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Abstract

EarthScope USArray provides an excellent opportunity to improve the scientific understanding
of crustal attenuation in the continental US. Initial work on regional variations in crustal
attenuation using USArray has focused on the western US (WUS) (Phillips and Stead, 2008).
Efforts have been made to understand regional crustal attenuation outside of the WUS (i.e., Benz
et al., 1997; Erickson et al., 2004) but have been limited in scope due to sparse regional
seismograph coverage and lower rates of earthquake occurrence in eastern North America
(ENA). We focused on data collection and better defining (1) the location and character of Q
transitions between major tectonic regions west of the Mississippi River, (2) the regional Q in the
Grand Banks and easternmost Canada, and (3) the regional Q in less studied areas of ENA west
of the Mississippi River. The “Q” needed is the apparent Q due to the decay of ground motion
with distance and not material Q. Q boundary detection was accomplished by using transects of
USArray observations across these transitions to look for major changes in regional Q. The three
major Q transitions addressed so far have been the WUS-CEUS transition in the Rocky
Mountains and Great Plains between 100°W and 115°W, the WUS-Gulf Coast transition in
western Texas, and the western portion of the CEUS mid-continental to Gulf Coast transition
from Texas to the Mississippi River. Using narrow bandpass filtering and an approach similar to
Benz et al. (1997) and Erickson et al. (2004) we determined new regional Q estimates for the
Grand Banks / easternmost Canada, the western Gulf Coast, and the Great Plains.



Approach
QO Boundary Detection

We started with selecting the events that have good USArray station coverage in the possible
boundary locations in the major tectonic regions of WUS-CEUS and CEUS-Gulf Coast. The
emphasis initially is on larger magnitude earthquakes to have good signal to noise over the large
distances from the event covered by USArray.

Data processing included data retrieval, instrument correction, and band-pass filtering to a range
of frequencies with acceptable signal-to-noise (greater than one). The procedures employed are
the same as used in developing the Next Generation Attenuation (NGA) East database of ground
motions (Cramer, 2008, and Cramer et al., 2009, 2011). A part of this effort is quality assurance
to remove records with data problems and insufficient bandwidth in the 0.1 to 20 Hz range.
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Figure 1: a) Map showing stations for a Baja, California event, b) Map showing transect of
profiles from the epicenter.

Figure 1 shows an example for a M7.2 earthquake in Baja California, Mexico. We made
transects that extend radially from the epicenter through the TA stations and selected the stations
that lay within an azimuth range of 15° along each transect. We then processed the data for peak
ground acceleration and velocity, and for spectral acceleration at 0.2 sec and 1.0 sec and plotted
the profile of those ground motion records against epicentral distance for our Q boundary
transition analysis (Figure 2).
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Figure 2: Plot of vertical spectral ground motion for a transect for the M~7.2 Baja, California
earthquake (see Figure 1) and Sullivan, Missouri (M~4.2) event at 1.0 sec.

We looked beyond 150 km for any strong change in the slope that is obvious in the ground
motion profile. The location of the change the slope gives us a possible estimate of the transition
boundary between the tectonic regions. In some cases, due to sparse station coverage, locating
the transition in the slope precisely is difficult as shown in Figure 3. However, these transects
help constrain the location of the boundary, which might be ultimately found using similar
profiles from other suitable events.
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Figure 3: Mapping transition observations from ground motion transects.
Regional Q Estimates

For estimating regional Q we used an approach similar to Benz et al. (1997) and Erickson et al.
(2004). Our modification is to use narrow bandpass filtering of velocity records to estimate
amplitude at a given frequency at each station for a given earthquake. The four-pole Butterworth
narrow bandpass center frequencies (f) used are 1.0, 1.3, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0, 13.0, and
16.0 Hz with filter corners set 0.025 log(f) below and above the center f (log is logarithm base



10). The filtering was accomplished using SAC (Goldstein et al., 2003). We fit observations of
amplitudes with distance at a specific frequency to the form

