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Abstract

Mesoscopic structures in four large cavities on the Big Obsidian Flow, OR, USA, provide evidence of links
between large-scale surface folding, cavity formation, and hazardous explosive activity originating from within the
flow. Stereographic analysis of flow banding, stretched bubble lineation, striations, and mesoscopic fold axes indicates
that three of the cavities are near-cylindrical folds. Cavity fold axes are oriented parallel to large-scale compressional
flow ridge axes, suggesting that cavities form in response to shortening during flow advance. Large surface folds
develop as the upper 10 m of the cooler flow surface buckles when the flow front cools, slows, and stalls against
topographic barriers. Void space is created in fold hinges as obsidian layers shear past each other and pull apart. The
resultant cavities may serve as reservoirs for exsolved volatiles or surface water which may later vent explosively to
form explosion craters on the flow surface. / 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Analysis of structures preserved in obsidian
£ows aids in the interpretation of £ow emplace-
ment (e.g. Fink and Fletcher, 1978; Fink, 1980,
1983; Smith and Houston, 1994). Macroscopic
and mesoscopic features of obsidian £ows re£ect
the complex rheology of the variably vesicular
rhyolite that comprises these unusual £ows, and

have been studied in this context (Fink, 1980;
Castro and Cashman, 1999). Also unusual is the
prevalence of explosion craters on the surface of
several Holocene obsidian £ows (e.g. Big and Lit-
tle Glass Mountains, Big Obsidian Flow, Rock
Mesa Obsidian Flow). As these features demon-
strate, sur¢cial explosive activity may pose unique
hazards associated with the emplacement of obsi-
dian lavas (e.g. Fink and Manley, 1989; Fink et
al., 1992).
Large cavities found within some explosion cra-

ters in the Big Obsidian Flow, OR, USA, were
originally interpreted as ‘giant gas bubbles’ (Jen-
sen, 1993) formed by exsolution, di¡usion, and
buoyant rise of magmatic volatiles within the
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£ow. Jensen (1993) suggested that as pressure
within each bubble increased and exceeded the
strength of overlying lava, the gas bubbles vented
explosively to form craters on the surface. This
mechanism of cavity formation would suggest
that explosion craters could form after £ow ad-
vance had ceased. An alternative explanation is
that cavity formation is intimately associated
with £ow advance, and thus that hazards posed

by cavity formation are more likely to accompany
£ow emplacement.
Here we analyze the structural characteristics of

mesoscopic £ow features found within four large
cavities exposed on the surface of the Big Obsi-
dian Flow at Newberry Volcano, OR, USA
(Fig. 1). These structural elements suggest a ge-
netic link between explosive cratering and defor-
mation acquired during £ow advance. Below we
present measurements of £ow banding, folds,
stretched bubble lineation, and striations that re-
late cavity formation to buckling of obsidian
layers during £ow advance. Such voids could
serve as reservoirs for exsolved magmatic and me-
teoric volatiles, and may vent explosively to form
craters on the £ow surface. While this type of
sur¢cial explosive activity has not been recognized
in recent and currently active silicic domes (e.g.
Nakada et al., 1995), it represents an important
volcanic hazard common in more evolved, rhyo-
litic obsidian £ows.

2. Geologic background

The Big Obsidian Flow erupted approximately
1300 yr ago from the summit caldera of Newberry

Fig. 1. Location map of Newberry Volcano, OR, USA (from
Chitwood and Jensen, 2000).

Fig. 2. Textural stratigraphy as determined by drill cores through Holocene obsidian £ows. From Fink and Manley (1987).
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Volcano (Robinson and Trimble, 1983). The
eruption began with a phase of explosive activity
that deposited pumice and dense lava blocks (9 1
m in diameter) within the caldera. Approximately
0.32 km3 of tephra was erupted and deposited as
far east as Idaho (MacLeod et al., 1982). Erup-
tions of pyroclastic £ows into Paulina Lake pre-
ceded a ¢nal stage of e¡usive activity in which the
0.13-km3 Big Obsidian Flow was emplaced. The
Big Obsidian Flow is about 1.8 km long and lo-
cally thicker than 30 m.
Like many Holocene obsidian £ows throughout

the western USA, the Big Obsidian Flow consists

of four end-member lava types: ¢nely vesicular
pumice (FVP), coarsely vesicular pumice (CVP),
obsidian, and vent-facies rhyolite. Based on £ow
front exposures and textural analyses of drill core
samples, Fink and Manley (1987) suggested a gen-
eral obsidian £ow stratigraphy consisting of a
basal breccia that is overlain by dense obsidian,
CVP, an uppermost obsidian layer, and a £ow
surface of brecciated FVP (Fig. 2). This stratigra-
phy can be seen in the upper 15 m of the Big
Obsidian Flow, with an additional textural unit
of vent-facies rhyolite restricted to the southern-
most extent of the Big Obsidian Flow, where it

