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FAULT PLANE SOLUTIONS AND RELOCATIONS OF RECENT 
EARTHQUAKES IN MIDDLETON PLACE SUMMERVILLE 
SEISMIC ZONE NEAR CHARLESTON, SOUTH CAROLINA 

BY SRIRAM MADABHUSHI AND PRADEEP TALWANI 

ABSTRACT 

The Middleton Place Summerville Seismic Zone (MPSSZ), located about 20 
km northwest of Charleston is the most active seismic zone in South Carolina. 
Between 1980 and 1991, 58 events with M e 0.8 to 3.3 were recorded in 
MPSSZ. They lie in a diffuse area of 11 km by 14 km of which over two-thirds 
are located in a narrow 5 km by 6-km zone. The hypocentral depths range from 
2 to 11 km with over 90% deeper than 4 km. 

Single fault plane solutions were obtained for 35 events. Based on the focal 
mechanisms the earthquakes were grouped into five subsets. The mean P-axis 
of all fault plane solutions is oriented N63°E, in general agreement with the 
direction of SHmax obtained from in situ stress measurements. 

Of the 35 events, 18 are associated with reverse faulting on N W -  SE striking 
and SW dipping fault planes. These events were inferred to be associated with 
the Ashley River fault zone, which is not a planar feature, but is composed of 
short segments of varying strikes (N20°W to N70°W) and dips (40 ° to 70°SW). 
Eleven events were associated with strike-slip motion on NNE-SSW striking 
vertical faults and with thrust faulting on N - S  oriented faults dipping to the 
west, respectively. These two sets are identified as being parts of the Wood- 
stock fault zone. 

The concentrated zone of seismicity included events associated with both 
the ARF and WF zones suggesting that it is at the intersection of these two 
fault zones. 

INTRODUCTION 

In a search for the structural  control of the seismicity near  Charleston, South 
Carolina, geophysical and geological data  were acquired from the late 1970s to 
early 1980s (Rankin, 1977; Gohn, 1983). These complemented the seismicity 
data acquired from a local network since 1974. Reviews of studies (Talwani, 
1985) and hypotheses (Dewey, 1985 and White and Long, 1989) put  forward to 
explain the seismicity near  Charleston, point to a lack of a consensus in our 
understanding of the cause and nature  of seismicity. 

In the eastern U.S., where surficial evidence for seismogenic faults is sparse, 
the nature  of such features has to be determined indirectly. One method 
applicable in the Charleston region is to determine the hypocenters of mi- 
croearthquakes and to obtain their fault plane solutions. In this paper we report 
on the analyses of instrumental ly recorded seismicity in the Charleston area 
between 1980 and 1991. 

SEISMOLOGICAL BACKGROUND 

The nature  of instrumental ly recorded seismicity near  Charleston was the 
subject of papers by Tarr (1977); Tarr et al., (1981); Talwani (1982); Tarr and 
Rhea (1983); Talwani (1986); Rhea (1987) and Shedlock (1987, 1988). The 
results of these studies were summarized in Bollinger et al., (1991). An early 
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result  of these studies was the identification of a clustered pat tern of seismicity 
in the South Carolina Coastal Plain (Tarr et al., 1981). These studies identified 
three distinct zones of seismicity--(1) the Middleton Place Summerville Seismic 
Zone (MPSSZ), (2) the Adams Run Seismic Zone (ARSZ), located about 30 km 
southwest  of MPSSZ, and (3) the Bowman Seismic Zone (BSZ) located about 60 
km northwest  of MPSSZ. Located about 20 km northwest  of Charleston and 
coincident with the meizoseismal area of the 1886 Charleston earthquake,  the 
MPSSZ is the most active seismic zone in South Carolina (Fig. la). 

