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Vibstract — Recent detailed field mapping near the-visitor center at Craters of the Moon National Monument
ind Preserve (CRMO) revealed proof for a mlsSmg cinder cone, named the South Highway cinder cone
SHC) partially swallowed during magma chamber gollapse and rafted away by younger flows. To support
iypothesis by previous workers at CRMO, we present e vidence for five potential remnants o fSHC. [n
ition to mapping the missing cinder cone, we present here & sequence of events explaining the creation
destruction of SHC.

L. volume analysis of SHC was conducted to compare with previous volume calculations of rafted material
tar the mapping area that show the volume of rafted material is too great to be contained within existing

“1 ally, we generated a 1:12,000 digital g eologic map o f o ur reinterpretations and a P oints o f Interest
Wﬂon W e identified previously unmapped eruptive and non-eruptive fissures that prowde relative ages
“:‘ Clnder cones and vent complexes in the mapping area. The map and accompanying section promotes
Roping and understanding of volcanic terrains by offering the reader a series of features with explanations
! their formation. The publication is available to the public via the CRMO website (www.nps.gov/crmo)

I"_ encouraged for use by geology field camps.
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INTRODUCTION
Geologic Setting

Craters of the Moon National Monument and
Preserve (CRMO) surrounds the Great Rift on
the eastern Snake River Plain (ESRP), Idaho
(Figure 1). The ESRP formed as a result of the
North American plate passing over the
Yellowstone hotspot beginning 17-16 millien
years ago (Pierce and Morgan, 1992). Rhyolitic
volcanism dominated the ESRP, including the
CRMO area, and produced large calderas as the

surficial expression of the hotspot track
{Leeman, 1982; Pierce and Morgan, 1992},
Recent seismic imaging places the current
location of the hotspot beneath Yellowstone
National Park (Waite, et al., 2006). Following
rhyolitic volcanism at CRMO, Basin-and-Range
extension dominated and allowed basaltic
magma to rise to the surface. This rift-volcanism
began at CRMO’s northern: most lava field, the
Craters of the Moon field, 15,000 years ago and
became dormant 2,000 years ago. Twenty-five
cinder cones and over 60 lava flows were
produced during this period (Kuntz, et al.,
19864).

Nationat
Park

Wyoming

Figure 1. Shaded relief map showing study area (star) within Craters of the Moon Naticnal Monument and
Preserve in relation to the Great Rift (dotted line), the eastern Snake River Plain {dashed line) and
Yellowstone National Park. Map generated from Seamless Data Distribution System, Farth Resources
Observation and Science (EROS), part of the U.S. Geological Survey at a scale of
approximately1:2,750,000. http://seamless usgs.gov.

Previous Work

North Crater cinder cone (NC) is a monogenetic
volcano whose northwestern flank has been
breached by at least one high silica (54-64 wt.
%) flow (Kuntz, et al., 1986a). Breaching of the
NC flank demonstrates the ability of high silica
flows to destroy cinder cones and carry off rafted
blocks. These blocks are transported by the lava
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flows and can leave dissimilar piles of welded
cinders standing high in the flows. Recognition
of a potentially missing cinder cone first came
from Brossy, Jordan, and Champion (2007a)
during a volume analysis of the rafted blocks
associated with NC in the Devils Orchard and
Serrate Flows. In their research, the authors
found that the volume of rafted material was 46 x
10° m’; too great a volume to be contained




within the modern breached wall of NC. The
authors offer three explanations for the excess
volume of cinder material. They explain that a’
very large paleo-NC could have existed, that the
existing NC was built and destroyed several
times, or one or more other small cones were
constructed and rafted away. To further support
their hypothesis, recognition of a dissimilar arca
along the northern flank of NC prompted the
authors to take rock cores for paleomagnetic data
analyses. The authors concluded from this data
that other cinder cones could have existed to the
north of NC and were most likely coeval with
NC.

