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Mount Hood Earthquake Activity: Volcanic or Tectonic Origins?
by J. Jones and S. D. Malone

Abstract

On 29 June 2002, a MD 4.5 earthquake occurred 4.6 km south of Mount
Hood, Oregon. More than 200 small aftershocks (MD ⱕ3.8) occurred between 29
June and 15 August 2002, by which time seismicity returned to background levels.
We analyze well-constrained earthquakes from the summer 2002 sequence near
Mount Hood, recorded by the Pacific Northwest Seismic Network (PNSN), and wellconstrained, small earthquakes (MD ⱕ3.5) recorded by the PNSN between 1986 and
2002. We apply waveform cross-correlation to selected events, establish a onedimensional P-wave velocity model, and relocate the entire catalog by using the
double-difference algorithm of Waldhauser and Ellsworth (2000). We find that earthquakes before 2002 occur in four distinct clusters: (A) a well-defined linear feature,
striking N15E, about 5 km south of the summit, (B) a linear feature, trending northwest–southeast a few kilometers south of group A, (C) a few tight clusters located
about 9 km south-southwest of the summit, and (D) a small cluster beneath the
summit. Earthquakes in group D do not appear to lie on a fault and may relate to
volcanic activity. However, almost all earthquakes in the 2002 swarm occur in group
A, south of the summit, at depths similar to earthquakes from previous swarms. Firstmotion fault-plane solutions from the mainshock and largest aftershocks have normal
mechanisms, and solutions from well-constrained aftershocks have normal to oblique
normal mechanisms. This is consistent with the apparent strike of the feature south
of Mount Hood’s summit and is similar to focal mechanisms of older earthquakes
in group A. b- and p-values for the summer 2002 earthquakes resemble a tectonic
mainshock-aftershock sequence. We interpret these earthquakes as the northernmost
example of Basin-and-Range seismicity yet recorded and conclude that the Mount
Hood earthquakes do not yet suggest potential for volcanic unrest.

Introduction
the heat flux of Mount Hood’s fumaroles, and suggest a
deep-seated heat source. Williams et al. (1982) report observing a thermal gradient of 60⬚C/km, implying that partial
melt must occur no deeper than 15 km. These pieces of
evidence all point toward a magma system under Mount
Hood.
At the same time, however, none of the previous seismic
studies at Mount Hood. (Weaver et al., 1982; Leaver, 1984)
detected a low-velocity zone consistent with the existence
of a shallow magma chamber. Similarly, gravity analyses of
the Mount Hood region (Couch and Gemperle, 1979) failed
to detect a significant gravity anomaly, such as that which a
large magma chamber would produce.
To place constraints on the origins of a recent earthquake sequence and relate it to earlier swarms, we analyze
the spatial distribution, relative locations, and focal mechanisms of Mount Hood microearthquakes, using crosscorrelation and double-difference earthquake location, then
examine the Mount Hood catalog more closely using statistical analysis.