Fig. 3. Aerial photograph mosaic of the Big Obsidian Flow showing arcuate £ow ridges concave toward the vent. Dark lava is
CVP while light gray lava is FVP. Scale bar represents approximately 300 m.
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forms an elevated domal protrusion that marks
the vent. The basal sections of the £ow are ob-
scured by talus.
The Big Obsidian Flow surface has numerous

regularly spaced arcuate ridges and intervening
cuspate valleys. Fink (1980) interpreted similar
structures on Big Glass Mountain to be folds
formed by buckling of the upper surface during
£ow advance (Fig. 3), in response to compression
parallel to the £ow direction. Creation of these
structures requires the viscosity of the £ow surface
to be substantially greater than that of the £ow
interior (Fink and Fletcher, 1978; Fink, 1980). As
in the development of pahoehoe ropes on basaltic
lava surfaces, folds form when the rate of £ow
front advance is less than the £ow rate from the
vent. Flow of lava from the vent compresses the
surface, which buckles into a series of folds whose
wavelengths are proportional to the crust thick-
ness and ratio of viscosity of the surface crust to
that of the £ow interior.
In addition to folds, obsidian £ow surfaces are

commonly marked by explosion craters (Fig. 4;
Jensen, 1993), conical depressions in the £ow sur-

face that are typically 10^25 m in diameter, and
5^15 m deep. Some of these craters are underlain
by cavities. Russell (1905) ¢rst described explo-
sion craters as ‘depressions where explosions oc-
curred’, in recognition of their outer concentric
rings of coarse grained (0.1^1 m) obsidian and
pumice. Such ejecta deposits are absent from
known collapse depressions or in£ation cavities
on basaltic £ows (Green and Short, 1971; Hon
et al., 1994), and imply an origin by gas pressure
build-up. It is not clear whether the gas driving
these explosions is purely magmatic (e.g. Jensen,
1993) or whether they could have a phreatic com-
ponent (e.g. Mastin, 1995; Moyer and Swanson,
1987). For this reason, it is important to under-
stand the origin of the underlying cavity struc-
tures.

3. Methods

We analyzed three large voids located in the
bottoms of explosion craters X, G, and A. Each
of these cavities is referred to by the same label

Fig. 4. Explosion crater on the surface of the Big Obsidian Flow. Pit is approximately 15 m in diameter and 10 m deep. Cavity
A (not visible) is located in the bottom of the crater. Note rim of ejecta shown in the lower right corner of photograph.
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as the crater name (Fig. 5). In addition, we mea-
sured structures in one small cavity (SNJ) not
associated with an explosion crater. Cavity SNJ
is exposed by a large fracture trending approxi-
mately east^west and shows no evidence of explo-
sive venting.
We measured structural features exposed in the

four cavities, and surveyed cavity A to constrain
its three-dimensional shape and size. Structural
measurements included strike and dip of £ow
banding, trend and plunge of lineations and stria-
tions in the plane of banding, and trend and
plunge of fold axes. Surveying was conducted

with a Wild Electronic Distance Measurer model
TS-1600. Measurement precision is O 1 cm.

4. Results

Cavities are typically 5^15 m in length, and are
antiformal in cross section (Fig. 6). Cavity mor-
phology varies from cylindrical to dome-shaped.
Most cavity walls are formed by dense, £ow-
banded obsidian ranging in thickness from 0.1^3
m, although one cavity (cavity X) is composed of
two separate walls that bound the eastern and

Fig. 5. Topographic map of the Big Obsidian Flow showing the locations of several explosion pits mapped by Jensen (1993).
Cavities X, G, and A occur in explosion pits of the same designation. Cavity structure SNJ (near ‘TRAIL’ on north end of £ow)
is not associated with an explosion pit.
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western edges of a large explosion crater (Fig. 7).
Of the four cavities that we studied, two (A and
SNJ) are overlain by CVP, while the other two (X
and G) are associated only with spines of obsi-
dian.

