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ABSTRACT
Arrays of highly portable, exploration style seismographs were
deployed following the 16 October 2012 Mw 4.0 Waterboro,
Maine, earthquake with the goal of improving hypocenter loca-
tions and source mechanisms of aftershocks, lowering the detec-
tion threshold for such aftershocks, and using the aftershocks as
sources to image subsurface structure in the hypocentral volume.
Based on the Aftershock Imaging with Dense Arrays (AIDA)
experience following theMineral,Virginia, earthquake of August
2011, the Maine deployment consisted of three complementary
arrays totaling 110 stations: one array was for event detection
and location, another for structural imaging, and a third for
measuring regional attenuation. Although the arrays operated
from day 3 through day 10 following the mainshock, only one
aftershock was detected by the 43 stations that had been de-
ployed at the time of the event. This aftershock was located
at a focal depth of 6:9� 0:15 km, with a horizontal uncertainty
of ∼0:15 km. Although the strike-slip focal mechanism for this
aftershock differs from the thrust mechanism of the mainshock,
both share an east–west maximum stress direction. Recordings
of the aftershock from the high-density portion of the deploy-
ment show possible upper- and lower-crustal reflections that we
attempt to image using vertical seismic profiling methods. How-
ever, the lack of redundant sources and the limited areal extent
of the imaging arrays hinders any useful interpretation of the
nature of the crustal reflections. Based on comparison with
the Virginia experiment, in which numerous aftershocks were
recorded, and from examining the signal-to-noise ratio of the
single aftershock recorded, we believe the AIDA Maine deploy-
ment should have detected any aftershocks greater than magni-
tude mb of approximately −2:5. That only one aftershock was
detected supports the observation that earthquakes in some in-
traplate areas are notable for their lack of aftershock activity
down to this level.

INTRODUCTION

On 16 October 2012 at approximately 7:12 p.m. (EST), an
Mw 4.0 earthquake struck near Waterboro, Maine (U.S.

Geological Survey [USGS], 2012). Following this event, a suite
of local arrays were deployed around the epicentral region
(Fig. 1). These arrays differ from conventional aftershock
arrays in that large numbers of highly portable seismographs
(REF TEK RT 125ATexans coupled with 4.5 Hz geophones),
originally designed for controlled source seismic reflection and
refraction experiments, were deployed at relatively close spacing
(i.e., ∼200 m) as part of the aftershock monitoring effort. This
deployment was designed based on experience with a similarly
dense deployment (Aftershock Imaging with Dense Arrays
[AIDA]) following the 2011 Mw 5.8 Mineral, Virginia, earth-
quake (Brown et al., 2011; Davenport et al., 2015).

DEPLOYMENT

The Maine AIDA deployment (Fig. 1a) consisted of three com-
plementary arrays totaling 110 seismic stations. The first array
deployed was designed to encompass the potential aftershock
zone, thus providing adequate azimuthal coverage for accurate
event location. It consisted of 20 stations spaced ∼5 km apart
in a grid (Fig. 1a), a layout similar to a conventional, relatively
well-instrumented aftershock array (e.g., Bounif et al., 2004;
Kim and Chapman, 2005; Huang et al., 2008). The second
array, a high-density array (HDA), consisted of a box grid of
60 stations spaced very close together (i.e., ∼200 m) the pur-
pose of which was to record aftershock signals in relatively un-
aliased form for structural imaging (Fig. 1a). These two arrays
used vertical-component 4.5 Hz geophones (Geospace GS-
11D) and a single recorder (REF TEK RT 125ATexan) sam-
pling at 100 samples=s. The third array was a profile through
the area with 28 three-component (3C) recording stations
(4.5 Hz Sercel L-28-3D geophone coupled with three Texans,
each programmed to record at a rate of 100 Hz) spaced at 1 km
to allow measurement of the regional attenuation of seismic
energy (Fig. 1a). In many respects, the Maine AIDA deploy-
ment, like the Virginia antecedent, was a small-scale warm
up for the much more ambitious requirements of a dense
2D grid needed for true 3D aftershock imaging.