Mount Hood, a late Pleistocene to Holocene stratovolcano in north-central Oregon, is one of fifteen major composite stratovolcanoes in the Cascade Range. It is the only
Oregon volcano with historic eruptive activity: Its last significant eruption ended around 1800 and produced such
prominent geographic features as the Crater Rock dacite
plug dome, the Old Maid Flat mud flow, and debris fans that
cover the mountain’s south flank (Wise, 1969; Friedman et
al., 1982; Williams et al., 1982). Minor summit explosions
were reported by settlers from 1856 to 1865, often accompanied by reports of a visible glow around the summit area
(Folsom, 1970). No eruptive activity has been reported since
that time.
Several pieces of evidence suggest that, though currently quiescent, Mount Hood is not extinct. Williams et al.
(1982) report a 200-m-thick deposit of near-vent andesite at
a drill hole adjacent to Mount Hood’s lower west flank and
suggest that its volcanic system is in the early stages of development. Friedman et al. (1982) found that heat loss due
to cooling of the dacite dome was insufficient to explain
818
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Seismic Monitoring and Historic Seismicity
A review of historic seismicity for the Oregon cascades,
through 1958, is given in Berg and Baker (1963). Although
locations for most of these earthquakes are questionable,
none of these historic earthquakes were located near Mount
Hood. Before 2002, the largest earthquake recorded near
Mount Hood was a MD 4.0 earthquake on 13 December 1974
located 14 km south-southeast of the Mount Hood summit
(Rite and Iyer, 1981). However, because the Pacific Northwest was not well instrumented at the time, the location error
is quite large, and the earthquake may have occurred much
closer to the volcano.
The first detailed study of Mount Hood was a short-term
experiment using a temporary array of high-frequency (f0 ⳱
25 Hz) seismometers deployed about 7.5 km to the north of
Mount Hood summit (Westhusig, 1973). This survey recorded 53 local events, with magnitudes between ⳮ1.7 and
Ⳮ1.8. About 80% of these were located south of the array
and had depths between 5 and 10 km, which are consistent
with catalog depths for more recent Mount Hood earthquakes. Most of these events were located beneath the summit of Mount Hood.
In 1977, a multidisciplinary study was conducted at
Mount Hood to evaluate the geothermal potential of a typical
Cascade volcano (Williams et al., 1982). As part of this
study, a temporary, 16-station network of short-period seismometers was deployed in the Mount Hood region, from
November 1977 to December 1978 (Green et al., 1979;
Weaver et al., 1982). This network recorded only 10 locatable, local events. Most occurred roughly beneath the summit, at shallow depths, with magnitudes MD ⬍2.0. One
larger event occurred, with an estimated magnitude MD 3.4.
First-motion focal mechanisms were computed for five of
these events. Four showed strike-slip first motions, whereas
one was oblique normal.
The Pacific Northwest Seismic Network (PNSN) has
monitored seismicity in the Mount Hood area since the summer of 1980. Since 1982, Mount Hood has been monitored
by a network of five telemetered, short-period, vertical seismograph stations, all within 30 km of the summit (Fig. 1)
with several additional, more distant stations contributing
data for larger events.
Since 1980, the PNSN has recorded more than 900
microearthquakes (MD ⱕ3.0) near Mount Hood (Fig. 2). Detection capabilities have remained roughly constant for
Mount Hood earthquakes since 1986, but 76% of the earthquakes recorded near Mount Hood have occurred since 1997
(Fig. 3). This clearly shows that the rate of seismicity is
increasing. Earthquakes occur in two diffuse clouds, whose
relation to volcanic processes and/or tectonic features has
been difficult to determine. One of these, a cloud trending
southeast from beneath the summit, apparently includes
some earthquakes underneath the summit itself and contains
the vast majority of Mount Hood earthquakes. The other, a
feature to the southwest, also trends generally northwest–

southeast, but is far less seismically active. Catalog depths
for events show no obvious patterns that could relate them
to volcanic activity.
Three temporary deployments have occurred at Mount
Hood since 1980 including a short-period seismic station in
July 1980, three short-period stations in early January 1999,
and a temporary CMG-40T broadband station (HDM; Fig.
1) in July 2002. Each of these deployments was in response
to increased seismicity beneath the volcano. The temporary
broadband station of July 2002 was replaced with a telemetered broadband station in November 2002 and is now a
permanent part of the PNSN (Fig. 1).

History of Mount Hood Earthquake Swarms
Small swarms, ranging from a few earthquakes to several tens of earthquakes, have been detected at Mount Hood
since permanent seismic monitoring began. Most Mount
Hood events occur during these swarms, which last from
one to several days and are followed by periods of quiescence, ranging from several weeks to tens of months (Fig.
4). Swarms exhibit many features of volcanotectonic (VT)
earthquakes (Lahr et al., 1994). For example, all Mount
Hood microearthquakes exhibit spectral characteristics and
phases typical of tectonic earthquakes. They exhibit clear P
and S phases, and frequency content up to 15 Hz at local
distances. No low-frequency earthquakes or episodes of volcanic tremor have ever been recorded near Mount Hood. In
addition, the temporal evolution of Mount Hood earthquake
sequences is typical of VT earthquake swarms: the largest
earthquake in a sequence usually does not occur at the beginning of the swarm, in contrast to typical mainshockaftershock sequences (Fig. 5). Additionally, first-motion focal mechanisms typically show normal faulting, in contrast
to thrust-faulting mechanisms seen elsewhere in northern
Oregon (Thomas et al., 1996). Thus, a different stress regime
must be responsible for Mount Hood earthquakes than for
other nearby crustal events. Therefore, although individual
earthquakes have characteristics that are similar to tectonic
earthquakes, their temporal evolution and focal mechanisms
suggest that they might be related to volcanic processes
rather than regional tectonic stress.