4.1. Structures preserved in cavities

Cavity walls preserve mesoscopic structures
such as folds, stretched vesicle lineations, £ow
banding, chatter marks, and striations (Table 1).

Fig. 6. Cavity structures SNJ (top) and G (bottom). Both features exhibit £ow-layered obsidian walls. Lineations and striations
in cavity G are evident in the left center part of the photograph.
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The ¢rst three structural features (folds, vesicle
lineations and £ow banding) are features charac-
teristic of £uid deformation, and are interpreted
to form during viscous £ow of lava during £ow
advance. In contrast, striations and chatter marks
require plastic and brittle deformation, respec-
tively, and thus record later (cooler) stages of de-
formation (although they are most likely also syn-
eruptive). In this section we provide brief descrip-
tions of these mesoscale structures. The orienta-
tions of the mesoscopic structures are then ana-
lyzed stereographically.
The inner walls of cavity structures are com-

posed of £ow-banded obsidian. Flow banding in
rhyolitic lavas is de¢ned by subplanar to planar
variations in microlite and/or vesicle abundance.
Common interior wall features include discrete,
¢nely laminated, glassy plates (1^20 cm thick)
that part from overlying layers along surfaces cor-
responding to £ow banding, and mesoscopic folds
(5^20 cm in wavelength; Fig. 8). Fold structures
typically involve one or more £ow layers (1^3 cm
thick) that have been deformed into open folds as

obsidian layers translated past one another along
small ‘detachments’. Displacement along detach-
ment planes may be marked by localized vesicular
zones between layers.
Two types of linear structures are present with-

in all cavities : (1) vesicle lineations, consisting of
stretched and ruptured vesicles within the plane of
£ow banding; and (2) striations, or grooves in
£ow banding surfaces. Vesicle lineations are typi-
cally 10^50 mm in length and 2^5 mm wide.
Vesicles deform during £ow of the rhyolitic
melt, and the long axis orientation re£ects the
local stretching direction or the axis of maximum
extension (e.g. Taylor, 1932; Manga et al., 1998).
Striations are best developed on the innermost
surface of cavity A, where they are 20^500 mm
in length and commonly parallel vesicle long axes
(Fig. 9). Striations form as local asperities create
grooves on £ow layers that slide past one another.
Chatter marks are preserved in three of the four

cavities surveyed, and are characterized by sub-
parallel tension cracks 0.2^1 mm wide and 0.1^2
mm deep. Chatter marks are typically oriented at
high angles to striations (Fig. 9b). While most
common on the inner surfaces of the cavity walls,
well developed chatter marks also occur beneath
spalled o¡ wall material in cavity A. The consis-
tent orientation of chatter marks with respect to
striations suggests that the two structures formed
under similar stress regimes.

4.2. Structural analysis

Structural data from each cavity are plotted on
lower hemisphere stereographic projections as
poles to banding, trend and plunge of mesoscopic
fold axes, and trend and plunge of lineations and
striations (Fig. 10). Lineations and striations are
labeled with the same symbol because they ap-
peared parallel to each other in all cavities exam-

Fig. 7. Schematic cross section of cavity X. Bold black lines
are cavity walls. Note antiformal pro¢le. Modi¢ed from Jen-
sen (1993).

Table 1
Mesoscopic structures found in cavities

Cavity Flow banding Lineation Folds Chatter marks Striations

A k k k k k
G k k k k
SNJ k k k
X k k k k k
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ined. In each cavity examined, poles to banding
plot on or near one or more great circles known
as Z circles. A Z circle represents a plane that is
exactly perpendicular to the hingeline of a fold
(e.g. Davis, 1989). Thus, the pole to a Z circle is
the expression of a fold axis. Flow banding in
cavities G and SNJ de¢nes single Z circles, each
with a single pole. The Z circle in cavity G is
oriented N32W 46SW, with a corresponding
fold axis oriented N58E 44 (Fig. 10a). In cavity
SNJ, the Z circle strikes N15W and dips 65NE
and indicates a fold axis oriented S75W 25
(Fig. 10b). Flow banding in cavity X plots as
two distinct clusters, each representing a group
of measurements made on separate (northeast
and southwest) cavity wall segments (e.g. Fig. 7).
The scatter in banding measurements in the
northwest wall re£ects small-scale (V100 mm)
crenulations that overprint the earlier deforma-
tion, which produced the large-scale fold struc-
ture. Crenulations were not evident in the south-