The Maine AIDA experiment recorded continuously
for seven days (19 October–25 October 2012), with the
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deployment for all three arrays finalized on 21 October.
Although the arrays operated from day 3 through day 10
following the mainshock, only one aftershock was detected,
occurring on 20 October at 07:46:35:06� 0:02 s (UTC).
At the time of the aftershock, 43 AIDA stations had been
deployed (Fig. 1b).

In addition to the AIDA experiment,Weston Observatory
of Boston College deployed three seismic stations for after-
shock monitoring (Fig. 1b). Each of the Weston Observatory
portable seismic stations consisted of a Güralp CMG-40Tseis-
mometer and a REF TEK 130 digitizer, with a sampling rate of
40 samples=s. These local Weston Observatory stations were
run from 17 October until 12 November but only detected
one aftershock (on 20 October).

Figure 2 shows the AIDA vertical-component seismograms
of the only aftershock recorded, with P- and S-phases marked.
Because the 3C array and the HDA 2 were not in place at the
time of the event, those recordings are not relevant to the
analysis reported in this paper.

MAINSHOCK AND AFTERSHOCK PARAMETERS

TheMw 4.0 Waterboro, Maine, earthquake’s epicenter was re-
ported by theWeston Observatory to be at 43:60� 0:007°N,
70:65� 0:007°W. This location used 221 stations, of which
only one was within 100 km of the epicenter (i.e., Franklin

Falls dam station FFD, 82.4 km from epicenter). The preferred
focal depth for this event is 7.0 km, obtained from a regional
moment tensor inversion (USGS, 2012). The focal mechanism
determined by the USGS (2012) was that of a reverse-faulting
event striking north-northwest–south-southeast with a minor
strike-slip component, which is consistent with the region’s
east–west-oriented maximum horizontal stress direction (Ebel
and Kafka, 1991; Zoback, 1992). Unfortunately, the aftershock
that is the focus of this paper was not recorded by the New
England Seismic Network operated by Weston Observatory,
ruling out the application of relative location techniques that
would allow us to improve the mainshock location. Although
the epicenter of the mainshock lies near the surface trace of a
thrust fault mapped by Osberg et al. (1985), a direct relation-
ship of the earthquake to the fault is problematic given the
depth of the event and the dip of the focal mechanism.

One of the objectives of this AIDA experiment was to
assess the improvement in hypocenter location that can be at-
tained from dense recording compared with more traditional
aftershock studies. Here, we located the aftershock using vari-
ous subsets of the AIDA Maine deployment: (1) all 43 AIDA
stations that recorded the event (Fig. 1b), (2) the AIDA sparse
(location) array only (diamonds in Fig. 1b), (3) a subset of
AIDA location stations (circled diamonds in Fig. 1b), and
(4) all 43 AIDA stations and the three Weston stations
(Fig. 1b). Variations 2 and 3 are analogous to traditional

▴ Figure 1. Distribution of seismographs near the epicenter of the Mw 4.0 Waterboro, Maine, earthquake. Inset map shows a star
centered on the mainshock epicenter. (a) Full deployment of stations around the mainshock epicenter (star), enclosed by the high-density
arrays (HDA) (dotted lines), and the three-component (3C) array (triangles). The location array (diamonds) and the three Weston Observa-
tory 3C stations (squares) are shown. (b) Deployment of stations at the time of the aftershock (solid circle). AIDA stations are numbered 1–
20 for the location array and 23–45 for the HDA 1 stations (stations 21 and 22 were removed for quality control and did not record the
aftershock). The circled diamonds are the subset of the location array stations referred to in the location analysis.
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aftershock deployments, whereas variations 1 and 4 include the
HDA (i.e., HDA 1).

All inversions for the hypocenter were done using the
HYPOSAT earthquake location program (Schweitzer, 2001)
and the regional P-wave velocity model of Luetgert et al.
(1987). A VP=V S ratio of 1.73 (Luetgert et al., 1987) was used
to provide the S-wave velocity model for our locations.