A study by Caress and Owen (2005) focused on
dynamics of the Highway Flow, a trachyandesite
block a’a flow with local pahoehoe. During field
investigations, the authors extended the Highway
Flow further to the east, noticing how the flow
seemed to be channeled behind a now-missing
cinder cone, which they termed the South
Highway cinder cone (SHC). In the eastward
exiension, Caress and Owen found entrained
rafted material and noted how the flow onlaps
onto a potential SHC remmant at Campground
Hill. The authors suggest that the entrained
rafted material and in situ cone remnant may
account for a portion of the excess volume of
rafted material calculated by Brossy, et al.
(2007a). Finally, Caress and Owen (2005)

recognized an area at the southern boundary of
the Highway Flow where the block a’a abruptly
transitions to pahoehoe and drapes over the
South Highway fault scarp. This led the authors
to conclude that the flow and fanlt were
contemporancous and that the fault may
represent the collapse of a magma chamber.

Our work presents additional evidence for the
existence of SHC. Through detailed field
mapping and the use of acrial photographs, we
mapped five areas that are interpreted as
remmants of SHC. We present a refined 1:12,000
geologic map for the area near the visitor center
(Figure 2) which identifies these cone remnants,
locates previously unmapped fissures and faults,
and provides the reader with a series of geologic
points of interest available for public viewing.
The Points of Interest scction (Appendix) offers
readers the chance to learn about the formation
and significance of a variety of unique features
found in a voleanic terrain. Finally, we present a
proposed sequence of events based on field

evidence to assign relative ages to flows, cinder

cones, features, and processes. This timeline is
valuable to understanding the evolution of cinder
cones and the volcanic processes that have

" created the Craters of the Moon landscape.
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Figure 2. Geologic map of the visitor center area at a scale of 1: 12,
contains new interpretations and locations of geologic points of interest.

000 and accompanying legend. Map
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METHODS

Field mapping of SHC was undertaken by
Geologist in the Park T.A. Rivera, Volunteer in
the Park S.M. Keane, and Park Geologist D.E.
Owen during the summer of 2007. Locations of
cinder cone remnants and other features were
determined using a handheld GP'S unit set to
UTM NAD83 Zone 12N datum. Aerial
photographs were used to help with planning of
field mapping and to better resolve areas that
needed reinterpretation. Points of interest were
collected using the same datum. The data were

 digitized and plotted on a 1:12,000 geologic map

using ArcGIS 9 ArcMap version 9.2, Point, line,
and polygon layers were added to the previous
map to represent our findings. Original data files
were not modified in order to preserve the
integrity of pre-existing data.

RESULTS

Evidence for a Missing Cinder Cone

The largest independent area of reinterpretation
is Campground Hill (Figure 3). Previously
mapped as rafted blocks (Kuntz, et al., 1989),
closer inspection shows that loose cinders
comprise the majority of this hill and the area to
its south. Extensive jostling occurs during
rafting; it seems unlikely that such a large
volume of loose cinders could survive transport.
Additionally, no current edifice is in close
proximity to this area, eliminating the possibility
that these cinders were deposited from an
eruption of another vent, such as Big Craters,
The large amount of cinder material comprising
these two areas leads us to propose that these are
in situ pieces of SHC (Figures 3).

Figure 3. South Highway cinder cone remmants. A) Campground Hill; B) the area to its south
(foreground). Both photographs show that loose cinders compose the majority of the two areas. The block
lava in the upper photograph is the Highway Flow, which onlaps South Highway cinder cone.
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The monoliths surrounded by the North Crater

Pahoehoe Flow are interpreted as volcanic necks.

These conduits may be one of several that
contributed to the construction of SHC, which

Tollows the interpretation of Maley (1994). This
was the only area lacking loose cinders to be
interpreted as part of SHC (Figure 4),

Figure 4, Volcanic necks, or possible conduits, that may have contributed to the construction of South
' Highway cinder cone.

Immediately south and southwest of the
Highway Flow is another area with a large
volume of loose cinders. Previously mapped as
cinder mounds associated with NC, the welded
cinders in this area do not resemble the material
comprising NC, but more closely resembles the
material in Campground Hill. The physical
distance between NC and this area would require
NC to be twice its current width,

The interpreted footprint of SHC is a minimum
of 1300m long by 550m wide. Cinder cones
within the immediate vicinity of SHC have
comparable dimensions (Table 1). Big Cinder
(Table 1) is the largest cinder cone within the
lava field. If NC were twice its current width, it
would fit within these dimensions. While a
paleo-NC twice its modern width is possible,
based on average sizes of cinder cones, it scems
much more likely that SHC existed.
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Table 1. Approximate dimensions for cinder cones in the vicinity of South Highway cinder cone (SHC).
The length of SHC was measured east-west from the remnant south of the Highway Flow to the area south
of Campground Hill, The width was measured from the remnant on the north flank of North Crater cinder
cone to the South Highway fault scarp. The height was calculated as an average of heights for the four
cinder cones in closest proximity to SHC.