Talwani (1982), using a 2D seven-layer velocity model relocated the instru- 
mentally recorded ear thquakes  in the MPSSZ. He identified two faults from the 
alignment of relocated hypocenters. A shallow, northwest- trending fault, de- 
fined by hypocenters 4 to 8 km deep striking parallel to the Ashley River, was 
labeled Ashley River fault (ARF). It overlies the deeper north-northeasterly 
trending Woodstock fault  (WF) defined by planar  distribution of hypocenters of 
focal depths between 9 and 13 km. Conversely, Rhea (1987) using a velocity 
gradient model, did not observe any planar  alignment and interpreted the 
MPSSZ as a nor th -sou th  trending diffuse zone of hypocenters about 28 km long 
and 14 km wide. Hypocentral  depths calculated by Rhea were between about 2 
and 10 km. 

Composite focal mechanism solutions of the events supporting the northwest  
striking ARF by Tarr et al., (1981) and Talwani (1982) and a single event focal 
mechanism for the magnitude 3.8 event on 22 November 1974 (Tarr, 1977) 
indicated that  the seismicity was occurring on a steep southwesterly dipping 
fault  by reverse faulting, with the southwest  side upthrown. Composite fault 
plane solutions (CFPS) of other events suggested that  the WF was associated 
with right lateral strike slip motion (Talwani, 1982). A common feature of the 
focal mechanism solutions was that  the P-axes are subhorizontal and oriented 
ENE-WSW,  consistent with other stress est imates in the region (e.g., Zoback 
et al., 1987). 

Shedlock (1987, 1988) relocated all the instrumental ly recorded ear thquakes  
between 1974 and 1986 in the South Carolina Coastal Plain. The events were 
located using a 3D velocity model (Shedlock and Roecker, 1987) and both P- and 
S-wave phase data. Of the 74 events that  Shedlock relocated, over 50 (~  68%) 
were located in the MPSSZ. These events defined a broad nor th-south  zone 
about  22 km long and 12 km wide, with hypocentral depths between near  
surface to about 12 km, systematically deeper in the western par t  and shallower 
in the the eastern par t  of the MPSSZ. Shedlock obtained single event fault 
plane solutions (SFPS) for many of the located events. The number  of stations 
used to obtain focal mechanisms varied grea t ly- - f rom as few as four up to 17 in 
some cases. In the 1988 study, Shedlock obtained 20 single event fault plane 
solutions which described thrust ,  strike-slip, and normal faulting on planes 
showing no preferred orientation or dip. Based on their low magnitudes,  spatial 
distribution, variety in the style of faulting, and orientation and dip of fault 
planes, Shedlock concluded that  the seismicity was similar to the aftershock 
regions of other intraplate ear thquakes  and represented readjus tment  of the 
stress field over the affected volume. The inferred orientation of the maximum 
horizontal stress was NE-SW,  consistent with earlier results. 

THIS STUDY 

In an effort to determine the tectonic association of the seismicity recorded in 
the MPSSZ, we examined 58 events occurring between September,  1980 and 
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November, 1991, in an area of about 300 km 2 lying between 32°52 ' to 33°03'N 
and 80°05 ' to 80°16'W. The well-recorded data  in this period were chosen to 
complement the earlier s tudy (Talwani, 1982)~ incorporating the events that  
occurred between 1974 and 1980. For locating the ear thquakes we used pub- 
lished P-arrival t imes for events between 1980 and 1986 (Shedlock, 1987). By 
carefully going through the seismograms and the polarity information that  were 
available at the United States Geological Survey facilities in Denver, all the 
first arrivals for each event were independently checked (by P.T.). This resulted 
in a few changes for the data between 1980 and 1986. For the ear thquakes 
recorded after 1986, we have phase data available at the Universi ty of South 
Carolina on analog tape play backs. In all cases unambiguous picks were used. 
Using these data, events were relocated using the P-wave velocity model by 
Stihler (1985), (Table 1). We used P-wave polarities almost exclusively because 
the Vp/V~ ration varies greatly with depth (Rhea, 1989) and the S-wave velocity 
model is not as well determined as Stihler's (1985) P-wave velocity model. Also 
reliable S-wave data were not available for most events and in order to obtain a 
homogenous data  set, only P-wave arrivals were used. 