Figure 3 presents the results for the hypocenter inversion
using all four subsets of stations. As expected, the formal
location errors shrink as more stations are used in the analysis.
The largest errors for the inversion come from using variation
3, a subset of 11 AIDA location stations (Fig. 1b). A dramatic
improvement occurs from variation 2 in which all 20 AIDA
location stations were used. Further reduction in the uncer-
tainty of the focal depth is observed when HDA 1 is included
in the inversion (variation 1), which not surprisingly corre-
sponds to the smallest location ellipsoid. The best hypocenter
estimate is therefore at latitude 43:627� 0:001°N, longitude
70:684� 0:0014°W with a depth of 6:9� 0:15 km.

A very tangible benefit of using dense arrays such as HDA
1 is that it facilitates the estimation of a focal mechanism
solution when using high-frequency sensors (i.e., geophones)
in noisy environments (e.g., when deploying next to roads,
as done in this study). The procedure to estimate the polarity
of P-wave arrivals for the location array is illustrated in Figure 4.
First, a band-pass filter (6–18 Hz) is applied to the HDA 1
seismograms (Fig. 4a), followed by a moveout correction to
align the waveforms (Fig. 4b). Then, all the seismograms are
added (stacked) to form a composite single trace (Fig. 4c). This
master trace is then compared (i.e., visually and by cross cor-
relation) with all location array stations to determine their po-
larity relative to the master trace derived from the dense array
(Fig 4d). The last step in determining the focal mechanism
solution is to identify location array stations with sufficiently
high signal-to-noise ratios (SNRs) to allow robust P-wave first-
motion determinations (e.g., Fig. 5). The resulting upper hemi-
sphere focal mechanism indicates the aftershock was primarily
a strike-slip event with nodal planes striking 37° and 300° and
dipping 78° and 63°, respectively. In Figure 6, this focal mecha-
nism is mapped onto a lower hemisphere projection to facili-
tate comparison with the mainshock focal mechanism
obtained by the USGS (2012). Both focal mechanisms agree
with the east–west direction of maximum horizontal stress
for New England observed by Gephart and Forsyth (1985),
Ebel and Kafka (1991), and Zoback (1992).

The coda length magnitudeM c of the aftershock recorded
by the AIDA array is estimated from the Weston recordings to
be M c 0.6, based on the formula of Rosario (1979). Data pre-
sented by Ebel (1982) suggest that for New England M c values
equate to those of the Nuttli (1973) magnitude scalemg�Lg�) in
the 1:5 ≤ M c ≤ 5 range. Furthermore, it appears from the work
of Street et al. (1975) that mg�Lg� magnitudes are consistent
with the standard body-wave magnitude mb for values in the
eastern United States for earthquakes in the 0:5 ≤ mb ≤ 3 range.
These relationships would suggest the body-wave magnitude of
the AIDA recorded aftershock is about mb ∼ 0:6.

One of the advantages of dense array recording is that spa-
tial coherence (i.e., visual trace-to-trace correlation) can result
in the detection of smaller events than those generally identi-
fied from amplitude bursts within sparser arrays (Davenport
et al., 2015). If we conservatively assume that our AIDA array
should be able to detect a coherent event down to an amplitude
with SNR of ∼1, we can estimate our event magnitude detec-
tion threshold by comparing the amplitude of the aftershock
(i.e., magnitude mb ∼ 0:6) with the amplitude of the ambient
background noise. Figure 7 shows amplitude versus time for
the average seismic trace recorded with HDA 1. This plot in-
dicates a difference of ∼60 dB (i.e., amplitude ratio of 0.001)
between the body waves (P- and S-waves) and the background
noise. In Figure 8, we illustrate how a synthetic seismogram for
the aftershock would appear on the dense array, assuming vari-
ous levels of signal to noise. The added synthetic noise is Gaus-
sian with a spectrum that is flat up to 50 Hz. The geometry of
these gathers is the same geometry as that used in the deploy-
ment of HDA 1. In Figure 8, events with SNR ∼1 are still

▴ Figure 2. Vertical-component seismograms of the 20 October
aftershock, recorded by the 43 AIDA stations that were deployed
at the time of the event. The horizontal axis is absolute offset from
the epicenter. P- and S-arrivals are indicated in the figure. Event
origin time has been time shifted to zero (zero time is off scale on
the vertical axis) to replicate a controlled source record.