The Summer 2002 Earthquake Sequence
On 29 June 2002 (UTC) a MD 4.5 earthquake occurred
4.6 km south of Mount Hood. One small (MD 1.1) foreshock
was detected approximately 2 min before the main event.
More than 200 small aftershocks (MD ⱕ3.8) occurred between 29 June and 18 August, after which seismicity returned to background levels. PNSN catalog locations placed
most aftershocks in a diffuse cloud 4–7 km south of the
Mount Hood summit, near most of the catalog earthquake
locations. For convenience, we refer to this sequence hereafter as the “summer 2002 earthquake swarm.” Unlike previous earthquake swarms, the temporal evolution of these
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Figure 1.

Map showing station names and

PNSN network geometry. All stations use per-

manent short-period vertical component sensors, except the temporary station HDM. Position of Mount Hood is indicated by text and
1000-m contour lines. Solid black triangles indicate stations used in this study. Open triangles represent unused stations. Dashed lines indicate region of detailed epicenter maps.

Figure 2. PNSN catalog epicenters of earthquakes recorded near Mount Hood, January 1980 through August 2002. Earthquakes are represented by gray circles. Epicenter
size is scaled according to coda magnitude. Contour lines show 2000-m and 3000-m
above sea level, as indicated.
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Figure 3.

Cumulative number of earthquakes recorded at Mount Hood, as a function of time, January
1980 through August 2002. Star represents the 29
June 2002, MD 4.5 earthquake.

earthquakes seems more typical of mainshock-aftershock sequences (Fig. 6). However, some ambiguity remains because
of the lack of significant historic earthquakes (MD ⬎4.0), the
departure from previous temporal patterns, and the proximity to a historically active volcano.

Data Selection
All stations used in this study sample data at 100 Hz.
With the exception of the temporary broadband station
HDM, all sensors are Mark products vertical component L4 seismometers (f0 ⳱ 1 Hz). The Mount Hood catalog includes more than 900 earthquakes, of ⳮ0.9 ⬍ MD ⱕ 4.5,
as of 31 August 2002. More than 200 of these occurred
during the summer 2002 earthquake swarm. We selected
earthquakes and stations for further analysis based on quality, uniform station coverage, and number of traces.
No event was used unless six or more phases were recorded at five or more of the selected stations. To minimize
location errors associated with large azimuthal gaps, events
were restricted to those with either two or more catalog S
arrivals or those with azimuthal gaps of less than 150⬚. To
ensure consistent station coverage, events were restricted to
those with trace data at four or more stations within 50 km
of Mount Hood, including the temporary station HDM (Fig.
1). Because few PNSN stations were installed near Mount
Hood before the early 1980s, and initial station coverage was
subject to occasional large recording gaps, this restricts our
analysis to events recorded after 1985. However, note that
the PNSN recorded only 28 events at Mount Hood between
1980 and the end of 1986 whose catalog locations are mostly

in the more populous cloud. Thus, we expect no biased results from restricting our temporal window.
After applying these selection criteria, the number of
events available for detailed study was reduced to 415, or
about 40% of the Mount Hood catalog. Most of the rejected
events were either too small to pick reliable arrival times at
five stations or appeared at too few stations because of station outages.
Stations were selected primarily based on available
trace data. The six closest stations to Mount Hood were used
(Fig. 1), because their signal-to-noise ratios were very high.
Stations farther than 50 km were chosen based on the signalto-noise ratios of Mount Hood earthquakes with MD ⱖ1.0.
Stations were only selected if trace data were available for
100 or more of these earthquakes; they were further restricted by requiring that trace data have sufficient signal-tonoise ratio to pick arrival times for at least half the available
traces. Stations more than 150 km from Mount Hood were
not used.