Most of the epicenters lie in a 11 km by 14 km area between Middleton Place 
(MP) and Summerville (Fig. la)  with an apparent  concentration to the north- 
west  of MP (Figure lb) with no obvious spatial pat tern  of seismicity. The 
epicenters shown in Figure l a  include locations of all qualities. Of the 58 events 
located using HYPO71 ((Table 2), Lee and Lahr, 1975) 12, 29, 15, and 2, 
respectively, were of A, B, C, and D qualities. 

The uniqueness and the stability of the solutions were tested in a manner  
similar to that  described by Johnston et al. (1985). The solutions were found to 
be unique and stable and the depths are considered to be reliable. The locations 
obtained in this s tudy were compared w i t h  those by Shedlock, (1987) for the 
events up to 1986 and with those in SEUSSN reports after 1986. For the 
relocated events, there were small 'changes (<  500 m) in the epicentral loca- 
tions, and the focal depths obtained vary on an average by ± 1 km. Figure lc 
shows cross sectional locations of the events along N - S  and W - E  lines (AA' and 
BB'). The events are located between depths of 1.9 km and 10.5 km but  do not 
delineate any obvious fault planes. The spatial distribution is discussed later. 

TABLE 1 

VELOCITY MODEL USED IN THE RELOCATION 
OF MPSSZ EARTHQUAKES 

Depth to the Top Velocity 
of the Layer 

(kin) ( km / sec ) 

00.00 2.20 
00.75 5.50 
01.50 5.6O 
03.00 5.75 
07.00 5.90 
10.00 6.45 
20.00 6.70 
32.60 8.12 

(Stihler, 1985) 
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FIG. la.  Epicenters of ear thquakes  recorded in MPSSZ between 1980 and 1991. Circles with 
vertical crosses and  aster isks represent  events  in sets I and II, respectively; c rosses- -o ther  events;  
d iamonds--se ismic  stations, lb.  Epicenters  in the  cluster  X according to the i r  magni tudes  (smallest  
< 1.0 and  the  largest  symbol > 3,0) and  focal depths  (square < 3 km; t r iangle  3 to 5 km; octagon 5 
to 7 km; vertical cross > 7 km). lc. Distr ibut ion of seismicity along N - S  (top) and W - E  (bottom) 
cross sections. 
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FIG. 1. (Continued) 
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FAULT PLANE SOLUTIONS 

C o m p u t e r  p r o g r a m s  F P F I T  a n d  F P P L O T  ( R e a s e n b e r g  and  O p p e n h e i m e r ,  
1985) were  used  to compu te  and  plot  the  FPS.  The  locat ions l i s ted in Tab le  2 
were  re loca ted  u s ing  the  H Y P O I N V E R S E  (Klein,  1989) and  the  ou tpu t  was  
i npu t  into F P F I T  which  com pu t e s  the  solut ions  b a s e d  on the  po la r i ty  da ta .  The  
n u m b e r  of  well  r ecorded  f i r s t  mo t ion  polar i t i es  for t hese  e a r t h q u a k e s  va r i ed  
f rom as few as  four  to as h igh  as 15. The  p r o g r a m  F P F I T  o u t p u t  gives a field of  
P-  a n d  T-axes.  For  we l l - cons t ra ined  solut ions  the  field is n a r r o w  (10 ° by  10 ° on 
the  s te reo  net)  w h e r e a s  for u n c o n s t r a i n e d  solut ions,  i t  can  v a r y  g r ea t l y  (up to 
30 ° by  90°). The  P-  and  T-axes  c lus te r s  a re  shown  for only the  C F P S  in the  
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T A B L E  2 

HYPO71  SUMMARY OF THE EARTHQUAKES RELOCATED (WITH CORRESPONDING SET NUMBERS) 

Da t e  
E v e n t  y / m / d  Or ig in  L a t  N L ong  W Dep M a g  No Gap  DM RMS E R H  ERZ QM Se t  

