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Earthquake catalogs for New Mexico and bordering

areas Il: 1999-2004

Allan R. Sanford, Tara M. Mayeau®, John W. Schlue, Richard C. Aster, and Lawrence H. Jaksha,
Department of Earth and Environmental Science, New Mexico Institute of Mining and Technology, Socorro, New Mexico 87801;
*Current address: Department of Geology and Geophysics, Yale University, New Haven, Connecticut 06520

This latest report on earthquake activity in
New Mexico and bordering areas by New
Mexico Institute of Mining and Technology
(NMT) investigators covers the 6-yr period
1999-20041. 1t is a continuation of catalogs
for 1962 through 1998 published as Circular
210 by the New Mexico Bureau of Geology and
Mineral Resources in 2002. (Data are available
online at http://geoinfo.nmt.edu/publications/
circulars/210/.) Earthquake research centered
at NMT is appropriate because a small region
surrounding Socorro produces a disproportion-
ate share of the state’s activity and has generated
the strongest historical earthquakes. A primary
goal of the research at NMT has been to estab-
lish an accurate earthquake database for the
Socorro area and all of New Mexico from which
reliable estimates of earthquake hazard can be
obtained. To this end, it has been important to
eliminate quakes arising from explosions and
those that have been induced by human activ-
ity, for example, collapse of underground mines
and disposal of large volumes of waste water
generated in development of energy resources.

Abstract

Earthquakes in New Mexico and bordering
areas have been instrumentally located since
1962 at New Mexico Institute of Mining and
Technology. Catalogs of these earthquakes
for the period 1962 through 1998 were pub-
lished in 2002. This report extends the cata-
loging of earthquakes for the region through
2004. For this 6-yr period 198 earthquakes
with magnitudes of 2.0 or greater were
located. An unusual feature of the seismicity
1999 through 2004 is that 63% of the earth-
quakes were concentrated in two swarms,
one near water disposal wells on the western
edge of the Dagger Draw oil field in south-
eastern New Mexico, and the other within
and bordering the coalbed methane fields of
the Raton Basin in northeastern New Mex-
ico. We suggest that the proximity of these
swarms to oil and gas fields may indicate
that the earthquakes are induced by destabi-
lization of the crust through production and
waste disposal practices. The remaining 37%
of the earthquakes 1999 through 2004 were
concentrated near Socorro and west Texas.
Except for the Socorro area, activity along
the Rio Grande rift was low.

Introduction

The earthquake catalogs presented here for
New Mexico and bordering areas are for
the 6-yr period 1999 through 2004. They
are a continuation of catalogs published for
the same region over a 37-yr period 1962
through 1998 (Sanford et al. 2002). Proce-
dures followed in generating the catalogs
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here are identical to those used by Sanford
et al. (2002); however, they are restricted
to shocks of magnitude 2.0 or greater. The
earlier catalogs listed events with mag-
nitudes as low as 1.3. Another difference
for the 1999-2004 listings of quakes is the
addition of epicenter error and maximum
station azimuthal gap to the parameters
date, origin time, epicenter location, and
magnitude.

For 1999 through 2004, 198 earthquakes
of magnitude 2.0 or greater were located in
New Mexico and bordering areas, a region
extending from 31.0° to 38.0° N latitude and
from 101.0° to 111.0° W longitude (Fig. 1).
In the preceding 6-yr interval, 123 quakes
of magnitude 2.0 or greater occurred in the
same region. This suggests a near doubling
of activity in 1999 through 2004. However,
an unusual feature of this latest 6-yr peri-
od is the onset of two vigorous earthquake
swarms located in small areas of New
Mexico. Some observations suggest the
two swarms are induced: (1) in the Dela-
ware Basin of southeast New Mexico by
disposal of large quantities of water pro-
duced along with oil, and (2) in the Raton
Basin of northeast New Mexico by the
removal and/or injection of water associ-
ated with production of coalbed methane.
Because these two tight clusters of earth-
quakes account for 123 of the quakes from
1999 through 2004, each will be described
separately in this paper. Following Sanford
et al. (2002), the remaining 75 earthquakes
are divided between two areas: a 5,000-
km? region surrounding Socorro that is
designated the Socorro Seismic Anomaly
(SSA; Balch et al. 1997), and the other, the
remainder of New Mexico and bordering
areas designated RNM. The justification
for the separation into two areas is that the
SSA occupies only 0.7% of the area covered
in the study but contributes a dispropor-
tionally large fraction of the total activity,
23% in the 37-yr period 1962 through 1998
(Sanford et al. 2002) and 15% in the 6-yr
period covered by this study.

Procedures

Earthquake data

Most of the data used to determine origin
times, epicenters, and magnitudes came
from two networks operated by New
Mexico Institute of Mining and Technol-
ogy (NMT): (1) nine stations surrounding
Socorro (Fig. 2) and (2) nine stations sur-
rounding the Waste Isolation Pilot Project
(WIPP) near Carlsbad (Fig. 3). Data from
these NMT networks were augmented by
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arrival times from stations operated by the
U.S. Geological Survey, the U.S. Bureau of
Reclamation, the University of Texas-El
Paso, and the University of Texas—Dallas.
The appendix has a table of coordinates for
stations used to locate earthquakes from
1999 through 2004 and a map of the sta-
tion locations.

Earthquake magnitudes

All magnitudes in this study were deter-
mined from the New Mexico duration
magnitude scale:
My =2.79 log t4-3.63,

where 1,4 is the duration of recorded ground
motion in seconds (Newton et al. 1976; Ake
et al. 1983). This relation was first devel-
oped by Dan Cash of Los Alamos National
Laboratory (LANL) for quakes in northern
New Mexico. Later an essentially identical
relation was obtained by a group at NMT
for earthquakes throughout New Mexico.
Both the NMT and LANL duration mag-
nitude scales are tied to local magnitudes
obtained from Wood-Anderson seis-
mograms (Richter 1958) of New Mexico
earthquakes. Hanks and Kanamori (1979)
showed that local magnitude is equivalent
to moment magnitude.

Earthquake locations

Earthquake origin times and epicenters
were obtained from the inverse method
computer program SEISMOS (Hartse
1991). Slightly different versions of the
program were used to locate earthquakes
within the SSA and those in RNM and the
Raton Basin and Delaware Basin swarms.