east wall. Both groups of banding data can be ¢t
by a single Z circle oriented N67W 78SW, with a
fold axis oriented N23E 12 (Fig. 10c).
Mesoscale structures in cavity A suggest a more

complex structure than seen in the other cavities.
Poles to £ow banding plot within three distinct
domains ¢t with three di¡erent Z circles that in-
dicate multiple fold axes (Fig. 10d). Domain 1
contains most of the points, and poles de¢ne a
Z circle which strikes N64E and dips 53NW. Do-
main 2 contains poles which de¢ne a Z circle ori-
ented N14W 48SW, while the third domain is
characterized by a Z circle oriented N06W
33NE. The cavity wall surfaces are smooth and
devoid of the small-scale crenulations found in
cavity X.
Linear structures preserved in cavity walls

should also re£ect conditions of £ow. Lineations
and striations in cavities G and SNJ trend ap-
proximately 90‡ from Z circles and correlate well
with stereographically deduced fold axes. Most

Fig. 8. Steeply plunging mesoscopic multilayer folds in cavity A. Individual £ow layers are approximately 5 cm thick. Contacts
between layers are detachment surfaces.
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lineations in cavity A also plot nearly perpendic-
ular to the Z circle de¢ned by domain 1. Linea-
tions in cavity X appear more scattered. The cor-
relation between lineations and fold axes in

cavities G, SNJ, and A suggests that lineations
and folds are coeval. Similarly, mesoscopic fold
hinge orientations in cavities G and SNJ coincide
with poles to Z circles (i.e. they are coaxial with

Fig. 9. (a) Platy £ow-banded obsidian from the roof of cavity G. Note striations in the plane of £ow banding. Chatter marks
are oriented approximately normal to striations in the right side of the picture. Note boot in lower left corner for scale. (b) Close
up view of striations in cavity G. Scale bar is 3 cm long.
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the inferred cavity fold axes), again, suggesting
contemporaneous deformation. In cavities X and
A, mesoscopic fold axes do not correlate with
either poles to Z circles or lineations.

4.3. Morphology of cavity A

Structural analysis of cavities X, G, and SNJ
indicates that they have simple geometric fold
shapes. Measurements of cavity A indicate a
more complex shape, de¢ned by multiple fold
axes (Fig. 11). The cavity is approximately 11 m
long by 8.5 m wide. It has an asymmetrical dome

shape with gently sloping southeast walls that be-
come gradually steeper to the southwest and west
(Fig. 11). The roof of the structure varies in
height from about 3 cm in the southeast corner
to approximately 250 cm in the northwest por-
tion. The gently sloping southeast walls dip
approximately 20‡ in the up-£ow direction while
the steeper southwest and west walls dip nearly
90‡ in the down-£ow direction. Domain 1 linea-
tions and striations oriented approximately pa-
rallel to the long axis of the cavity indicate that
this domain re£ects the overall structure of the
cavity.

Fig. 10. Lower hemisphere stereographic projections of poles to £ow layering (solid squares), lineations and striations (open dia-
monds), and mesoscopic fold axes (solid diamonds) in cavities (a) G, (b) SNJ, (c) X, and (d) A. Great circles are best ¢t repre-
sentations of Z circles. Open circles are poles to Z circles and represent near-cylindrical fold axes. The scattered distribution of
points in cavity X represents banding measurements from northwest-dipping cavity wall, while the relatively tight cluster of
points represents £ow bands forming the southeast-dipping cavity wall. In cavity A, £ow banding forms three distinct domains
(D1, D2, and D3) representing at least two folding events (f1, f2).
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5. Discussion

5.1. Structural interpretation

The stereographic distribution of poles to £ow
banding in cavities X, G, and SNJ indicates that
these cavities are near-cylindrical folds (e.g. Da-
vis, 1989). Lineations and striations in cavities G,
SNJ, and A plot approximately 90‡ away from
their respective Z circles and thus are coincident
with fold axes. Mesoscopic fold orientations in

cavities G and SNJ are also parallel to cavity
fold axes. Similarity in orientation between meso-
scopic structures and cavity fold axes suggests
that these structures are coeval. We interpret lin-
eations and striations to represent the local
stretching direction, as they are oriented perpen-
dicular to the maximum shortening direction in-
ferred from cavity fold axis orientations.
Flow banding in cavity A is more variable, as

poles plot within three distinct domains, each
forming a unique Z circle. Thus the macroscopic