In(y) = A + C*dist - 0.5*%In(dist), (1)

where y is maximum amplitude at frequency f, dist is epicentral distance, and A and C are
constants. Ln is natural logarithm. Geometrical spreading is assumed to be R, which is
typical at distances beyond 150 to 200 km in ENA (Atkinson and Mereu, 1992). Q at frequency
f can then be determined from

Q(f) = -*f/C*p, 2)

where C is from the fit to Equation 1 at frequency f and p is crustal shear-wave velocity (3.5
km/s from Benz et al., 1997). All the values of Q at different frequencies can then be fit using

log [Q(f)] = log (Qo) + n*log(f), 3)

where Qo is the Q at 1 Hz and v is the power of f in Q(f) = Qo*f". Qo and v represent the
regional Q that can be compared with values from other studies in different regions. All fits are
determined by linear least squares inversion (Claerbout, 1976) using the elimination method
(Faddeeva, 1959). Regional Q estimates determined in this study are whole record (S and Lg
dominate) estimates and are similar to the ENA Q estimate of Atkinson and Boore (2014).

Results
QO Boundary

Table 1 lists the events used in our analysis. Eight more WUS events were examined but had
similar source locations to the WUS earthquakes listed or the USArray was not deployed in a
useful location, so these events provided no additional information (Table 2).

Table 1: List of earthquakes with usable transects used in the initial analysis.

WUS-CEUS/Gulf Coast

Baja, California 10-04-04 M~7.2
Nevada 08-02-21 MS5.9

Gulf of California 09-08-05 M~5.8
Baja, California 09-12-30 M~5.9

Gulf Coast-CEUS

Comal, TX 11-10-20 M4.6
Sparks, OK 11-11-06 MS5.6
Greenbrier, AR 11-02-28 M4.7
Sullivan, MO 11-06-07 M3.9
Mineral, VA 11-08-23 MS5.7
Val des Boise 10-06-23 MS5.0



Table 2: List of WUS earthquakes examined but not used in the initial analysis due to redundant
and/or inadequate TA array coverage.

Off Oregon Coast 08-01-10 M6.3

Off S. Oregon Coast 08-03-15 MS5.7
Gulf of California 09-08-03 M6.9

Los Angeles, CA 08-07-29 MS5.5
Offshore N. California 08-11-28 M5.9
Offshore N. California 10-01-10 M6.5
Offshore N. California 10-02-04 M5.9
Southern California 08-12-06 MS5.1

Figure 4 shows our initial map of possible transition locations between the regions. The addition
of more suitable events will help sharpen the boundary locations and fill in the gap where we still
need information on the transitions. Additionally, a finer azimuthal spacing (reducing to a 5°
increment in azimuth) can help provide more detail along some segments of the transition.
Figure 4 can also serve as a guide to selecting station-paths for more detailed regional Q
determinations using the approach of Benz et al., 1997 and Erickson et al., 2004 and eventually
using tomographic inversion for Q.
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Figure 4: Map showing possible trend of boundary locations.
Regional Q Estimates

Easternmost Canada: A major focus of our regional Q estimation is easternmost Canada and
the offshore Grand Banks area. A better understanding of regional Q is needed for this part of
Canada because the 1929 Grand Banks M7.2 earthquake is a key reference event for estimating
magnitudes of other historic M7 earthquakes in eastern North America — mainly the 1811-1812
New Madrid and 1886 Charleston earthquakes (Cramer and Boyd, 2014). Table 3 lists
earthquakes in this region used in our regional analysis.



Table 3: Easternmost Canada and Grand Banks earthquakes used in this study. Unless otherwise
indicated, magnitudes are from the Geological Survey of Canada. The presence or absence of Lg
is also indicted.