The velocity model used with SEISMOS
to locate earthquakes outside the SSA was
a simple half-space with a velocity of 6.15
km/sec and a Poisson’s ratio of 0.25. (An
exception was the Raton Basin swarm
when a Poisson’s ratio of 0.235 produced
smaller epicenter errors.) Because of the
model adopted, only P, and S, arrival
times were used in the location procedure.
For earthquakes within the SSA, a relative-
ly complex and tightly constrained crustal
velocity model obtained from inversion
of reflection data was used (Hartse et al.
1992)2.

Focal depths were not calculated for
any of the earthquakes listed in the cata-
logs of this paper. Even in the case of
SSA events, where readings from several
relatively close stations were available (see
Fig. 2), attempts to obtain reliable focal
depths failed because focal depth errors
were exceedingly large. Better estimates of
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FIGURE 1—Earthquakes in New Mexico and bordering areas, 1999-2004
with magnitudes of 2.0 or greater. A total of 198 earthquake epicenters
are plotted, 123 of which occurred in two tight clusters of activity, one in
northeastern New Mexico and the other in the southeastern corner of the

epicenter locations and origin times were
obtained by fixing the focal depth at 5 km,
the approximate middle of the seismogen-
ic zone.

For events occurring outside the SSA,
calculation of focal depths was impos-
sible because of the large distances to the
recording stations and the half-space crust-
al structure used in the SEISMOS location
program. The result of these two condi-
tions is that the location program is unable
to determine any difference in focal depths
that occur within a reasonable depth range
of 1.0-10.0 km. Therefore, although we
fixed focal depths at 5 km for most of the
earthquakes in the study, the use of other
fixed depths between 1.0 and 10.0 km for
individual events produced locations well
within one standard deviation of each
other.

Accuracy of epicenters

Epicenter accuracy is defined as how close
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fraction of the activity.

the locations calculated by SEISMOS are to
the true epicenters. A primary factor influ-
encing accuracy is how near the adopted
crustal velocity model matches the true
velocity structure. For the SSA, the match
is close (Hartse 1991) and the recording
distances short. For the remainder of New
Mexico and bordering areas, the adopted
half-space crustal model has a velocity
that is an average for the entire study area.
Some cataloged epicenters may be less
accurate because paths to the recording sta-
tions were long and passed through crust
that has a velocity different from the aver-
age. Except for earthquakes in the SSA, the
epicenter error listed in the catalogs may
not adequately reflect deviations from the
true locations arising from crustal velocity
variations from the average.

Other factors influencing accuracy of
epicenters are: (1) number of stations, (2)
distance of stations, (3) azimuthal distribu-
tion of stations, (4) quality of P and S arriv-
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state. The remaining 75 earthquakes are located throughout the region,
including 11 within the Socorro Seismic Anomaly (the elliptical area out-
lined (Balch et al. 1997)), a small region that contributes a disproportionate

als, and (5) number of paired P and S arriv-
als. The program SEISMOS estimates a one
standard deviation epicenter error in kilo-
meters, but this estimate can be affected by
either overestimating or underestimating
the timing errors of the P and S arrivals.
Also, the estimated error does not appear
to incorporate the effect of large gaps (the
maximum azimuthal separation between
adjacent stations). Calculated locations
with gaps of 270°0r more that have esti-
mated epicenter errors as low as 2.5-7.0
km are listed in the catalogs. Inasmuch
as this appears unrealistic, gap has been
included in the catalogs so that it can be
used as a parameter in assessing the most
accurate epicenters.

Socorro Seismic Anomaly (SSA)

Earthquakes of magnitude 2.0 or greater
that occurred in the 5,000-km2 SSA sur-
rounding Socorro in 1999 through 2004

November 2006, Volume 28, Number 4
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FIGURE 2—Socorro, New Mexico, seismograph network stations. Epicenters for 11 earthquakes of magni-
tude 2.0 or greater for the period 1999-2004 are shown within the Socorro Seismic Anomaly (the outlined
elliptical area; Balch et al. 1997).

TABLE 1—Socorro Seismic Anomaly earthquakes with magnitudes of 2.0 or greater: 1999-2004.

No. Year Month Day Hour Minute Seconds Lat N Minutes Long W Minutes 1std Gap Magnitude
(km) (degrees)
1 1999 8 1 12 12 4148 34 22.07 106 43.55 050 138 2.1
2 1999 12 9 12 39  12.09 34 2.71 107 0.94 0.45 76 2.6
3 1999 12 13 4 17 46.13 34 18.62 106 46.99 079 214 2.1
4 1999 12 13 10 58  46.36 34 18.41 106 47.64 0.42 95 2.0
5 1999 12 13 23 24 16.43 34 423 106 38.50 0.62 205 2.3
6 2001 5 5 6 29 10.19 33 58.97 107 1.00 053 104 2.1
7 2001 5 7 17 38 310 33 59.52 107 1.20 054 110 2.8
8 2001 11 18 14 22 59.87 34 16.52 106 52.53 0.30 87 22
9 2001 12 12 16 44 17.82 34 17.90 106 55.07 0.58 110 2.1
10 2003 11 2 11 58 894 34 1.53 106 52.57 0.45 84 2.0
11 2004 5 24 21 36 2842 34 28.06 106 53.03 0.48 90 2.9

are listed in Table 1, and epicenters are
mapped in Figure 2. Earthquake activity
in this region is attributed to crustal exten-
sion arising from inflation of a mid-crustal
magma body—the Socorro Magma Body
(Fialko and Simons 2001). This thin (~150
m), extensive (~3,400 km?2) magma body
is at a depth of ~19 km (Ake and Sanford
1988; Hartse et al. 1992; Balch et al. 1997;
Schlue et al. 1996).

The 11 quakes in 1999 through 2004 are
scattered throughout the SSA region (Fig.
2). The number each year ranged from zero
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in 2000 and 2002 to five in 1999. The aver-
age yearly rate of 1.8 is just slightly higher
than the previous 6-yr period 1993 through
1998. However, the annual rate for the 12-
yr interval before 1993 was 11.5, which
illustrates the highly irregular nature of the
SSA seismicity. Despite the relatively low
level of seismic activity from 1999 through
2004, SSA earthquakes contributed 15% of
the earthquakes of magnitude 2.0 or great-
er, exclusive of shocks in the Raton Basin
and Delaware Basin swarms.