Fig. 11. Digital model of cavity A. Form is determined from 350 topographic measurements. (A) Northeast perspective. (B) Aer-
ial perspective. Horizontal and vertical scales are in meters.
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structure of cavity A is that of a refolded fold,
with each £ow banding domain representing a
unique fold axis. The fold axes indicate at least
two folding events. An initial phase of shortening
produced the single, near-cylindrical fold (f1) rep-
resented by data in domain 1. A second buckling
event, superposed at high angles to f1, produced
two later folds (f2) oriented nearly 90‡ to the ear-
lier formed fold (represented by domains 2 and 3;
Fig. 10). The f2 folds trend approximately 180‡
from one another. The steep down-£ow wall in
cavity A suggests that after initial buckling, the
£ow continued to the northwest, rotating the f1
fold into its present position. Single-layer buck-
ling experiments by Ghosh et al. (1993) show
that this sequence of deformation forms open
folds with domal shapes similar to the measured
shape of cavity A (Fig. 12).
Cavity structure orientations are compatible

with surface fold orientations. Fig. 13 shows
fold axes for each cavity structure plotted on a

Fig. 12. Illustration of a superposed deformation experiment
conducted by Ghosh et al. (1993). Domal, non-cylindrical
folds were produced by shortening early formed folds (f1)
about an axis (f2) oriented nearly perpendicular to f1.

Fig. 13. Topographic map and aerial photo mosaic of the Big Obsidian Flow showing fold axis orientations in cavities. Numbers
at tips of arrows indicate the plunge of cavity fold axes. Letters on aerial photograph mark the approximate locations of cavity
structures. Note that fold axes trend normal to the £ow direction inferred from the orientation of £ow ridges.

VOLGEO 2405 24-5-02

J. Castro et al. / Journal Volcanology and Geothermal Research 114 (2002) 313^330324



Fig. 14. (a) Mesoscopic pull-apart fold in interlayered obsidian and pumice. A small cavity (V2 cm) formed in the hinge of the
fold as the folded layer slid along a detachment plane. (b) Pull-apart fold (V10 cm) with associated small cavity in Obsidian
Dome, CA, USA. (c) Buckle folds on the surface of Big Glass Mountain, CA, USA. Note V1.5 m tall cavity in the hinge re-
gion.
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topographic map of the Big Obsidian Flow. Flow
directions are interpreted to be normal to the axes
of compressional £ow ridges. Cavity X is located
between the vent and a prominent topographic
high in a zone where several £ow ridges trend
approximately N05E. The stereographically deter-
mined fold axis of cavity X (N23E 12) is subpar-
allel to this £ow ridge direction. These ridges
probably formed as lava £owing from the vent
was buttressed to the northwest by a topograph-
ically high lava mound down-slope from the vent
(Williams, 1935). Cavity G is located in the mid-
dle of a £ow ridge trending approximately N70E,
which is subparallel to the fold axis (N58E 44)
indicated by £ow layering measurements. Cavity
A lies within a coarse pumice £ow ridge trending
approximately N35W which is subparallel to the
f1 fold axis (S25E 37). Cavity SNJ shows a similar
correspondence of fold axis (S75W 25) orientation
with surface ridge geometry (N80W). Alignment
of cavity fold axes with large surface ridges indi-
cates that cavities form as a consequence of £ow-
related deformation and not by buoyancy-driven
deformation (e.g. Jensen, 1993).

5.2. Folding mechanism

Structural relations suggest that cavities form
near the £ow surface by a buckling mechanism.
Buckling occurs because the upper part of the
£ow is cool and sti¡ relative to the £ow interior
and, owing to this large viscosity contrast, the
£ow ‘crust’ assumes the compressive load (e.g.
from a topographic barrier or a reduced slope).
Buckle folds grow as the £ow progressively short-
ens. Viscous deformation in the £ow interior may
lead to further thickening of the £ow.
Fink (1980) estimated the thickness of the rigid

surface crust on the Big Glass Mountain £ow to
be approximately 10^15 m based on measure-
ments of fracture depth within the £ow and anal-
ysis of surface fold spacing. The dominant surface
fold wavelength, measured as the arc wavelength,
is controlled by the buckled layer thickness (rigid
crust) and the ratio of viscosity of the crust to
that of the £ow interior (e.g. Fink and Fletcher,
1978). Surface folds measured on aerial photo-
graphs of the Big Obsidian Flow have a mean