01 800901 0544 41.66 32-59.04 80-10.55 7.51 2.86 10 94 7.0 0.09 0.6 0.6 B1 - 
02 810319 0433 54.85 32-57.75 80-10.68 7.42 2.25 11 75 6.6 0.06 0.3 0.4 A1 II 
03 810326 0912 50.46 32-58.49 80-13.63 9.22 1.44 04 166 2.1 0.01 C1 - 
04 810608 0510 45.14 32-55.51 80-08.56 5.00 1.18 03 189 3.0 0.03 C1 - 
05 820115 0754 05.13 32-52.78 80-05.42 5.00 1.72 03 209 17.0 0.02 C1 - 
06 820201 0725 14.82 32-58.44 80-15.42 5.00 1.93 03 211 17.2 0.95 D1 - 
07 820301 0333 13.15 32-55.65 80-07.44 1.90 2.82 04 122 17.4 0.02 C1 - 
08 830322 1200 03.27 32-55.67 80-10.74 7.87 2.10 07 125 7.9 0.11 B1 - 
09 830626 0744 40.44 32-55.98 80-08.70 5.68 2.00 10 108 3.9 0.06 B1 - 
10 831106 0902 19.83 32-56.11 80-09.99 6.56 3.29 12 71 4.8 0.08 0.4 0.5 A1 II 
11 831106 0904 14.97 32-56.26 80-10.46 5.69 2.11 06 79 5.4 0.07 0.7 1.9 A1 - 
12 831107 0929 37.00 32-56.31 80-10.21 7.47 1.60 05 152 5.3 0.02 0.3 0.4 C1 - 
13 840902 2246 43.58 32-55.93 80-12.20 5.94 0.82 06 112 5.8 0.05 0.5 1.1 B1 - 
14 850519 2329 13.65 33-00.75 80-09.06 6.00 1.64 12 77 8.8 0.10 0.4 0.8 B1 II 
15 860309 2349 15.30 32-58.64 80-09.82 3.99 2.25 10 78 8.0 0.10 0.5 1.0 B 1  I 
16 860508 1545 46.31 33-00.74 80-10.60 3.93 1.44 06 102 8.3 0.02 0.2 0.9 B1 
17 860613 1348 21.92 33-00.45 80-10.53 5.93 1.02 06 222 8.1 0.06 1.6 3.2 C1 - 
18 860817 2036 32.73 32-57.05 80-09.00 5.67 1.69 06 113 5.9 0.05 1.1 2.4 B1 - 
19 860917 0933 49.48 32-56.01 80-08.83 5.70 2.75 09 154 5.3 0.08 0.5 0.6 B1 I 
20 871006 1742 23.48 32-56.45 80-08.73 4.91 1.93 10 82 4.8 0.06 0.3 0.6 A1 I 
21 880123 0157 16.30 32-56.05 80-08.88 5.97 3.29 16 82 4.1 0.04 0.2 0.2 A1 I 
22 880430 1937 39.94 33-01.11 80-08.70 5.84 1.72 07 134 8.6 0.05 0.5 1.5 B1 I 
23 880530 2311 34.99 32-54.90 80-12.58 10.47 1.32 06 98 1.7 0.02 0.3 0.4 B1 I 
24 880623 1205 07.85 32-58.74 80-13.10 10.35 2.00 09 83 3.0 0.06 0.4 0.7 A1 I 
25 881027 0347 05.47 32-56.86 80-08.01 8.17 1.18 05 139 5.6 0.04 0.9 2.0 C1 - 
26 881130 1358 55.75 32-59.21 80-12.62 9.41 1.64 07 180 4.1 0.07 0:9 0.8 C1 - 
27 881213 0301 01.27 32-56.68 80-08.24 5.23 2.41 12 172 6.7 0.07 0.5 0.5 B1 I 
28 890102 1635 16.29 32-56.30 80-08.41 5.07 2.72 12 84 4.5 0.07 0.3 0.6 A1 - 
29 890422 0929 39.49 32-56.19 80-09.48 4.44 0.82 05 128 4.6 0.01 0.2 0.4 C1 - 
30 890602 0504 33.78 32-55.75 80-09.46 6.89 2.03 14 80 3.8 0.04 0.2 0.2 A1 I 
31 890606 1606 21.52 32-54.37 80-11.75 7.06 1.02 04 224 0.2 0.16 C1 - 
32 890608 0852 17.35 32-55.81 80-09.31 6.71 1.64 15 81 3.8 0.04 0.2 0.2 A1 II 