Laurentian Fan 2005/01/25 Mw4.0 (magnitude from Cramer and Boyd, 2014) — No Lg
Laurentian Channel 2006/02/03 mn3.0 — No Lg

Atlantic Ocean 2007/03/08 M;4.2 —No Lg

Laurentian Channel 2007/05/30 mn3.0 — Lg present

Atlantic Ocean 2010/11/05 M 4.4 —No Lg

Laborador 2012/07/08 Mw4.4 (magnitude from SLU moment tensor catalog) — Lg present
Offshore Newfoundland 2013/03/09 M; 4.3 — Weak Lg

Figure 5 presents raypath coverage for the earthquakes in Table 3. Microseisms limit the
earthquake observable frequency band from 1.0 or 2.0 Hz to 10 Hz on many records because of
station locations near the Atlantic coast. Figure 6 presents the Q(f) results for each earthquake.
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Figure 5: Raypath (light blue) maps for seven easternmost Canada earthquakes (blue star). Red
inverted triangles are stations recording each earthquake and the large red star is the location of
the 1929 Grand Banks earthquake (Grand Banks events only).
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Figure 5 continued.
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Figure 6: Plots of Q verses frequency for each earthquake in Table 2 and Figure 5. Mean Q at
each frequency (octagons) and standard deviation (plus symbols above and below) are shown
along with the mean fit (solid line) and 95% confidence levels for the mean fit (dotted lines) to
Equation 3. Qo and m with their standard deviations for each earthquake are shown on each plot.
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Figure 6 continued.

From the results in Figure 6 we can see that generally in easternmost Canada, Qo is 500 to 600
with i about 0.5 to 0.7, including the 2005 earthquake close to the epicenter of the 1929 Grand
Banks earthquake and the 2013 earthquake east of Newfoundland (in submerged Appalachian
crust — Lau et al., 2006). These values correspond well with the ENA midcontinent results of
Atkinson and Boore (2014) of Qo =525 +80/-70 and n = 0.45 £ 0.033 [uncertainties are standard
deviations based on the individual frequency Q estimates in Figure 5 of Atkinson and Boore
(2014) as provided by Gail Atkinson (written communication, October 26, 2013)].

The two earthquakes in the Laurentian Channel between Newfoundland and Nova Scotia show
very low Qs (Qo less than 200). This suggests a high attenuating region in this location. One
event shows no Lg suggesting that it occurred in the upper mantle below the crust and the Q(f) is
for a mantle path. The other event does show Lg but still could have occurred close to the
mantle in the crust. Depth control for the offshore earthquakes is not good due to a lack of
offshore seismic stations. Seismic energy from earthquakes in other parts of easternmost Canada
likely defracts around this small region of low Q and hence this low Q region can not be seen in
the Q results from these other events.
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Q results for the two earthquakes in the Atlantic off the continental margin and further to the
south and southeast from the 1929 Grand Banks event show a broader variation of Qo of 432 and
906 with similar 1. This suggests a larger variation in Q about an ENA Q for Atlantic crust to
the south and east of the continental margin, but would not effect the interpretation (see Cramer
and Boyd, 2014) that the easternmost Canadian crust and continental margin is basically
Appalachian Province with ENA Q. Mousavi et al. (2014), partly funded by this grant, analyzed
Lg and Sn attenuation separately for this same region using 91 earthquakes and found Q, =
615425 £ 350 and Qg, = 404+23 £ 2**%S Our Qo results using both Lg and Sn, generally fall
between the results of Mousavi et al. (2014), except for the farthest to the SE Atlantic and the
two Laurentian Channel earthquakes. Mousavi et al. (2014) more clearly demonstrates that Q,
and hence intensities, for raypaths from the 1929 Grand Banks M7.2 earthquake have ENA
crustal values.

Continental US: The other focus of our regional Q investigation is the continental US,
particularly those regions without estimates from other Q studies. Table 4 lists the earthquakes
used in this portion of our study. Figures 7 and 8 present the results for selected regions in the
continental US. The three major Q regions represented are the CEUS, Gulf Coast, and WUS.
Figure 7 shows the raypaths for each earthquake from which Q(f) was estimated. Figure 8 shows
the Q(f) results.

Table 4: Continental US earthquakes used in this study. Magnitudes listed are moment
magnitudes. All earthquakes showed the presence of Lg in their records.