Cross-Correlation and 1D Velocity Inversion
The method of using waveform cross-correlation to
group earthquakes based on waveform similarity is not new.
It has been used extensively to relocate earthquakes in volcanic regions. Examples include Rowe et al. (2002) for
Montserrat, West Indies, Rubin et al. (1998) for Kilauea,
and Musumeci et al. (2002) and Fremont and Malone (1987)
for Mount St. Helens. The method works because earthquakes with similar locations and source mechanisms produce similar seismograms at a given station. The technique
used in our analysis is based on methods introduced by Van
Decar and Crosson (1990) and adapted by Deichman and
Garcia-Fernandez (1992) and Dodge et al. (1995). The
method builds groups of similar waveforms at a seismic station by correlating candidate traces against stacks of previously grouped earthquakes. For each group, the method calculates all possible cross-correlations between pairs of traces
and uses a weighted least-squares adjustment procedure to
solve for a set of arrival-time corrections most consistent
with a set of delays. Details of this method are given in Van
Decar and Crosson (1990).
We used the Xadjust waveform cross-correlation program of Dodge et al. (1995) to determine relative phasearrival times. Data were typically filtered with a zero-phase
four-pole Butterworth filter, with corner frequencies of 2 and
14 Hz before cross-correlation. However, for some stations,
corner frequencies were changed because of problems with
persistent site noise.
At all stations, traces were grouped using a narrow (0.6–
1.5 sec) window of filtered data containing the P arrival.
Two traces i and j are considered similar if their mean crosscorrelation coefficient, Cij, is at least 0.85. Correlation window length is shortest at stations closest to earthquake epicenters and is increased for stations at greater distances. At
stations KMO, VCR, and VLM, and the temporary station
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Figure 4. Time-depth plot of earthquakes
recorded near Mount Hood. The white “X”
designates the 29 June 2002, MD 4.5 earthquake. Circles represent other events.

Figure 5.

Plot of earthquake magnitudes as a function of time for an earthquake
swarm that occurred in early January 1999. The swarm lacks a clear mainshock, and
the largest earthquakes do not occur at the beginning of the swarm.

HDM, S arrivals were also correlated. Although most analyst
picks were relatively consistent at nearby stations, some arrival times at more distant stations shifted by more than 0.1
sec (Fig. 7). At all stations, filtered and raw traces were
visually inspected after groups were determined to ensure
accuracy. Several traces were removed from the analysis,
bringing the number of relocatable events down to 387. A
total of 80%–90% of each station’s traces were grouped and
had picks readjusted, although the number of groups naturally varied from station to station.
Once picks were adjusted, we used P-arrival times of
all events with trace data at 10 or more selected stations (89
events) to invert for a 1D P-wave velocity model and station
corrections that minimize rms (Kissling et al., 1994). Be-

cause some stations were down for larger events, including
the 29 June 2002 mainshock and its largest aftershocks, no
earthquake was recorded at all 13 stations, and only a few
were recorded at 12. We used the velocity model of Leaver
(1984) as an initial starting model, then solved the coupled
hypocenter-velocity model problem described by Crosson
(1976) using the program Velest of Kissling et al. (1994).
Figure 8 shows the initial and final velocity models.
Our inverted velocity model differs slightly from that
obtained by Leaver (1984). Notably, the minimum 1D model
includes a weak low-velocity zone at 4 km depth. A simple
jackknife test, wherein one station at a time is removed from
the velocity inversion, shows that this layer appears for
all stable velocity inversions. We conclude that this low-

823

Mount Hood Earthquake Activity: Volcanic or Tectonic Origins?

Figure 6.

Plot of earthquake magnitudes as
a function of time for the earthquakes of June
through August 2002, showing the MD 4.5
main-shock of 29 June.

velocity layer is not an artifact of the stations used. Because
the P-wave velocity of the lower layer differs from that of
the upper layer by ⬍1%, we attach no special significance
to this low-velocity zone. However, the presence of any lowvelocity zone at a historically active volcano deserves explicit mention.

Earthquake Relocations and Focal Mechanisms
Once a 1D velocity model was established, we obtained
double-difference locations for all earthquakes, using the
best 1D velocity model to form differential travel-time residuals. We used the hypoDD program of Waldhauser and
Ellsworth (2000) to obtain double-difference locations. Both
P- and S-wave arrivals were used, with the assumption
Vs ⳱ Vp /1.73. Because some outliers were included in this
analysis, and all Mount Hood events fell within a 100-km2
area, travel-time pairs were weighted by using residual
threshold but not distance. In this way, the relative locations
of all events were constrained by all other selected picks.
HypoDD successfully relocated 384 events based on crosscorrelated picks, as compared with only 360 when run with
only catalog picks. Some events were automatically removed by the relocation algorithm once their depths decreased to less than 0 km.