Seismological Research Letters Volume 86, Number 3 May/June 2015 3

SRL Early Edition



clearly detectable by simple visual inspection, and much
lower can be picked out if digital event detection (e.g., cross
correlation) is applied. Extrapolating this result to the mea-
sured mb ∼ 0:6 aftershock amplitude with SNR � 60 dB,

▴ Figure 4. (a) HDA 1 seismograms filtered (6–18 Hz) with clear
moveout of P-wave arrivals. (b) HDA 1 seismograms P-wave arriv-
als corrected for the P-wave moveout. (c) Result of adding all seis-
mograms in (b). (d) Polarity comparison between delay and sum
trace (D� S) of HDA 1 and location array stations. Station 15 has
opposite polarity to D� S, whereas station 17 has the same polar-
ity as D� S.

▴ Figure 5. Upper hemisphere focal mechanism for the Water-
boro, Maine, aftershock. The circled squares indicate P- and T-
axes. Diamonds and points indicate projections on the stereonet
of stations used for focal mechanism solution (see Fig. 1). Filtered
seismograms (12–40 Hz) of location array stations 1 and 17 are
shown. Compression or upward ground motion (i.e., negative volt-
age, −V) is designated by filled symbols and downward motion by
unfilled symbols.

▴ Figure 3. Results for the aftershock hypocenter for the four subsets of stations with their corresponding error bars for the (left) epi-
center and (right) depth. Subset 1 refers to all 43 AIDA stations that recorded the aftershock, subset 2 refers to all location stations, subset
3 refers to 11 AIDA location stations, and subset 4 refers to all 43 AIDA stations plus the three Weston stations (see Fig. 1b). The diamond in
(a) corresponds to the only location array station falling within the map region. The thrust fault trace is shown (Osberg et al., 1985).
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we calculate that an mb − 2:5 event would still have been ob-
vious on the HDA 1 array recording.

IMAGING WITH EARTHQUAKE SOURCES

Given the depth of this event, correlating it to known faults at
the surface is speculative at best. However, Quiros et al. (2012)
demonstrate how AIDA arrays can potentially provide detailed
reflection information on subsurface structure by using the
aftershocks as imaging sources. Figure 9 explicitly illustrates

▴ Figure 6. Focal mechanisms on lower hemisphere projections
for the 16 October mainshock and the 20 October aftershock. P
and T axes are shown on each focal mechanism as black and
white squares, respectively. The diamond corresponds to the only
location array station falling within the map region. The thrust fault
trace is shown (Osberg et al., 1985).

▴ Figure 7. Amplitude versus time plot of average seismogram
recorded by HDA 1. Background noise, P- and S-arrivals are la-
beled.

▴ Figure 8. Visual threshold estimation of HDA using the waveform from Figure 4c with a moveout derived from the aftershock P arrivals.
Panels with different amounts of signal-to-noise ratio (SNR) of (a) 1000, (b) 100, (c) 10, (d) 1, and (e) 0.1. The horizontal axis displays offset
identical to the geometry of the HDA 1 (i.e., ∼200 m).
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how aftershocks recorded by surface arrays can be treated as
reverse vertical seismic profiles (RVSP). In this treatment,
the earthquake serves as an illumination source for subsurface
structure beneath the hypocenter. Although the true power of
such an analysis is based on having multiple sources recorded
by a dense 2D surface grid, even a single event recorded by a
single dense surface profile can be used to generate a reflection
profile in which geologic structures can be identified.