NEW MEXICO GEOLOGY

Remainder of New Mexico and
bordering areas (RNM)

Earthquakes of magnitude 2.0 or great-
er that occurred in the RNM from 1999
through 2004 are listed in Table 2 except
for those in the Raton Basin and Delaware
Basin swarms. Epicenter locations are
mapped in Figure 1. The number of earth-
quakes is only one-half the total for the pre-
vious 6-yr period. An analysis of the num-
ber of quakes versus magnitude indicates
that the 64-event data set for RNM is com-
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TABLE 2—Remainder of New Mexico and bordering areas earthquakes with magnitudes of 2.0 or greater: 1999-2004. Asterisks
indicate locations by the U.S. Geological Survey.

No. Year Month Day Hour Minute Seconds Lat N Minutes Long W Minutes 1std Gap Magnitude
(km) (degrees)

1 1999 2 9 20 28 18.18 35 43.43 103 5.37 549 133 2.0
2 1999 2 25 0 32 1172 36 50.05 104 55.12 8.08 178 2.0
3 1999 8 6 7 0 1.02 34 3217 104 16.75 6.97 244 2.0
4 1999 9 1 16 35 1518 33 42.81 107 3.78 117 306 2.3
5 1999 9 4 3 35 4391 33 4314 107 4.51 092 294 22
6 1999 10 9 12 9 3931 31 32.66 102 2268 1071 332 2.0
7 2000 1 23 16 27 5394 35 24.19 104 26.58 9.57 338 2.0
8 2000 4 6 18 39 426 35 2646 103 11.55 475 126 2.1
9 2000 4 24 9 41 30.26 33 7.73 102 0.29 393 141 2.0
10 2000 8 2 12 21 3024 35 21.59 101 46.61 444 140 2.1
11 2000 8 7 17 19  6.55 35 17.01 101 48.05 478 137 2.8
12 2000 8 7 18 34 748 35 16.85 101 48.24 757 197 24
13 2000 8 7 21 36 19.84 35 18.44 101 46.43 502 138 2.5
14 2000 8 10 13 39 48.78 35 1427 101 4584 1345 309 2.3
15 2000 8 17 1 8 555 35 7.76 101 47.27 476 192 3.6
16 2000 10 31 13 19 16.98 33 18.68 107 11.68 417 260 2.1
17 2000 11 4 13 13 30.29 35 28.85 101 44.85 6.70 183 21
18 2000 12 7 9 38 51.68 34 45.42 105 38.62 352 213 2.0
19 2000 12 16 22 8 5451 35 20.04 101 3856 1044 306 3.3
20 2000 12 27 12 51 3731 33 23.86 108 34.51 714 178 2.2
21 2001 1 2 10 21  34.42 34 3330 105 42.73 255 192 21
22 2001 1 20 10 4 2281 33 10.11 108 3253 1144 181 2.0
23 2001 6 1 20 29 43.16 32 20.30 103 4.83 426 307 2.0
24 2001 6 2 1 56  54.39 32 21.50 103 9.02 331 205 3.0
25 2001 9 3 21 54 22.26 31 036 107 19.83 9.89 298 2.1
26 2001 11 22 0 7 9.60 31 41.96 102 43.70 8.67 331 2.5
27 2001 11 23 13 47 1057 31 29.78 102 23.68 9.69 338 24
28 2002 1 11 12 32 20.80 36 24.58 109 21.50 732 285 24
29 2002 1 16 15 25 3221 35 11.39 101 53.39 1011 308 2.6
30 2002 1 19 11 51 14.13 35 13.50 101 50.66  11.10 303 2.2
31 2002 3 31 2 54  6.01 35 16.21 101 48.06  10.73 304 2.8
32 2002 4 30 4 37 15.89 35 10.19 109 16.70 469 174 2.3
*33 2002 6 18 11 4 4778 37 35.40 107 14.40 29
34 2002 6 19 12 14 2226 36 30.69 103 13.90 483 217 3.3
*35 2002 9 26 10 32 10.00 37 24.60 110 31.80 3.0
36 2002 10 4 8 36 14.62 33 51.98 102 2.35 6.06 159 2.3
37 2002 10 4 9 23 26.63 33 55.95 102 5.61 529 160 2.5
38 2002 10 4 9 31 1315 33 53.90 102 5.19 875 193 2.1
39 2002 10 18 15 46 14.83 33 5527 102 4.74 455 160 2.4
40 2002 11 12 13 37  19.57 34 3752 105 12.15 411 217 2.0
41 2002 11 17 12 47 39.45 33 5444 101 57.97 509 159 2.5
42 2003 2 22 7 40 52.02 32 37.73 108 23.04 3.09 164 2.3
43 2003 5 22 22 24 52.77 34 47.10 106 2.12 1.73 126 2.0
44 2003 5 23 12 59 2276 34 46.67 106 0.51 1.80 83 2.2
45 2003 8 5 5 42 2411 35 15.21 104 33.95 296 107 2.6
46 2003 8 12 6 43 59.20 31 35.06 102 8.71 6.58 255 24
47 2003 9 5 20 21 428 35 11.07 107 25.02 310 295 2.4
48 2003 9 24 15 2 743 35 20.39 101 43.60 4.04 140 3.0
49 2003 10 20 0 15 54.08 35 32.85 103 28.47 712 205 2.7
*50 2003 10 28 23 20 13.00 35 16.80 101 44.40 24
51 2003 12 13 9 16 3.13 31 37.53 106 19.27 351 210 22
52 2003 12 21 16 1 39.69 33 37.54 109 32.55 342 133 2.6
53 2003 12 21 16 8 54.96 33 37.51 109 30.48 273 134 2.6
54 2003 12 21 16 12 56.66 33 38.08 109 31.89 293 133 2.5
55 2003 12 21 16 19 36.77 33 36.56 109 32.48 3.64 134 2.0
56 2003 12 21 19 32 5553 33 3727 109 32.19 294 133 2.2
57 2003 12 28 2 55 1.99 37 32.48 105 11.25 434 103 3.5
58 2003 12 28 3 57 217 37 34.56 105 12.14 5.03 83 3.0
59 2004 3 5 18 28 20.75 35 10.42 109 56.18 494 111 2.4
60 2004 3 12 8 37 2651 33 21.50 109 31.41 10.17 193 2.3
61 2004 4 15 1 16 48.47 32 43.75 109 1752 12.63 78 2.1
62 2004 11 14 21 27 50.35 33 16.83 106 5.26 243 130 3.2
63 2004 11 24 10 16 38.94 35 12.24 107 26.17 3.57 296 2.0
64 2004 12 13 9 43 730 35 12.06 107 24.70 330 295 2.2