33 891020 0555 50.90 32-57.25 80-08.56 5.00 0.82 03 206 6.2 0.03 C1 - 
34 891102 0758 04.84 32-56.46 80-11.05 5.00 1.02 05 132 3.8 0.12 2.6 4.4 D1 - 
35 900107 1613 16.38 32-58.00 80-11.59 9.74 2.05 09 77 5.1 0.05 0.3 0.3 A1 I 
36 900207 0741 39.95 32-54.55 80-09.86 8.10 2.77 12 91 2.5 0.07 0.4 0.4 B1 II 
37 900218 1209 39.51 32-57.38 80-09.51 5.86 2.05 09 92 6.4 0 . t l  0.8 1.2 B1 I 
38 900511 1823 34.28 32-56.50 80-10.62 5.00 2.45 10 77 4.1 0.22 1.3 2.1 B1 - 
39 900602 0257 41.38 32-56.16 80-08.56 5.01 2.48 06 122 4.2 0.06 2.2 4.9 B1 II 
40 900602 1739 15.99 32-53.97 80-10.64 5.00 1.56 04 197 3.4 0.08 C1 - 
41 900618 1003 33.30 32-56.94 80-09.13 4.71 2.75 11 102 5.8 0.10 0.6 1.0 B1 I 
42 900818 1148 02.29 32-56.63 80-08.75 3.75 1.44 06 113 5.1 0.01 0.2 0.6 B1 I 
43 900818 2246 43.92 32-55.91 80-08.38 5.86 2.67 08 160 5.8 0.04 0.4 0.7 B1 I 
44 901009 1653 37.05 32-56.69 80-07.97 5.00 1.64 03 265 5.3 0.02 C1 - 
45 901113 1522 12.86 32-56.70 80-07.82 4.07 3.29 13 133 5.3 0.10 0.6 0.9 B1 II 
46 901215 0929 14.43 32-55.30 80-09.57 9.81 1.12 06 93 3.2 0.02 0.3 0.6 B1 - 
47 910115 2223 33.54 32-56.87 80-07.94 4.32 1.69 07 128 5.6 0.03 0.3 0.9 B1 II 
48 910207 0845 27.27 32-56.14 80-07.67 7.80 1.32 06 146 4.4 0.01 0.2 0.4 B1 - 
49 910218 2045 10.48 32-57.32 80-10.25 6.27 1.44 08 82 5.7 0.02 0.2 0.4 A1 II 
50 910305 1146 11.68 33-02.73 80-09.41 2.61 2.00 07 97 9.2 0.03 0.3 1.1 B1 I 
51 910327 2204 47.78 33-01.18 80-10.69 8.12 1.72 09 92 8.7 0.04 0.3 0.9 B1 I 
52 910423 2039 49.03 32-56.54 80-07.81 5.90 1.72 07 136 5.0 0.04 0.6 1.2 B1 I 
53 910424 0342 21.85 32-56.90 80-10.46 8.26 1.44 07 80 4.9 0.04 0.4 0.5 A1 II 
54 910517 1227 53.14 32-56.40 80-07.66 5.93 1.44 07 142 4.8 0.04 0.4 0.8 B1 II 
55 910602 0605 34.65 32-58.80 80-12.93 5.97 2.05 08 112 8.3 0.07 0.5 2.0 B1 - 
56 910824 0323 37.83 32-56.73 80-09.10 5.94 1.54 08 104 5.4 0.03 0.3 0.6 B1 I 
57 911028 0653 25.35 32-57.44 80-08.56 5.00 1.18 03 210 6.6 0.16 C1 - 
58 911117 0632 11.68 32~59.22 80-07.16 5.00 1.02 04 148 5.1 0.01 C1 - 
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figures due to space constraints, but were considered for all the events in the 
analysis. For events where the polarity data were insufficient to constrain a 
single focal mechanism, multiple a n d / o r  unconstrained solutions were ob- 
tained. CFPS were obtained by grouping their  phase data in a manner  described 
below. 