Platy jointing was found at several locations interior (White, pers. com). This feature suggests
within the Highway Flow (Figure 5). This type impingement and channeling of the Highway

of jointing is common in high silica flows and Flow against SHC, agreeing with Caress and
occurs when the flow cannot move naturally due Owen (2005).

to internal friction at the edges of the massive
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Figure 5. Platy jointing in the Highway block a’a flow. This type of jointing occurs in high silica flows as
a result of internal shear within the flow. It is probable that the Highway Flow tried to flow uphill when it
encountered South Highway cinder cone, creating the platy jointing, then channcling to the east and west

behind the cone.
Refined Mapping of Volcanic Features
Detailed field mapping shows several previously description of our findings follows. Refer to the
wnmapped features and provides data for an geologic map (Figure 2) and Points of Interest

alternate interpretation of the geology. A
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(Appendix) for locations and additional
information.

Two EBruptive Fissures and a Series of Non-

eruptive Fissures

Two eruptive fissures were mapped cutting the
western flank of NC. The east fissure (mininmam
130m long by maximum 11m wide) is partially
filled by the North Crater Pahoehoe Flow, while
the west (minimum 100m long by maximum
10m wide) fissure is completely filled by the Big
Craters Slab-lava Flow. The cast fissure is along
strike with the Big Craters fissure system. This
simple cross-cutting relationship may suggest
that NC is older than Big Craters (Figures 6A
and 6C). Identification of the west fissure was
recognized from the presence of spatter capped
cinder mounds (Figures 6A and 6D).

Several non-eruptive fissures are located along
the west side of Big Craters (Figures 6A and
6B). The longest continuous fissure measures as
a minimum of 50m long by a maximum 2m
wide. These fissures are not part of the eruptive
system; however, they are parallel to the main

Big Craters fissure system. Although the
physical size of the fissures is an order of
magnitude smaller, the geometry is consistent
with the pattern predicted by Kuntz, et al. (2002)
who suggest that non-eruptive fissures, or
tension cracks, form parallel to vent systems at
regularly spaced intervals as sub-surface dike
emplacement occurs.

Gravity Faults at Big Craters

Two gravity faults were recognized along the
northwestern flank of Big Craters nearly
perpendicular to the fissure system (Figures 6A
and 6E). The larger of the two is more apparent
as wildlife has used it as a game trail. The
smaller mapped fault is topographically higher
than the first; however, it is less prominent. The
eruptive center for the Big Craters Pahochoe
Flow is just north of the faults. We propose that
these faults represent slumping of the crater wall
back towards the eruptive center and that the
faults are associated with the eruption of the
pahoehoe flow rather than with the creation of
the Big Craters cinder cone.
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Figure 6. A) Geologic map emphasizing locations of newly mapped faults and fissures (boxed areas).
Solid thick dark lines represent both eruptive and non-eruptive fissures. Solid line marks the location of the
gravity faults. Dashed line shows connection between eruptive fissure at North Crater cinder cone and the
Big Craters eruptive fissure system. Refer to the legend (Figure 2) for explanations of other symbols and
map units. B) Longest continuous non-eruptive fissure on the western flank of Big Craters. C) View
looking northwest into the east fissure cutting the western flank of North Crater cinder cone. D) Spatter-
capped cinder cones represent nearby fissure. E) Photograph showing the two newly mapped gravity faults
along the northern flank of Big Craters. Photograph taken looking south from the eruptive fissure
{foreground) that produced the Big Craters Slab-lava Flow.
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Extending the Highway Flow

We mapped the Highway Flow extending 300m
west beyond what is currently mapped, between
SHC and cinder mounds of unknown source and
age, beyond what is currently mapped. Caress
and Owen (2005) previously recognized the-
extension of the flow to the east. Platy jointing is
found only in the western lobe signifying
impingement of the Highway Flow against SHC.

Geologic Points of Interest

This section (Appendix) is designed for use by
visitors with a passion for geology and students
of geology, such as geology field camps. Each
listed feature has UTM coordinates, a
photograph, and a brief description of its
formation, This section is designed to familiarize
the reader with volcanic landscapes and to
understand the processes involved in creating
this unusual terrain. Recognizing and mapping
the geologic features presented here
demonstrates the importance and need for large-
scale mapping at CRMOQO.