plete down to magnitude 2.0. A surprising-
ly large fraction of the 64 earthquakes are
located in the Great Plains of west Texas
with a prominent concentration near Ama-
rillo. These events as well as others outside
the boundaries of New Mexico generally
have large epicenter errors, frequently on
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the order of 10 km. Similar to the results of
the 1962-1998 study (Sanford et al. 2002),
some epicenters in 1999-2004 extend in a
diffuse band northeastward from the SSA
to the New Mexico-Texas border, and like
the earlier study, the Rio Grande rift is not
defined by the earthquake activity.

NEW MEXICO GEOLOGY

Delaware Basin earthquake
sequence
The Delaware Basin earthquake sequence
is located on the western margin of the

Dagger Draw oil field 40 km northwest
of Carlsbad. Because of its location, this

November 2006, Volume 28, Number 4



earthquake sequence has been designat-
ed the Dagger Draw swarm. Magnitude
2.0 or greater earthquakes in the Dagger
Draw swarm began as early as 20 March
1998. (Weaker shocks occurred earlier, cer-
tainly by July 1997, and perhaps as early as
December 1996.) The latter earthquake and
three others in 1998 (Sanford et al. 2002)
are included in the Table 3 listing of Dag-
ger Draw swarm events to the end of 2004.
An analysis of the 94 Dagger Draw swarm
earthquakes in Table 3 indicates the data
are complete down to magnitude 2.0.

For most of the 6.75 yrs of Dagger Draw
swarm activity in Table 3, locations were
poorly constrained. Although the origi-
nal seven stations of the WIPP network
were located 50-120 km distance from the
Dagger Draw swarm, the azimuthal dis-
tribution of stations was poor. Even with
the addition of readings from the Socorro
network, gaps remained large. Locations
improved greatly in the summer of 2003
with the installation of station DAG locat-
ed 6-10 km west to southwest of the Dag-
ger Draw swarm events. Further improve-
ment occurred with the installation in
March 2004 of another close station (SRH)
at a distance of 12-22 km southeast of the
Dagger Draw swarm.

Despite the addition of stations DAG
and SRH, direct calculation by SEISMOS of
focal depths yielded very unrealistic val-
ues. Selection of reasonable fixed depths
between 1.0 and 10.0 km yielded epicen-
ters very near a tight cluster of disposal
wells (Fig. 3). As a result, we elected to use
the depth of injection at the disposal wells,
3.4 km, as the fixed focal depth for the
location of all Dagger Draw swarm events.
This choice appeared to produce epicen-
ters with the smallest errors.

The map of epicenters for the Dagger
Draw swarm (Fig. 3) is restricted to 15
events in Table 3 with epicenter errors of
3.0 km or less and gaps of 140° or less. All
but one of these 15 quakes occurred after
station DAG went into operation. Nine of
the epicenters define a rectangular area
3.4 km east-west and 2.4 km north-south.
From this 8-km? region, the other six epi-
centers extend northward for a distance of
~10 km.

An analysis of time differences between
station arrivals indicates the epicenter dis-
tribution in Figure 3 applies throughout
the 6.75 yrs of the Dagger Draw swarm, at
least for the strong quakes. The magnitude
3.9 earthquake on 14 March 1999 is one of
the 15 events in Figure 3 that is located in
the 8-km?2 area of highest activity. Time
differences between stations recording the
14 March 1999 earthquake were compared
with the same differences for strong earth-
quakes on 17 March 1999 (3.5), 30 May
1999 (3.9), 17 September 2002 (3.5), and 23
May 2004 (3.9). The comparison showed
that these four strong shocks also had epi-
centers within the area of highest activity
in Figure 3.
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Additional evidence supporting the epi-
center distribution in Figure 3 are clearly
defined S-P intervals observed on ~50 seis-
mograms of weak Dagger Draw swarm
quakes recorded at station DAG. The S-P
intervals yield distances of 6-10 km, dis-
tances that are in agreement with the dis-
tribution of epicenters in Figure 3.

The eastern margin of the most active
region in Figure 3 lies within a tight clus-
ter (radius ~500 m) of three disposal wells
located in sec. 4 T20S R24E and centered
at 32.599° N latitude and 104.590° W lon-
gitude. The volume of water disposed of
by injection in the three wells is very large.
At the end of April 2003, the monthly dis-
posal rate was 150,000 m3. The cumulative
disposal on the same date for the three
wells was ~11,500,000 m3. The cumulative
volume by the end of 2004 is estimated to
have been 14,500,000 m3, equivalent to a
cube of water ~245 m on a side.

The proximity of the earthquake epi-
centers to three wells that have injected
very large amounts of water at a depth
of ~3.4 km suggests that the earthquakes
are induced. The classic example of earth-
quakes produced by injection of fluid
occurred in the Denver area (Healy et al.
1968). From 8 March 1962 to 20 February
1966 ~550,000 m?3 of fluid was injected in
a well at the Rocky Mountain Arsenal, an
amount only ~3.8% of the estimated quan-
tity of fluid injected into the three Dagger
Draw oil field disposal wells by the end of
2004. Earthquakes in the Denver swarm
ranged up to magnitude 5.5, and epicen-
ters extended over a distance of ~10 km.