The combination of cross-correlated picks and the best
1D velocity model obtained from Velest leads to considerable refinement of the hypocenters’ spatial distribution
(Fig. 9). It is clear from Figure 9c that Mount Hood earthquakes occur in four distinct clusters, with only a few outliers: (1) A small cluster of earthquakes occurring beneath
the summit, (2) a cluster located about 9 km south-southwest
of the summit, along with several multiplets, (3) a linear
feature, trending north–south, about 5 km south of the summit, and (4) a well-defined linear “streak” feature, trending
northwest–southeast, a few kilometers further south. This
clustering is also detected when events are relocated with
hypoDD based only on catalog picks (Fig. 9b, d). However,
because of difficulties in accurately identifying individual
picks, processing catalog picks only forms approximately
60% as many double-difference pairs as for the crosscorrelated picks. This means that the relocations obtained
from cross-correlation are better constrained than those obtained from catalog picks.
After adjusting the picks, polarities were reassigned by
using the adjusted arrival times of traces whose raw data
showed an impulsive arrival. We find that re-examining raw
data in this way allows for up to 30% more polarity picks
at each station, because knowing the time of arrival better
helps to clearly identify the first motion. In particular, ad-
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Figure 7.

Sample group of 31 traces from station VG2, bandpass filtered at 2 and 14 Hz, before
and after cross-correlation. (a) Catalog picks for 26 of 31 traces. (b) Adjusted picks.

825

Mount Hood Earthquake Activity: Volcanic or Tectonic Origins?

plement our knowledge of the spatial distribution and relative locations.
Because station coverage at Mount Hood was subject to
periodic outages, and network sensitivity has been increased
during the past several years, we expect that the PNSN has
not detected small Mount Hood events uniformly over time.
We investigate this by analyzing the distribution of the number of earthquakes, N, as a function of duration magnitude,
using a form of the Gutenberg–Richter relationship,
log10(N) ⳱ a ⳮ bMD ,

Figure 8. Initial (dashed line) and final (solid line)
1D velocity models obtained by solving the coupled
hypocenter-velocity model problem. P picks for 89
earthquakes were used in this inversion.
ditional polarities can often be picked for intermediatedistance stations, where catalog picks are sometimes adjusted by 0.1 sec or more during cross-correlation.
After polarities were adjusted or assigned for all highquality arrivals, first-motion focal mechanisms were computed for select events by using the grid-search program
FPFIT of Reasenberg and Oppenheimer (1985). Mechanisms were computed for all events with more than ten measured polarities, then inspected visually. Because many
events had polarity picks at unused stations, we downweighted these catalog polarities. Mechanisms with large focal sphere gaps and multiple, drastically different best-fit
mechanisms were discarded.
Selected focal mechanisms from Mount Hood earthquakes are plotted in Figure 10. We observe that most focal
mechanisms vary only minimally from those computed by
using catalog picks. Because very few catalog first motions
change, we conclude that changes in focal mechanisms are
caused by changes in location, in particular, earthquake
depth. However, with the exception of the summit cluster,
earthquake faulting is still almost uniformly normal, with
some oblique normal events. The orientations of P and T
axes show little variation as functions of hypocentral depth
or time.

Catalog Statistics and Statistical Analysis
Earthquake relocations alone do not offer a complete
picture of seismicity. Several statistical parameters provide
additional insights into the cause of an earthquake sequence,
such as the modified Omori’s law p-value (Omori, 1894),
and the b-value of the Gutenberg–Richter law (Gutenberg
and Richter, 1956). We examine both p- and b-values for
both the complete catalog and the summer 2002 earthquake
swarm, with the Zmap program of Wiemer (2001), to sup-