spacing of 25O 10 m. The amplitudes of these
folds are small (1^2 m) compared to their wave-
lengths, thus apparent wavelength gives a close
approximation of their arc wavelength (Green
and Short, 1971). This spacing is V15 m less
than the average spacing of folds on Big Glass
Mountain (Fink, 1980). For similar viscosity pro-
¢les, the observed di¡erence in mean fold spacing
re£ects di¡erent crust thicknesses, suggesting that
the crust on the Big Obsidian Flow was somewhat
thinner at the time of buckling than the 10^15 m
thick crust at Big Glass Mountain. A maximum
crust thickness of V10 m is consistent with the
depths of cavities A, X, G, and Z (Jensen, 1993).
That cavity SNJ is exposed at a depth of only a
few meters suggests that buckling and resulting
cavity formation occur throughout the upper
10 m of the £ow.
Cavity formation during buckling requires

weak surfaces along which slip and layer separa-
tion (pull-apart) can occur. Shear strain localized
along the interface between the deforming crust
and the more £uid interior may form these de-
tachment surfaces. Since the upper surface of
the £ow is uncon¢ned, folds grow vertically and,
with continued shortening, the crust separates
from the £ow interior to form a cavity. Cavities
may also form within shallower parts of the
buckled crust where shortening leads to separa-
tion of individual £ow layers along fold hinges
(e.g. SNJ). In the context of this model, cavity
£oors and walls are detachment planes along
which layer-parallel slip and separation occurs.
While direct evidence for basal detachment surfa-
ces is obscured by talus on the £oors of all cav-
ities, striations and lineations on cavity walls pro-
vide evidence of a slip surface.
This folding mechanism also occurs on a small-

er scale in the form of mesoscopic pull-apart
folds, which are ubiquitous in obsidian £ows.
Fig. 14 shows examples of pull-apart folds in
Big Glass Mountain, CA, USA, in which void
space was created in their hinge zones. In the ¢rst
example, a deformed series of alternating glassy
and pumiceous layers shows a well developed cav-
ity in the hinge zone of a small fold (2-cm wave-
length). The fold, composed of obsidian, pene-
trated and deformed the overlying pumiceous
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lava as it translated along a basal detachment sur-
face. The overlying pumiceous lava is both less
dense and less viscous than the folded obsidian
layer and thus it provided little resistance to
growth of the fold (e.g. Castro and Cashman,
1999). Larger, structurally similar cavities are
shown in Fig. 14b,c.

5.3. Implications for explosive activity on the
Big Obsidian Flow

The close association of cavity structures and

explosion craters on obsidian £ows indicates
that cavities play an important role in sur¢cial
explosive activity. Fig. 15 depicts a schematic
model showing the formation of cavity structures
in the shallow crust and their relation to endoge-
nous explosions. According to this model, cavities
serve as reservoirs for exsolved magmatic and/or
meteoric water. When the vapor pressure in the
cavity exceeds the strength of the surface crust, an
explosion results. In the simplest scenario, the vol-
atiles are purely magmatic. DeGroat-Nelson et al.
(2001) ¢nd that magmatic volatile concentrations

Fig. 15. Schematic model of the formation of gas cavities and explosion craters. Buckling of the upper surface causes crust to de-
tach from the £ow interior. Individual £ow layers within the crust may also pull apart. Cavities formed in hinge zones trap mag-
matic and meteoric volatiles prior to explosion. Scale is approximate.

Fig. 16. Small vesicles protruding into cavity X (scale bar V3 mm). These features may record gas di¡usion into the cavities in
response to a local pressure decrease accompanying cavity formation.
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at depths of 10^20 m in obsidian £ows are high
enough to produce gas pressures in excess of esti-
mated surface crust strengths (e.g. Fink and Grif-
¢ths, 1998). This depth is consistent with the aver-
age depth of both explosion craters and cavity
structures on the Big Obsidian Flow.
The simple model above requires that a cavity

be airtight upon formation, as suggested by the
dense glassy selvages that line the walls of every
cavity. If cavities are closed to the atmosphere,
layer separation (volume increase) would produce
a chamber under vacuum rather than at positive
pressure. The pressure di¡erence between the cav-
ity and surrounding lava would induce di¡usion
of magmatic volatiles into the cavity. Walls of
cavities commonly contain evidence of bubble mi-