Healy et al. (1968) were able to establish
that the Denver swarm was triggered by
the fluid injection by using a careful analy-
sis of daily fluid pressure variations and
the temporal behavior of the earthquakes.
For the Dagger Draw swarm, short-term
comparisons between well-head pressures,
fluid injected, and earthquake numbers
and strengths have not been made for lack
of the necessary data. For this reason, an
absolutely conclusive connection between
the Dagger Draw swarm and the very
large volumes of injected water cannot be
established.

Raton Basin earthquake sequence

The Raton Basin earthquake sequence is
a tight cluster of shocks that straddles
the New Mexico—Colorado border from
approximately 36.75° to 37.25° N latitude
(Fig. 1). From the beginning of the Raton
Basin earthquake sequence on 28 August
2001 to 15 October 2001, the earthquakes
were located north of the 37.00° N latitude
border. On or shortly before 15 December
2001, epicenters for nearly all quakes shift-
ed south of the border. Table 4 lists earth-
quakes that occurred in the Raton Basin
earthquake sequence from 15 Decem-
ber 2001 to the end of 2004. Earthquake
activity that preceded 15 December 2001

NEW MEXICO GEOLOGY

is described in an excellent and detailed
U.S. Geological Survey investigation (Mer-
emonte et al. 2002).

The New Mexico Tech Raton Basin
earthquake sequence catalog (Table 4) lists
33 earthquakes, not a particularly impres-
sive number of events. However, an analy-
sis of number of earthquakes versus mag-
nitude for the 33 earthquakes indicates
many earthquakes below magnitude 3.0
were not detected because stations close to
the activity did not exist (Fig. 4 or Appen-
dix). An analysis of the 15 earthquakes
with magnitudes of 3.0 or greater indicates
that the number of earthquakes is increas-
ing by about a factor of 10 for each unit
decrease in magnitude. Extrapolation of
this rate of increase to shocks with magni-
tudes less than 3.0 shows the data would
be complete for earthquakes of magnitude
2.0 or greater if ~160 earthquakes had been
detected and located in the approximately
36-month period. By comparison, this is
two times the activity for any 36-month
interval in the SSA (Sanford et al. 2002). By
New Mexico standards, the Raton Basin
earthquake sequence after 15 December
2001 is a remarkable seismic event.

Many locations of Raton Basin earth-
quakes are poorly constrained because the
station nearest to the swarm events was
in Albuquerque (ANMO), ~260 km to the
southwest. A new U.S. Geological Survey
station was installed in June 2003, station
SDCO located ~110 km to the northwest
of the Raton Basin earthquake sequence.
When readings from this station were
available, epicenter error decreased sig-
nificantly.

The map of Raton Basin earthquake
sequence epicenters (Fig. 4) after 15 Decem-
ber 2001 is restricted to the 18 events in
Table 4 that have epicenter errors of 5 km or
less and gaps of 140° or less. Most of these
best-constrained locations are for earth-
quakes that occurred after station SDCO
went into operation. However, even with
readings from SDCO, distances from the
Raton Basin earthquakes to seismograph
stations ranged from approximately 100 to
600 km. Because of these very long paths,
deviations of crustal structure from the
6.15 km/sec half-space model in SEISMOS
can have a significant effect on epicenter
locations. Therefore, the calculated loca-
tions can differ from the true locations in
a manner dependent on the mix of stations
used. Despite the uncertainty in epicen-
ter locations, their distribution in Figure
4 indicates a very small geographic area
is generating an exceptionally large num-
ber of earthquakes. Proving conclusively
that this very unusual Raton Basin swarm
has a natural origin may be as difficult as
proving conclusively that its events are
induced.

The major observation suggesting Raton
Basin earthquake activity may be induced
is the large quantity of water removed
and disposed of by injection in the devel-
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in the Dagger Draw swarm, 1999-2004, with magnitudes of 2.0 or greater, epicenter errors of 3.0 km or
smaller, and gaps of 140° or smaller. The location of a tight cluster of three waste water disposal wells is

also shown.

TABLE 3—Dagger Draw swarm earthquakes with magnitudes of 2.0 or greater: 1998-2004. Asterisks indicate earthquakes with
epicenter errors less than or equal to 3.0 km and gaps less than or equal to 140°.

No. Year Month Day Hour Minute Seconds Lat N Minutes Long W Minutes 1std Gap Magnitude
(km) (degrees)
1 1998 3 20 1 42 1293 32 35.83 104 40.38 6.00 162 2.0
2 1998 6 16 5 52 19.68 32 35.10 104 37.76 448 158 2.0
3 1998 7 8 5 17 40.78 32 36.62 104 37.70 444 162 2.7
4 1998 7 27 12 47 2325 32 35.66 104 41.49 265 273 2.0
5 1999 3 1 8 0 2354 32 3437 104 39.12 318 155 2.7
6 1999 3 14 1 10 15.73 32 41.06 104 37.39 417 143 2.2
*7 1999 3 14 22 43 18.09 32 34.84 104 36.94 2.58 84 3.9
8 1999 3 15 8 17 29.73 32 34.07 104 40.97 374 158 2.3
9 1999 3 17 12 29 2317 32 34.52 104 39.90 3.40 156 3.5
10 1999 3 23 17 0 1028 32 33.99 104 37.88 521 163 2.6
11 1999 4 20 4 39 699 32 34.41 104 37.97 396 153 2.1
12 1999 5 30 19 4 2636 32 34.72 104 39.24 339 102 3.9
13 1999 5 30 20 47 4218 32 35.65 104 41.26 428 156 2.7
14 1999 6 1 21 42 2444 32 39.76 104 35.06 393 153 2.0
15 1999 6 7 22 28  46.78 32 35.00 104 41.57 462 170 2.3
16 1999 8 9 6 51 2251 32 34.98 104 39.49 398 165 29
17 1999 8 9 19 28  42.59 32 32.02 104 43.47 425 178 2.0
18 1999 8 24 11 43 127 32 32.86 104 40.01 480 171 22
19 1999 9 6 16 39 2411 32 33.54 104 39.73 490 169 2.7
20 1999 11 25 18 4 002 32 40.73 104 36.71 538 155 22
21 2000 2 2 7 14 19.30 32 3349 104 42.45 450 174 2.5
22 2000 6 18 15 28  49.10 32 35.17 104 39.69 3.04 155 2.1
23 2000 12 1 4 9 42.06 32 33.66 104 43.74 412 102 2.1
24 2000 12 15 18 50 14.54 32 3138 104 39.45 500 270 2.1
25 2001 3 19 16 18 36.62 32 4148 104 39.10 356 145 2.4
26 2001 7 28 11 35 2882 32 3426 104 41.32 395 165 2.6
27 2002 1 9 10 23 197 32 3526 104 38.32 5.08 159 2.0
28 2002 1 19 8 13 49.67 32 35.15 104 3216 2159 252 2.1
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TABLE 3—continued