(1)

where N is the total number of earthquakes with duration
magnitude MD and b is a constant for the complete catalog.
A typical effect of catalog incompleteness is unreliable detection of low-magnitude events. This appears as a slope
decrease in a plot of log(N) vs. MD at lower magnitudes. The
magnitude threshold of completeness, MD, is the lowest
magnitude for which the relation remains a straight line. Applying this criterion to the Mount Hood earthquake catalog,
we find that the minimum value for catalog completeness is
MD 0.9 (Fig. 11). By calculating the catalog completeness
magnitude for overlapping ten-year time windows centered
from 1986 through 1997, we find no significant change in
this value with time. This suggests that the apparent increasing rate of seismicity is not a result of increased detection
capability.
The b-value parameter itself is often useful in understanding the causes of an earthquake swarm. For most tectonic regions of the Earth, b ⱕ 1.0 (Minakami, 1990). However, active volcanic areas can have much larger b-values,
often with b ⱖ 1.5, because of increased crack density and/
or high pore pressure. Examples include Mt. Pinatubo, Philippines (Sanchez et al., 2004), Ito, Japan (Wyss et al., 1997),
and Etna, Italy (Vinciguerra, 2002). The most common explanation for such high b-values is a weak, inhomogeneous
crust, incapable of sustaining high strain levels and a heterogeneous stress system (Lay and Wallace, 1995, p. 439).
Thus, the b-value parameter is an indirect measurement of
crustal weakening or high localized strain rates such as might
be caused by fluid movement or extensive networks of small
fractures.
We compute the b-value for the summer 2002 earthquake sequence using the maximum-likelihood technique
(Page, 1968). For this sequence we define all events between
the 29 June 2002 mainshock and 31 July 2002 as “aftershocks.” We find that the catalog completeness magnitude
for this earthquake sequence is MD 1.0, similar to the completeness magnitude for the entire Mount Hood catalog. The
maximum-likelihood b-value for this sequence is determined
to be 0.723 Ⳳ 0.08. This is similar to, or even lower than,
b-values for other crustal earthquake sequences in the central
Cascades. Examples include 0.88 Ⳳ 0.16 for Scotts’ Mills
(Thomas et al., 1996), 0.77 Ⳳ 0.05 for Elk Lake (Grant et
al., 1984), and 0.67 Ⳳ 0.01 for deep Mount St. Helens posteruption seismicity in 1980 (Weaver et al., 1981).
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Figure 9. (a) Catalog epicenters for selected Mount Hood earthquakes. (b) Epicenters
calculated using HypoDD (Waldhauser and
Ellsworth, 2000) on catalog arrival-time picks.
(c) Epicenters calculated using HypoDD on adjusted (cross-correlated) arrival-time picks.
(d) Catalog hypocenters, rotated N15E. (e) Relocated hypocenters with catalog arrival times.
(f) Relocated hypocenters with adjusted arrival
times. On all plots, events from 2002 are indicated in dark gray, and older events appear
in light gray. The 29 June 2002 mainshock (MD
4.5) appears as a white star. Position of Mount
Hood is indicated by contour lines and text on
epicenter maps. Multorpor Peak is indicated
with a black diamond and text. The temporary
station HDM is indicated with a black triangle
and station label on epicenter maps. In Figures
9a–9c, the cross sections for each corresponding pair of depth slices (9d–9f) are indicated
with solid black lines.
(continued)
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Figure 9. Continued.

Because changes in the b-value parameter with time are
also indicators of potential unrest, we compute b-values in
overlapping time windows, each containing 150 earthquakes, for earthquakes occurring between 1980 and 2002.
The error associated with estimation of each b-value is calculated by using the formula of Shi and Bolt (1982):
r(b) ⳱

¯ 2
2.3b2冪兺(Mi ⳮ M)
N(N ⳮ 1)

(2)

where M̄ is the average of the magnitude for N seismic
events, and Mi is the magnitude of the ith earthquake. We
compute the b-value parameter as a function of time for
events with MD ⬎0.9. A simple, linear regression analysis
of the data set (Fig. 12) shows only a slight increase with
time but doesnot rise above typical values for tectonic earthquakes. Thus, although the b-value increased since 1986, it
does not change significantly enough, nor rise high enough,
to indicate potential for unrest.
Finally, we examine the p-value for the summer 2002
earthquake sequence. This parameter measures the rate of
fall-off of aftershocks and is the decay constant of the modified Omori’s Law,
n⳱

C
,
(K Ⳮ t) p

(3)

where n is the frequency of aftershocks at time t after the
mainshock, and K and C are constants that depend on the
size of the earthquake (Omori, 1894). For tectonic sequences
the p-value is typically in the range 1.0–1.4 but has been
measured as low as 0.75 for aftershock sequences in southern California (Reasenberg and Jones, 1989). Treating the
MD 4.5 earthquake as the mainshock, we calculate the pvalue for the summer 2002 earthquake swarm as 0.82 Ⳳ
0.07, suggesting that this sequence decayed with time somewhat more slowly than most aftershock sequences.