Assessing the Volume Problem

Previously stated, Brossy, et al. (20073)
calculated an excess of rafted material in the
Devils Orchard and Serra.te flows having a
volume of 46 x 10° m°. Using the equation
derived by Brossy, et al. (20072), we calculate
the volume of in situ SHC remnants previously
mapped as rafted blocks to be 4.4 x 10° m’
approximately 10% of the excess material.
However, from measurements given in Table 1,
the calculated volume of SHC is 71.5 x 10° m®
If the excess rafted material was derived only
from SHC, there would still be at least 25 x 10°
m’ of SHC that is missing. We suggest a
collapsing magma chamber swallowed this
volume of SHC, represented by the South
Highway fault scarp. Shallow magma chambers
can range in size and volume from small, several
inch thick dikes to the massive Bushveld
intrusion in South Africa, roughly 10° km’
(Marsh, 2000). South Highway Cone’s much
smaller volume can easily be accounted for
through subsidence of an empty shallow magma
chamber.

DISCUSSION

Compilation of evidence for the SHC, previously
unmapped features, and geologic points of

interest led us to determine a sequence of events
slightly different from current thought but in
partial agreement with one model proposed by
Kuntz, et al. (1982). We believe that the events
described below happened relatively close in
time although the exact amount of time is not
well constrained. The following events are listed
chronologically, starting with the oldest event.

1. Construct North Crater and South Highway
cinder cones. We could not determine which
was built first as the contact between the two
is not distinet.

2. Construct Big Craters cinder cone. The
newly mapped eastern eruptive fissure on
the western flank of NC suggests Big
Craters is younger than NC. This is also
supported by the Big Craters Pahoehoe Flow
onlapping onto NC. Big Craters has a
radiocarbon age of 2400 + 300 years before
present (Kuntz, et al., 1986a; Kuntz, et al.,
1986b). While there is no absolute age for
NC, we believe that these two cinder cones
are relatively close in age (100 years or
less). '

3. Eruption of high silica Devils Orchard and
Serrate Flows (not shown on map). These
flows were capable of rafting away pieces of
cinder cones and most likely originated in
the NC neighborhood although vent
locations have not been found.

4. Eruption of the Highway Flow. The flow
was channeled behind SHC and impinged
against the northern to create platy jointing
in the high silica flow.

5.SHC and NC began to be torn apart by the
three high silica flows mentioned above
creating the rafted blocks strewn throughout
the Devils Orchard and Serrate Flows.
Either the Devils Orchard or Serrate Flow
(or both) breached the northwest flank of
NC.

6. Eruption of these high silica flows close in
time emptied the underlying magma
chamber.

7. The empty chamber collapsed back into
itself, creating the South Highway fault
scarp, draperies in the Highway Flow, and
swallowing part of SHC.

8. Eruption of a lower silica North Crater
Pahoehoe Flow from the previously
breached wall of NC as an isostatic response
to the collapse and addition of SHC material
into the empty chamber, displacing residual
magma.

9. North Crater Pahoehoe Flows partially
covered the Serrate and Devils Orchard
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Flows, flowed around rafted blocks of NC
and SHC, and buried remaining evidence for
SHC.

Recommended Fature Work

In order to beiter examine the amount of time
required to construct and destroy a moderately
sized cinder cone, detailed absolute dating
analyses on the flows and cinder cones are
needed. Vent locations for the Serrate and Devils
Orchard Flows need to be investigated. These
flows are assumed to have surfaced from vents
near NC but finding the actual vents may provide

further evidence for SHC. Finally, geochemical

analyses need to be preformed in order to
determine compositional variability within
individual cones and between several cones. If
there is a significant difference between cones,
trace element data would allow for identification
of rafted block source and possibly refine
volume estimations for the cinder cones,
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APPENDIX

Points of Interest section with photographs, UTM coordinates, and description of the feature’s formation.
This section is preceded by general rules, regulations, and safety concerns for exploring CRMO geology.
Accompanying this section are the s everal p ages o f'r einterpretation, al ong with the geologic map and
legend (Figure 2), that complete the entire publication available on the CRMO website.
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Geologic Points of Interest near the Visitor Center Area
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