Of the 58 events, FPS were obtained for 35, each with 6 or more polarities and 
with location qualities A or B (Table 2). Of these, eleven events with eight or 
more polarities yielded constrained single event fault  plane solutions (SFPS). 
SFPS for these events (#2, 10, 20, 21, 24, 30, 32, 41, 43, 45, and 56) are shown 
in Figure 2a to k and are discussed later. FPS for the remaining events are 
shown in Figure 3a to x. As the data were inadequate to constrain a single focal 
mechanism, multiple solutions were obtained for 15 events. The FPS for five 
events (#1, 28, 38, 48, and 55) suggested normal faulting. From our knowledge 
of the tectonics of the area, the MPSSZ area is under a compressional stress 
regime. This is based on i n  s i t u  measurements  and evidence of uplift in the 
releveling data  (see e.g., Talwani, 1986). These events probably represent 
kinematic adjustments on small faults in response to movements on other 
faults. These events were therefore not used in developing CFPS. The polarity 
data for the event #16 did not fit any of the CFPS and were not used. The 
polarity data  for the remaining 18 events (#14, 15, 19, 22, 23, 27, 35-37, 39 42, 
47, 49-54) were used to obtain CFPS. 

RESULTS 

s F P S  

In the period between September 1980 and November, 1991, there were three 
events with M d > 3.0 (event #10, 21, and 45, Table 2). Single fault plane 
mechanisms, as described in the following section, were obtained for these as 
well as for eight other events with magnitudes between 0.8 and 2.9. 

The M d = 3.3, 6 November 1983 event (#10) was well recorded on stations of 
South Carolina, Georgia Tech., and Southern Appalachian Seismic Networks. It 
was bracketed by two teleseisms on 3 November 1983 and 22 November 1983 
tha t  were associated with impulsive first arrivals on the regional networks and 
were used to check the polarities of the stations in the South Carolina network. 
The FPS (Figure 2b) suggests an oblique strike-slip motion, on a N35°E plane 
dipping 40°NW. The SFPS for the event #2 also suggests a right lateral 
strike-slip motion with a large thrus t  component. 

M d = 3.3 23 Janua ry  1988, event (#21) was the largest instrumental ly  
recorded in MPSSZ after the 1983 event. The FPS for this event is shown in 
Figure 2d. The solution suggests reverse faulting on a N25°W striking plane 
with a 71°SW dip. The sense of motion associated with events #20, 24, 30, 41, 
43 and 56 is also predominantly reverse in nature and occurs along NW 
trending and SW dipping fault planes. Individually, however, these solutions 
vary from pure thrus t  (#30) to thrust ing with a large strike-slip component 
(#41). 

The M d = 3.2 earthquake (#45) tha t  occurred on 11 November 1990 is the 
latest  of the larger events in MPSSZ. This event was recorded on a number of 
stations, and its SFPS is shown in Figure 2j. It suggests almost pure reverse 
faulting on a N17°W striking fault plane dipping 49°W. The SFPS for the event 
#32 was associated with right lateral strike-slip motion on a N10°W striking 
fault plane. 
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FIG. 2a-k. SFPS for events #2, 10, 20, 21, 24, 30, 32, 41, 43, 45, and 56. Circles and vertical 
crosses indicate dilatational and compressional first arrivals, respectively. 
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FIG. 3a-x. SFPS for events #1, 14, 15, 16, 19, 22, 23, 27, 28, 35, 36, 37, 38, 39, 42, 47, 48, 49, 50, 

51, 52, 53, 54, and 55. Open and solid circles indicate dilatational and compressional first arrivals, 
respectively. Note many events have multiple solutions. 