Results and Discussion
After relocation, the two diffuse clusters of catalog seismicity separate into four distinct groups with resolvable
structure. Most individual earthquake swarms take place
within a single cluster. Only a few recent swarms have earthquakes in two groups or more. We discuss the spatial characteristics of each group separately, along with implications
for the underlying processes responsible.
South Cluster A
More than 70% of relocatable events belong to a large
cluster south and south-southeast of Mount Hood, striking
roughly N15E, with a diffuse northern end and tighter southern region. This cluster is labeled A on Figure 9c. The spatial
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Figure 9. Continued.
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Figure 10. Selected first-motion focal
mechanisms for Mount Hood earthquakes.
Five focal mechanisms were removed from the
plot because they corresponded to earthquakes
in nearly identical positions, and with nearly
identical mechanisms, to earthquakes whose
focal mechanisms are already shown. The large
mechanism corresponds to the MD 4.5 earthquake of 29 June 2002. Epicenter colors are
the same as Figure 9.

distribution of earthquakes is consistent with a steeply dipping normal fault (Fig. 9f). The existence of such a fault has
been inferred before in roughly the same location from
pseudogravity anomaly studies of aeromagnetic data (R.
Blakely, unpublished data, 1984). However, if a fault does
underlie Mount Hood at this location it has no geologically
mapped surface expression. Inspection of the cross-sections
for this cluster shows that the spatial distribution is in good
agreement with the faulting inferred from first-motion focal
mechanisms (Fig. 10). The relocated depths within this cluster increase with increasing distance from the summit. This
detail is not obvious in catalog locations alone.
Southeast Cluster B
Further to the southeast, but still beneath the volcanic
edifice, a diffuse group of smaller events collapses to a streak
of seismicity trending N45W, labeled B (Fig. 9c). Events in
this cluster occur at greater depths than closer clusters and
depths change little with increasing distance from Mount
Hood. Spatial distribution of hypocenters and uniformity of
focal mechanisms with one nodal plane aligned along strike
suggest that this cluster occurs on a fault in response to extensional stresses. However, earthquake swarms in this cluster do not follow typical mainshock-aftershock patterns,
which are normally associated with tectonic origins. A good
example is the swarm from January 1999 (Fig. 5), whose
relocated hypocenters lie completely within this group. This

feature corresponds closely to the White River fault identified from geologic evidence (Weaver et al., 1982) suggesting
that this fault is still active.
The south and southeast clusters do not appear connected. Apparently, an aseismic zone exists between the two
clusters that was not obvious from catalog locations. The
observation that no 2002 seismicity occurred in the southeast
cluster despite its vigorous activity adds weight to the argument that these clusters represent activity on totally separate faults.
Southwest Clusters C
Approximately 10% of relocated events either belong
to the southwest clusters or are isolated from any distinct
cluster (labeled C on Fig. 9c). These appear spatially unrelated to seismicity beneath and south of the Mount Hood
summit. Seismicity southwest of the summit is of interest
because hypocenters collapse to much smaller volumes than
could be surmised from catalog locations alone. Hypocentral
depths range from 3.5 to 4.5 km, and epicenters align crudely
along a linear feature striking N20W. The greatest concentration of seismicity occurs in a region 2–3 km east-northeast
of Multorpor Peak and appears completely disconnected
from other clusters. Focal mechanisms for these events are
similar to those of events to the east. The uniformity of firstmotion focal mechanisms suggests that some of the multiplets nearest the Multorpor cluster occur along the same (or
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Summit Earthquakes D

Figure 11. Catalog completeness plot, showing
logarithmic magnitude vs. cumulative number of
events, and maximum-likelihood b-value for entire
Mount Hood catalog. White triangle indicates catalog
completeness magnitude, MD 0.9.
a parallel) fault. If some multiplets occur along the same
fault as the Multorpor cluster, the inferred strike of this fault
closely matches that of first-motion focal mechanisms.
However, these earthquakes are much more tightly grouped
than those in other Mount Hood clusters, and their spatial
distribution does not closely match that of a normal fault.
The cause of these earthquakes therefore remains an open
question.