Prairie Center, IL 2004/06/28 M4.15
Mt. Carmel, IL 2008/04/18 M5.3
Slaughterville, OK 2010/10/13 M4.3
Sullivan, MO 2011/06/07 M3.9
Comal, TX 2011/10/20 M4.6
Nevada 2008/02/21 M5.9

12
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Figure 8 shows Qo estimates for the CEUS Midwest and Great Plains regions of 500 — 600,
similar to Atkinson and Boore’s (2014) Qo of 525 for ENA. The older two CEUS earthquakes
(Prairie Center and Mt. Carmel) predate the EarthScope USArray (TA) entry into the CEUS and
have sparser station coverage and longer raypaths (up to 1700 to 1500 km, respectively). The Q
verses frequency plots show distinctly constant Q for frequencies less than 2.5 Hz for the
Midwest. The other two CEUS earthquakes (Slaughterville to the North and Sullivan) use
observations from TA stations for the Great Plains covering distances up to 1600 and 1100 km,
respectively. While the Slaughterville N and Sullivan Q versus frequency plots have a tendency
toward constant Q below 2.5 Hz with Q values of 600 — 700 and 700 — 800, respectively, the
constant Q trend is still within the uncertainty of the Q(f) fit as shown in Figure 8. Thus we
retain the Q(f) fit for our initial estimation of Q in the crust under the Great Plains. However,
this is an area for further research.

The two Qo estimates for the western Gulf Coast region in Figure 8 show values near 270.

Estimates of ) for this region are 0.70 — 0.80. Qo values for the western Gulf Coast are about
half of the values for the CEUS region. As pointed out in Figure 4, the Gulf Coast region has
distinct Qs from the CEUS. Our one regional Q estimate for the WUS is Qo = 184 +122/-114
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and m =0.78 £0.04. This Q estimate is similar to previous WUS Lg Q estimates such as
Erickson et al., 2004 (see Table 4). Qo estimates for the WUS are at or below 200 and Gulf
Coast estimates are closer to 300, with 1 in both regions being similar. This suggests that Q is
different between the WUS, Gulf Coast, and CEUS as partially demonstrated in previous studies.
This study demonstrates the distinctive Q for the Gulf Coast region versus the WUS and CEUS.

Table 4: Lg Q(f) values for the WUS from Erickson et al., 2004.

Northern California — Qo =152 +37, 1 =0.72 £0.16
Southern California — Qo = 105 £26, N =0.67 +0.16
Basin and Range — Qo =200 +40, ) = 0.68 £0.12
Pacific Northwest — Qo =152 +49, 1 =0.76 +£0.18
Rocky Mountains — Qo = 166 +37, 1 =0.61 +0.14

Conclusions

The boundaries between major Q regions in the continental US are distinct and sharp at the 70
km grid spacing of the EarthScope USArray. The WUS-CEUS Q boundary seems more closely
associated with the eastern front of the Rocky Mountains than at 110°W as used in the USGS
National Seismic Hazard Maps (2008 and prior). The CEUS-Gulf Coast Q boundary seems to
fall near 35°N in Arkansas and Oklahoma. Qo for the Gulf Coast is near 300 and is distinct from
the WUS (less than 200) and CEUS (500 or greater). In easternmost Canada Qo is generally 500
to 600, similar to CEUS Q, although there may be a small region of low Q in the Laurentian
Channel between Labrador and Nova Scotia that is difficult to detect (the low Q observations
there may be due to the earthquakes occurring near or below the crust mantel boundary and not
due to low crustal Q). The easternmost Canada Q results demonstrate that intensities from the
1929 Grand Banks earthquake are likely true ENA intensities and not different due to Q
differences between the continent and the continental shelf in which the 1929 earthquake rupture
occurred. Future work funded by another USGS NEHRP grant will further investigate CEUS
and Gulf Coast Q east of the Mississippi River and develop a Gulf Coast empirical GMPE
distinct from CEUS mid-continent GMPE:s.
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