gration, growth, and rupture into cavities
(Fig. 16). While subsequent cooling would reduce
the pressure of gas within the cavity, it would also
promote crystallization in the £ow interior, with
the potential for additional gas transport into the
cavity (e.g. Fink and Manley, 1987). Prior to
venting, cavity wall strength balances the pressure
within the cavity. Motion of the £ow after the
cavity becomes pressurized may destabilize the
cavity and a gas explosion may occur as the crust
is broken.
Alternatively, a cavity may be partially con-

nected to the atmosphere, such that the cavity
could have £uids introduced from both magmatic
and meteoric sources. In this scenario, pressure
gradients arising from detachment are balanced

Fig. 17. Explosion craters on the surface of the Big Obsidian Flow. Crater alignments, consisting of two or more craters posi-
tioned in close proximity to antiformal ridges, are evident in the northern, central, and southern parts of the £ow. Scale bar rep-
resents approximately 300 m.
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by £uid £ow into the cavity. Meteoric water (e.g.
rain or snow melt) may enter the cavities through
microcracks and fractures. Mechanical mixing of
this water with the still hot £ow interior may re-
sult in the water £ashing to steam, thus increasing
the pressure in the cavity. Explosions may occur if
steam escape is periodically blocked (Mastin,
1995) or if the rate of steam expansion outpaces
the rate at which it bleeds o¡ the cavity. Moyer
and Swanson (1987) described a similar steam
blast phenomenon in pyroclastic £ows at Mount
St. Helens following the 18 May and 12 June
eruptions.
It is likely that both mechanisms (closed and

open) drive explosions from the surface of obsi-
dian £ows. From a hazards perspective, the main
reason to study cavity structures is to identify the
areas on the £ow that are prone to explosion.
Whether the source of explosion is magmatic or
meteoric vapor, cavities provide a local trap for
volatiles and thus control the locations of explo-
sions. Physical evidence of this process is shown
by explosion crater alignments (Fig. 17). On the
northern £ow lobe, four craters are aligned paral-
lel to the trend of a continuous £ow ridge. Crater
alignments are also apparent near the vent, in the
central and south-central £ow, and in the far
western part of the £ow. Similar crater alignments
exist on the south lobe of Big Glass Mountain
(e.g. Green and Short, 1971). In most cases, ex-
plosion craters lie near or on surface ridges. These
relations suggest that cavities are most likely to
vent on the axes of antiformal ridges, where ex-
tensional strain is the greatest. The alignments are
evidence that explosive activity is structurally con-
trolled.

6. Summary

Analysis of small-scale structures in the Big Ob-
sidian Flow, OR, USA, suggests a structural
mechanism for the formation of giant gas cavities
in obsidian £ows, and lends insight into the mech-
anisms that control explosive activity on silicic
lava £ows. Stereographic relations of £ow band-
ing, lineations, striations, and mesoscopic fold
axes indicate that most cavities are near-cylindri-

cal and non-cylindrical folds. Cavity fold axes
align with large-scale compressional £ow ridges,
suggesting that cavities form during £ow advance
as the upper 5^10 m (i.e. the approximate depth
of cavities in explosion craters) of the £ow
buckles. Cavities form under the following condi-
tions: (1) the £ow surface is cool and sti¡, and
thereby responds to the compressive load by
buckling; (2) layer separation occurs along de-
tachment planes, either along the base of the crust
or within the crust between individual £ow layers.
The position of detachment planes may be gov-
erned by the distribution of relatively low viscos-
ity bubbly lava within the £ow (e.g. Fink and
Manley, 1987), as these layers are weak compared
to bubble free lava (e.g. Manga et al., 1998). Rec-
ognition of cavity structures on both macroscopic
and mesoscopic scales suggests that pull-apart
folding is common throughout the upper 10 m
of obsidian £ows. Once formed, cavities serve as
reservoirs for exsolved magmatic and meteoric
volatiles and, as the pressure within cavities ex-
ceeds the strength of the overlying lava, they vent
explosively to form craters on the £ow surface.
The link between cavity formation and explosive
activity therefore suggests that surface explosions
may occur during £ow emplacement. Quantifying
explosive timing and potential in future obsidian
dome eruptions will require additional studies of
craters on the surfaces of other well preserved
£ows (e.g. Big and Little Glass Mountain, CA,
USA, Rock Mesa, OR, USA).
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