Thus for the 11 events for which SFPS were obtained, two (#2 and 10) were 
associated with predominantly right lateral slip motion on NNE-SSW striking 
fault planes, two (#32 and 45) were associated with faulting on a N-S fault 
plane, and the remaining with predominantly reverse faulting on NW-SE 
striking and SW dipping planes. The slip vectors associated with these events 
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also v a r y  in bo th  a z i m u t h  a n d  p lunge  direct ions.  These  obse rva t ions  imp ly  t h a t  
the  e a r t h q u a k e s  a re  a s soc ia ted  wi th  shor t  f au l t  s e g m e n t s  wi th  d i f fe ren t  s t r ike  
and  dip d i rec t ions  r a t h e r  t h a n  a s ingle  m a j o r  fault .  Nodal  p l ane  d a t a  ob ta ined  
for the  S F P S  are  s u m m a r i z e d  in Tab le  3. 
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TABLE 3 
FAULT PLANE SOLUTIONS 

Nodal Plane 1 Nodal Plane 2(*) P axis 

Strike Dip Strike Dip Azimuth Plunge 

SFPS 
Event# 

2 300 70 23 72 253 2 
10 141 78 35 40 78 21 
20 357 49 315 50 246 1 
21 96 35 335 71 223 20 
24 7 49 225 51 257 2 
30 325 40 325 50 235 5 
32 80 95 350 90 36 3 
41 13 52 295 75 238 16 
43 347 77 310 40 60 6 
45 10 56 343 49 266 2 
56 15 45 225 58 259 7 

CFPS 
set 

IA 5 56 277 73 236 15 
IB 304 46 290 44 25 2 
IC 310 54 340 50 235 5 
IIA 295 80 25 90 250 9 
IIB 5 50 350 41 89 5 

* Preferred fault planes. 
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CFPS 

Obta in ing  CFPS  involves m a k i n g  some simplifying a s sumpt ions  and  some 
degree of subjectivity.  The usua l  a s sumpt ion  is t h a t  events  included in a CFPS  
occurred on a single fault.  For  the small  events  used to make  CFPS  the faul t  
d imensions  are  small  and  we therefore  seek events  for which the  polar i ty  da t a  
c luster  about  a common  average  solution. The following procedure  was  adopted  
to obta in  CFPS  (the procedure  is s imilar  to t h a t  used by Mend iguren  (1980), 
Rastogi  and  Ta lwani  (1980) and  Talwani  (1982) a m o n g  others). 

Only  well-located da t a  (see ear l ier  section) were used, i.e., the depths  were 
reliable and  the  differences in focal mechan i sms  were not  due to poor accuracy  
in dep th  es t imat ions ,  bu t  due to i nhe ren t  differences in the  m e c h a n i s m s  them-  
selves. 

The da t a  were  segrega ted  according to the  polari t ies at  a given stat ion.  The 
polari t ies a t  the  s ta t ions  ZIN and  TWB were par t i cu la r ly  d i a g n o s t i c - - b e i n g  
e i ther  compress ions  or di latat ions.  These s ta t ions  are  located to the  no r th  of the 
m a i n  c luster  (Fig. l a )  and  differences in polari t ies for different  events  coming 
f rom essent ia l ly  the  same  location sugges ted  mult iple  mechanisms .  

Because  mos t  of the  events  were located in a cluster,  t hey  did not  define a 
cont inouous  r u p t u r e  zone. Hence  the hypocen t ra l  d is t r ibut ion of events  used  in 
a CFPS  could not  be used  to discern the faul t  plane. In  choosing a nodal  p lane  
we adopted  the  following procedure.  The events  used  in ob ta in ing  a CFPS  were  
plot ted in cross sections a long and  perpend icu la r  to the  s t r ikes  of the two nodal  
planes.  I t  was  found t h a t  w h e n  there  were adequa te  da ta  to define a t abu l a r  
zone (in cross section) an  u n a m b i g u o u s  choice of the faul t  p lane  could be made.  
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Additionally, the data used in any CFPS were viewed in stereographic projec- 
tions. Using these criteria, the SW and westerly dipping nodal planes were 
chosen as the fault  planes. 