The seismicity nearest the summit (labeled D on Fig.
9c) consists of very shallow microearthquakes (MD ⬍2.7)
occurring over a volume of approximately 1 km3. Hypocentral depths are shallower than for other clusters. Earthquakes
here account for ⬍10% of the total Mount Hood catalog
seismicity. Although their spatial distribution is too scattered
to suggest a magmatic conduit, they still might be associated
with movement of fluids beneath the summit. Their circular
distribution weakly supports the existence of a ring fault
below the crater rim, as inferred by Friedman et al. (1982)
from infrared data, but only if the fault extends to depths of
2–4 km below sea level. Because relative location errors are
on the order of a few tens of meters, the distribution is clearly
not an artifact of location scatter.
It is clear, from inspection of focal mechanisms (Fig.
10), that these earthquakes are being generated within a different stress regime than earthquakes elsewhere beneath the
volcanic edifice and that the stress regime is less uniform
than for other earthquake groups. These events, similar to
shallow events directly under Mount Rainier (Giampiccolo
et al., 1999) and the shallow events at Mount St. Helens
(Musumeci et al., 2002) have distinct properties that are different than events away from their respective volcanoes:
their shallow depths, nonuniform focal mechanisms, and diffuse distribution suggest that these earthquakes are likely
generated by volcanic processes within and under Mount
Hood.

Conclusions
The method of waveform cross-correlation and earthquake relocation has become a useful tool in understanding
the spatial characteristics of earthquakes. Here, applied to
largely ambiguous earthquake swarms from Mount Hood,
we find that earthquakes occur in four distinctly separate
groups, each with different implications for the state of stress

Figure 12. Change in b-value with time,
showing best-fit linear regression line. b-values
are computed in overlapping time windows,
each containing 150 events, by using the
maximum-likelihood method of estimation.
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at the volcano. To the southwest, we observe several multiplets, including earthquakes approximately 2–3 km eastnortheast of Multorpor Peak. Beneath Mount Hood summit
is a small, shallow, diffuse cluster of earthquakes that may
be the result of volcanic processes. The earthquakes south
of Mount Hood occur along at least two separate, disconnected faults, the White River fault, and an unnamed, buried,
steeply dipping normal fault, south of the summit.
The summer 2002 events clearly appear to be a typical
mainshock-aftershock sequence occurring on this fault. The
MD 4.5 main shock, and all large (M ⬎2.5) aftershocks, occurred within this group. Focal mechanisms of 2002 events
are almost uniformly normal, consistent with earlier earthquakes in the same area. The 2002 earthquakes follow a
temporal pattern typical of tectonic aftershocks, as characterized by the p- and b-value parameters. These findings suggest that this sequence occurred in response to tectonic
stresses acting on extended, weakened crust in the Mount
Hood area.
We interpret the 2002 sequence as an example of Basin
and Range extensional stress. This confirms the extension of
the seismically active Basin and Range province into the
transition zone between extensional and compressional dominated volcanism (Guffanti and Weaver, 1988). The idea that
the High Cascades partially overlie the Basin and Range
province is not new and is discussed in Williams et al.
(1982). Mount Hood likely lies in a transition zone where
the High Cascades partly overlie the Basin and Range,
whose hot, extended crust is being subjected to both extensional tectonic stresses and stresses from isolated volcanic
processes.
Although some ambiguity remains in the interpretation
of older, smaller earthquake swarms, their b-values are consistently too small to infer that magma movement is likely
responsible for even a significant fraction of earthquake activity. Although it is possible for VT earthquake sequences
to be triggered by pressure increases caused by magma
movement, we find no evidence that this is the case here;
therefore, we conclude that the Mount Hood earthquakes do
not suggest any serious potential for volcanic unrest at this
time.
As a follow-up to this research, the temporary site HDM
has been reoccupied and now holds a permanent, telemetered seismograph station, with broadband and strongmotion sensors. This new station, named HOOD, was added
to the Pacific Northwest Seismic Network in early November 2002. We expect that the new station will greatly increase our understanding of earthquakes at Mount Hood by
better constraining locations, providing more accurate hypocentral depths, and improving detection capabilities.
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