pyroclastic deposits
produced by intra-diatreme fragmentation. Approximately 5% of the
diatreme, by volume, consists of dense, highly magnetized rock that is
interpreted as a late-stage basalt intrusion and/or possible lava flow,
on the crater floor or a shallow sill within the upper deposits of the
diatreme.

The elongate NW-SE orientation of the crater is mirrored by
magnetic anomalies on the crater floor, which are also co-linear with
mapped basaltic vents on Rattlesnake Hill. These observations are
consistent with structural control on the vent, and the possibility that
the phreatomagmatic explosions were driven by the interaction of a
magma dike with groundwater contained in fractures of the same
orientation. While not commonly observed at phreatomagmatic
volcanoes, GPR data reveal the presence of long-wavelength features,
complimented by anti-dunes in outcrop, to suggest Rattlesnake Crater
experienced an episode of unusually energetic eruptive activity at
some point in its formation.
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