No. Year Month Day Hour Minute Seconds Lat N Minutes Long W Minutes 1std Gap Magnitude
(km) (degrees)
29 2002 2 9 1 35 1.83 32 32.69 104 40.91 343 160 2.1
30 2002 2 11 5 20 3394 32 33.41 104 39.03 6.13 106 21
31 2002 6 13 9 15 738 32 36.70 104 41.28 6.81 118 2.0
32 2002 8 12 23 28  30.67 32 3514 104 39.86 449 162 2.8
33 2002 8 12 23 36 29.80 32 32.48 104 41.59 930 314 2.1
34 2002 8 14 23 17 33.01 32 3434 104 38.36 3.66 160 2.9
35 2002 8 19 18 51 52.87 32 34.75 104 40.36 530 163 2.1
36 2002 8 22 20 19  0.90 32 34.40 104 40.04 3.75 148 2.2
37 2002 8 23 10 21 17.75 32 33.55 104 40.77 480 165 2.2
38 2002 8 30 7 7 5555 32 40.09 104 36.59 499 156 2.1
39 2002 9 17 15 45 1492 32 35.46 104 38.91 371 143 3.5
40 2002 9 17 23 34 19.32 32 34.87 104 38.81 459 160 3.2
41 2002 9 22 22 58 10.20 32 40.85 104 41.13 598 111 2.1
42 2002 9 25 5 15 554 32 38.22 104 3860 1058 153 2.0
43 2002 10 28 2 15  38.61 32 36.03 104 39.43 296 160 2.0
44 2002 10 28 14 4 31.28 32 33.87 104 38.97 331 162 2.6
45 2002 10 28 16 55 4224 32 33.85 104 38.06 422 161 2.1
46 2003 1 19 15 31 3276 32 35.75 104 39.48  11.02 160 22
47 2003 1 20 16 34 2335 32 34.25 104 39.77 400 163 2.2
48 2003 1 20 18 47 39.79 32 34.78 104 38.46 358 153 2.5
49 2003 2 11 13 13 59.69 32 4156 104 39.92 373 154 2.2
50 2003 2 13 0 28  19.95 32 41.68 104 38.20 501 156 2.3
51 2003 2 14 7 25 39.50 32 41.53 104 38.03 474 111 2.1
52 2003 2 20 17 24 26.97 32 43.39 104 43.49 6.24 277 24
53 2003 2 20 17 27 4233 32 42.19 104 36.94 423 149 2.2
54 2003 2 23 0 14 11.02 32 42.24 104 45.20 6.16 280 2.0
55 2003 2 24 19 47 1540 32 43.37 104 49.74  34.09 286 2.0
56 2003 2 27 13 10 040 32 41.00 104 39.15 6.47 159 2.0
57 2003 3 19 8 35 1236 32 39.06 104 36.44 322 151 3.0
58 2003 3 28 17 58 2749 32 35.08 104 41.76 538 170 21
59 2003 4 15 21 48 5424 32 33.24 104 38.32 7.05 309 2.0
60 2003 5 8 13 0 3211 32 4096 104 39.88 430 158 2.7
61 2003 5 18 2 34 3378 32 3420 104 39.09 421 162 2.1
62 2003 6 13 18 37 18.14 32 41.65 104 39.92 444 159 2.0
63 2003 6 17 12 27 3794 32 35.68 104 51.81 6.53 289 2.0
64 2003 6 21 2 3 9.00 32 4232 104 37.86 2.84 150 3.3
65 2003 6 21 3 24 39.81 32 41.09 104 38.87 457 158 2.3
*66 2003 9 15 1 27 6.23 32 35.15 104 36.77 222 124 2.9
67 2003 10 19 3 41 216 32 4221 104 37.85 313 112 2.3
68 2003 11 13 19 59 17.23 32 4147 104 36.79 255 154 2.1
69 2003 11 19 7 11 1544 32 32.12 104 38.22 289 164 2.2
70 2003 12 23 12 40 35.26 32 41.33 104 35.75 276 201 2.1
*71 2004 1 5 22 20 43.80 32 40.53 104 37.24 1.86 106 2.1
*72 2004 1 30 7 50 27.03 32 37.96 104 36.74 1.82 103 21
73 2004 2 12 15 12 38.33 32 31.29 104 41.34 525 171 2.1
*74 2004 2 19 11 27 26.74 32 3723 104 35.90 247 104 2.3
75 2004 2 24 20 57 21.20 32 33.98 104 37.55 346 146 2.4
*76 2004 3 3 23 14 20.99 32 39.96 104 37.75 242 106 2.6
*77 2004 3 14 15 6 37.06 32 34.93 104 37.96 212 132 2.4
78 2004 3 21 23 12 47.05 32 34.45 104 38.39 3.06 144 21
*79 2004 3 29 3 35 17.65 32 35.62 104 37.68 254 117 2.1
80 2004 4 20 17 41 57.70 32 31.28 104 40.94 331 163 22
*81 2004 4 24 22 40 2720 32 40.90 104 38.23 1.56 99 2.0
*82 2004 5 23 9 22 483 32 35.96 104 35.76 1.80 111 3.9
*83 2004 5 23 12 9 49.10 32 35.15 104 36.26 230 122 2.0
*84 2004 5 29 2 46 157 32 38.71 104 36.11 2.85 106 2.1
*85 2004 6 22 8 55 262 32 34.70 104 36.08 262 136 3.0
86 2004 6 22 9 14 3.63 32 35.05 104 35.90 255 162 21
*87 2004 7 2 19 41 3445 32 35.70 104 37.16 268 136 25
88 2004 7 18 19 19 38.65 32 32.70 104 39.68 215 158 2.2
89 2004 7 19 0 42 45.65 32 40.75 104 36.72 3.53 251 2.0
90 2004 7 19 9 51  6.90 32 32.34 104 38.17 223 156 2.0
91 2004 8 26 18 45  17.26 32 33.78 104 38.67 217 155 2.7
*92 2004 10 28 2 59 373 32 35.29 104 36.02 238 120 3.0
93 2004 11 1 16 24 2214 32 32.01 104 38.35 237 169 2.0
94 2004 12 20 20 42 5243 32 31.41 104 37.44 220 169 2.0