To calibrate our analysis, a synthetic vertical-component
RVSP record was created with the exact geometry of the HDA 1
array and a simple explosive source at the aftershock hypocen-
ter (Fig. 1b). Random noise with a root mean square amplitude
equal to 2% of that of the artificial signal was added to the
synthetic source trace. The synthetic record section was calcu-
lated using a simplified velocity model derived from controlled
source, wide-angle data from central Maine (Luetgert et al.,
1987). The velocity model has two major assumed discontinu-
ities beneath the hypocenter: a lower crustal reflector at 25 km
and the Mohorovičić (Moho) discontinuity at 35 km. A VSP-
to-common depth point (VSP–CDP) transformation (Har-
dage, 2000) is applied to the synthetic to obtain a single-fold
reflection image beneath the source (Fig. 10a). This transfor-
mation consists of 3D point-to-point ray tracing for each
source–receiver pair that correctly maps the lower crustal
and Moho reflections into the horizontal distance–depth do-
main. Before applying the VSP–CDP transformation to the

aftershock, the data went through a number of processing
stages that are essentially identical to steps done in seismic re-
flection processing. These include first break picking, geomet-
rical binning, static elevation correction, direct S-wave mutes
(i.e., zeroed to avoid mapping it into the P-wave spatial do-
main), velocity-model improvement by least-squares inversion
of travel times, and band-pass filtering (6–40 Hz).

Although the reflection image obtained by applying the
VSP–CDP transformation to the processed aftershock
(Fig. 10b) does not contain any particularly prominent reflec-
tions that could be interpreted as specific structures (e.g., faults
or Moho), it does suggest a highly reflective lower crust in a
manner similar to that observed on conventional deep seismic
reflection images in the northern Appalachians (e.g., Spencer
et al., 1989).

CONCLUDING REMARKS

As expected, the availability of a large number of stations fa-
vorably distributed around an aftershock zone greatly improves
hypocentral locations, especially if those stations are positioned
at very close spacing, as well as providing sufficient data for
source function (i.e., focal mechanism) recovery while using
instrumentation designed for reflection seismology and de-
ployed in noisy environments (i.e., next to roads). These ben-
efits of this kind of deployment are expected for several

▴ Figure 9. (Top) Geometric difference between reflection ray paths for a surface source, for a subsurface artificial source in a conven-
tional reverse vertical seismic profile (RVSP) survey, and for treating an aftershock as a reflection source. The differences of reflection
point locations for a surface source–receiver pair (bottom left) and for an aftershock–receiver pair (bottom right). For a subsurface source
(e.g., an aftershock), the reflection points move away from the source as a function of source hypocenter and receiver offset, resulting in
curved seismograms in the space–travel time domain.
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reasons: the favorable azimuthal coverage, the large redundancy
of the recordings, and, perhaps not least, to the fact that if
enough stations are present, some are likely to be directly above
the hypocenter and thus improve depth control immensely.
Perhaps the most powerful aspect of this approach is that it
can be applied to very small events that are well beyond the
threshold of detection for conventional arrays. In this case,
we believe the AIDA Maine deployment should have detected
events as small as mb approximately −2:4. The lack of such
events underscores the small number of aftershocks previously
noted for some earthquakes in New England (Ebel, 1984).

A novel aspect of dense arrays is that reflection imaging of
subsurface structures can be achieved by treating earthquakes as
sources in an RVSP geometry. Applying the VSP methodology
(Hardage, 2000) to the only recorded aftershock in this experi-
ment results in an unmigrated reflection image showing hints
of lower crustal reflectivity reminiscent of continental reflec-
tion surveys throughout the Appalachians. If more aftershocks
had been available and recorded by a true dense 2D surface
array (i.e., grid of stations), a more useful image of the hypo-
central volume would have been recovered.

Both the AIDA Virginia and AIDA Maine deployments
were pilot studies using instrumentation that was available
but designed for another purpose. However, state-of-the-art in-
dustry instrumentation is now available that would facilitate
continuous recording for long intervals of time (i.e., 2–4
weeks) with 1000–10,000 highly portable 3C instruments.
The Maine experiment makes clear that such recording should
revolutionize our ability to characterize aftershocks distribu-
tions and image their related structures.
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