opment of coalbed methane in the Raton
Basin of New Mexico (Hoffman and Brister
2003). Water is removed from producing
zones at depths of ~300 m to ~900 m and
injected into disposal wells at depths of
~1,800 m to 2,100 m . The cumulative vol-
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ume of water removed and then injected
from the beginning of coalbed methane
development in October 1999 to 1 January
2005 was 6,072,125 m3, equivalent to a lake
with a depth of 2 m and a diameter of 2 km.
By comparison, this amount is 11 times the
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fluid injected during the induced Denver
earthquake swarm from 1962 through 1967
(Healy et al. 1968).

The observation that suggests the Raton
Basin earthquake sequence is the result of
injection of large volumes of water is the
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FIGURE 4—Epicenters of 18 earthquakes in the Raton Basin swarm, 2001-2004 with magni-
tudes of 2.0 or greater, epicenter errors of 5.0 km or smaller, and gaps of 140° or smaller. The
locations of five waste water disposal wells and the outline of the coalbed methane fields are

also shown.

proximity of earthquake epicenters to dis-
posal wells. The average epicenter errors
for the 18 earthquakes in Figure 4 are 4.1
km (1 s.d.) and 8.2 km (2 s.d.). Consider-
ing these errors, the earthquakes could
have occurred at or near the five disposal
wells. Earthquakes can be generated if the
disposal of water increases pore pressure,
which then reduces the frictional resistance
to faulting because the effective normal
stress across the fault plane is decreased
(Healy et al. 1968). The authors do not
have critical information, for example, on
injection pressures at disposal wells that
would indicate conclusively that disposal
of large volumes of water is generating the
earthquakes within the coalbed methane
fields.

The diffuse distribution of epicenters
in Figure 4 might suggest two additional
mechanisms for inducing earthquakes
in the coalbed methane fields: (1) sud-
den subsidence of overburden because of
removal of water and (2) hydro-fracturing
to increase production of methane. Rapid
ground subsidence over areas of gas and
petroleum production has been observed
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(Fielding et al. 1998) and can induce
earthquakes (Richter 1958; Kanamori and
Hauksson 1992). The authors do not know
whether subsidence is actually occurring
in the coalbed methane producing areas
of the Raton Basin, but Synthetic Aperture
Radar might be able to answer the ques-
tion (Fielding et al. 1998). Hydro-fractur-
ing is being used in the coalbed methane
fields of the Raton Basin to enhance the
production of methane (EPA 2004), and
it can induce earthquakes (Kanamori and
Hauksson 1992; Fehler et al. 2001).

Preliminary studies indicate that the
Raton Basin earthquake sequence in New
Mexico continued through 2005 at the same
intensity as observed from 2002 through
2004 and with the same general epicenter
distribution as shown in Figure 4. About
12 earthquakes of magnitude 2.0 or greater
occurred, one of these was magnitude 4.5,
probably the strongest of the Raton Basin
swarm.

Summary and conclusions

The number of magnitude 3.0 or greater

NEW MEXICO GEOLOGY

earthquakes for the 6-yr 19992004 period
is fairly impressive: 15 for the Raton Basin
swarm, 10 for the Dagger Draw swarm,
and nine for the remainder of New Mex-
ico. This level of activity for a 6-yr period
is comparable to other active 6-yr periods,
for example, 1965-1970, 1971-1976, and
1990-1995 (Sanford et al. 2002). However,
what makes the 1999-2004 period differ-
ent from the earlier periods is that 75% of
the magnitude 3.0 or greater earthquakes
were generated in two very small regions
located close to where very large amounts
of water are being produced and disposed
of by injection, a necessary procedure
accompanying the production of gas and
oil. Comparable periods of intense activ-
ity over several years from small areas did
not occur anytime during the period 1962
through 1998. The 6-yr 1999-2004 interval
is a truly unique period in the region’s
earthquake history.

Another characteristic of earthquake
activity from 1999 through 2004 is a con-
tinuation of abnormally low activity in the
Socorro Seismic Anomaly that commenced
in 1993. Important characteristics of seis-
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TABLE 4—Raton Basin swarm earthquakes with magnitudes of 2.0 or greater: 2001-2004. Asterisks indicate earthquakes with
epicenter errors less than or equal to 5.0 km and gaps less than or equal to 140°.

No. Year Month Day Hour Minute Seconds Lat N Minutes Long W Minutes 1std Gap Magnitude
(km) (degrees)
1 2001 12 15 7 58 30.63 36 5797 105 398 11.81 304 3.0
22002 1 26 1 6 462 36 49.37 104 48.13 8.69 297 3.0
3 2002 2 7 5 19  54.30 37 1.37 104 5443 1336 313 2.4
4 2002 3 20 14 33 787 36 50.25 104 5316  11.80 313 2.3
5 2002 3 20 23 16  55.37 36 46.88 104 53.47 8.23 309 2.0
6 2002 6 18 9 12 37.20 36 55.91 104 50.03 5.61 92 3.0
*7 2002 11 14 3 44 3997 36 53.71 104 50.14 4.68 133 2.6
8 2002 11 14 4 56 52.73 36 5496 104 48.51 543 129 3.0
*9 2002 12 9 17 30 41.35 36 55.02 104 51.42 386 134 2.0
*10 2002 12 31 19 2 30.03 36 59.69 104 51.86 484 131 3.6
*11 2002 12 31 19 34 4525 36 56.99 104 50.30 4.73 78 2.2
12 2003 4 28 7 32 2578 36 55.16 105 2.40 893 218 3.3
*13 2003 6 3 18 9 28.05 36 57.52 104 47.11 394 106 3.0
*14 2003 6 15 0 22 18.70 36 54.43 104 49.27 421 120 3.3
*15 2003 6 20 3 10 20.89 36 52.81 104 50.62 328 111 2.4
*16 2003 8 14 0 11 9.28 36 53.24 104 49.67 4.03 91 2.7
17 2003 9 8 11 2 5032 37 19.93 104 44.77 702 178 2.7
*18 2003 9 13 15 22 41.63 36 48.79 104 59.57 4.44 75 3.6
19 2003 9 19 18 14 2515 36 59.55 104 53.70 691 211 2.5
20 2003 9 19 18 18  34.60 36 54.07 104 46.48 6.17 210 2.4
21 2003 10 25 12 55 57.77 37 2.08 104 46.67 6.39 99 3.1
*22 2003 11 5 20 17 39.55 36 53.81 104 49.55 491 133 2.1
23 2003 11 24 7 5 5917 36 56.86 104 55.27 6.06 136 3.2
24 2003 12 12 17 24 1285 36 4936 105 186 1224 313 2.3
*25 2004 1 10 4 7 11.29 36 50.98 104 51.90 396 115 2.1
26 2004 1 14 1 14 15.07 36 56.65 104 47.17 5.09 91 3.1
*27 2004 2 3 14 34 2280 36 53.53 104 50.57 4.34 78 2.7
*28 2004 3 22 12 9 56.38 36 50.35 105 1.54 3.16 81 3.6
*29 2004 3 30 1 2 5530 36 54.66 104 52.43 3.74 77 2.8
*30 2004 3 30 2 23 37.85 36 54.41 104 50.02 3.79 78 2.7
*31 2004 3 30 2 41 579 36 54.24 104 51.01 3.71 78 29
*32 2004 5 31 3 27 43.38 36 5437 104 48.73 3.16 78 3.1
*33 2004 8 1 6 50  46.79 36 51.50 105 1.75 419 101 3.8

mic activity exclusive of the Socorro Seis-
mic Anomaly, the Raton Basin swarm, and
the Daggar Draw swarm are: (1) an unusu-
ally large percentage of quake epicenters
in the Great Plains of west Texas, (2) a dif-
fuse band of earthquakes extending from
the SSA to the New Mexico-Texas border,
and (3) the near absence of earthquakes in
the Rio Grande rift except for the Socorro
Seismic Anomaly.
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Appendix

Notes to page 99

1Data are not currently available online but will
be available online in the future.

2The model has four layers: the first a thickness
of 10 km, a P-wave velocity of 5.95 km/sec, and
a Poisson’s ratio of 0.256; the second has a thick-
ness of 8.75 km, a P-wave velocity of 5.80 km/
sec, and a Poisson’s ratio of 0.228; the third has a
thickness of 14.75 km, a P-wave velocity of 6.50
km/sec, and a Poisson’s ratio of 0.250; and the
fourth has an infinite thickness with a P-wave
velocity of 8.10 km/sec, and a Poisson’s ratio of
0.250.

Location of seismograph stations used for the study of earthquakes in New Mexico and bordering areas for the period
1999-2004. Code names for the stations in tight clusters near Socorro and in southeastern New Mexico are also shown in

Figures 2 and 3.
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Code names and coordinates of seismograph stations used to locate earthquakes in New Mexico and bor-
dering areas during the 1999 through 2004 period. The organizations operating the stations and network
designations are also listed.

Station  Latitude Longitude Elevation Network Network
code code
ANMO 34.9502 -106.4602 1743.0 Global Seismic Network - IRIS/USGS U
TUC 32.3097 -110.7842 906.0 Global Seismic Network - IRIS/USGS U
BAR 34.1502 -106.6278 2121.0 New Mexico Tech Seismic Network - Socorro  SC
BMT 34.2750 -107.2602 1972.0 New Mexico Tech Seismic Network - Socorro ~ SC
CAR 33.9525 -106.7345 1662.0 New Mexico Tech Seismic Network - Socorro ~ SC
LAZ 34.4020 -107.1393 1853.0 New Mexico Tech Seismic Network - Socorro ~ SC
LEM 34.1655 -106.9742 1698.0 New Mexico Tech Seismic Network - Socorro ~ SC
LPM 34.3117 -106.6318 1737.0 New Mexico Tech Seismic Network - Socorro  SC
MLM 34.8142 -107.1450 2088.0 New Mexico Tech Seismic Network - Socorro  SC
SB (SBY)  33.9752 -107.1807 3230.0 New Mexico Tech Seismic Network - Socorro ~ SC
SMC 33.7787 -107.0193 1560.0 New Mexico Tech Seismic Network - Socorro  SC
WTX 34.0722 -106.9458 1555.0 New Mexico Tech Seismic Network - Socorro  SC
CBET 32.4205 -103.9900 1042.0 New Mexico Tech Seismic Network - WIPP SC
CL2B 32.2642 -103.8787 1045.0 New Mexico Tech Seismic Network - WIPP SC
CL7 32.4132 -103.8075 1033.0 New Mexico Tech Seismic Network - WIPP SC
CPRX 33.0308 -103.8667 1356.0 New Mexico Tech Seismic Network - WIPP SC
DAG 32.5913 -104.6918 1277.0 New Mexico Tech Seismic Network - WIPP SC
GDL2 32.2003 -104.3635 1213.0 New Mexico Tech Seismic Network - WIPP SC
HTMS 32.4725 -103.6342 1192.0 New Mexico Tech Seismic Network - WIPP SC
SRH 32.4918 -104.5153 1270.0 New Mexico Tech Seismic Network - WIPP SC
SSS 32.3547 -103.3968 1073.0 New Mexico Tech Seismic Network - WIPP SC
CBKS 38.8140 -99.7374 677.0 USGS Seismic Network Us
ISCO 39.7997 -105.6134 2743.0 USGS Seismic Network Us
LTX 29.3339 -103.6669 1013.0 USGS Seismic Network Us
SDCO 37.7456 -105.5012 2569.0 USGS Seismic Network Us
WMOK 34.7379 -98.7810 486.0 USGS Seismic Network Uus
WUAZ 35.5169 -111.3739 1592.0 USGS Seismic Network US
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