Polarity data  for the 18 events for which we obtained unconstrained or 
multiple SFPS were analyzed to obtain CFPS. For 11 events in set I, a 
dilatational first motion was observed for ZIN (TWB). For the seven events in 
set II, ZIN (TWB) was compressional in five cases. Nodal plane data  obtained 
for the CFPS are summarized in Table 3. 

Set I 

Eleven events with similar unconstrained solutions (#15, 19, 22, 23, 27, 35, 
37, 42, 50, 51, and 52) were combined to obtaine the CFPS shown in Figure 4a. 
This solution represents the average solution~ for all the first arrival data from 
these events and contains 87 first arrivals with 17 inconsistencies. The solution 
gives a predominantly reverse faulting mechanism with a small strike slip 
component. The strike of SW dipping fault planes of individual events used in 
compositing varied between 280 ° and 340 °, thus accounting for the large num- 
ber of inconsistencies in the CFPS. The range in the strike direction of the SW 
dipping fault  plane in the SFPS of #20, 21, 24, 30, 41, 43, and 56 also varied 
between 295 ° and 335 °. Thus the 11 events used in the CFPS, combined with 
these seven events for which we have SFPS, were divided into three subsets 
according to the strike of the SW dipping planes. 

Subset IA 

Events #15, 22, 41, 42, and 51 are combined as a subset to produce a CFPS. 
The strike of the SW dipping plane in the SFPS (for #41) and for at least one of 
the multiple solutions (for #15, 22, 42, and 51) was between 280 ° and 295 ° . The 
resulting CFPS (Fig. 4b) had two inconsistencies of 39 polarities. It shows a 
reverse fault mechanism on a N73°W striking fault dipping 73 ° to SW with some 
slip component. The P-axis for the composite fault  plane is oriented $56°W with 
a plunge of 15 °. 

Figure 5a shows the epicentral distribution for events of subset IA. The cross 
section along AA' does not define an obvious fault plane. The events may be 
associated with two parallel zones, one consisting of events #41, 42, and 15 and 
the other #22 and 51. From the epicentral distribution we also see tha t  the 
events 22 and 51 are to the north and outside the main cluster. The data  are too 
sparse to identify the fault planes conclusively. The apparent northwesterly dip 
(cross section along BB') is not supported by the focal mechanism (Fig. 4b) 
whereas the other nodal plane dips to the east. 

Subset IB 

Events, #19, 20, 23, 27, 37, 43, and 52 were combined to seek a CFPS. The 
strike of the SW dipping plane in the SFPS of #20 and 43 and at least one of the 
planes in the multiple solutions for events #19, 23, 27, 37, and 52 was between 
305 ° and 320 °. The CFPS (Fig. 4c) has 14 inconsistencies of 61 in the polarities. 
It indicates an almost pure thrus t  solution on a N56°W striking plane with a 
46°SW dip. The P-axis for this solution has an azimuth of N25°E strike and a 2 ° 
plunge. For subset IB events the epicentral distribution and the two cross 
sections are shown in Figure 5b. In this case, the difference between the two 
cross sections is very clear. In the section along AA', a 3-km zone dipping 46°SW 
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IA 

B 
FIG. 4. CFPS for the Set I (ARF). a for events #15, 19, 22, 23, 27, 35, 37, 42, 50, 51 and 52; b, c, 

and d for the subsets IA, IB, and IC, respectively. Symbols same as in Figure 2. Companion plots 
show distribution of P- and T-axes clusters in each case. 

as indicated by the  CFPS,  encompasses  all the events.  The a p p a r e n t  N W  dip 
(section BB')  is not  suppor ted  by the  CFPS.  

Subset IC 

Of the  six events  (#21,  24, 30, 35, 50, and  56) used to obtain  a CFPS,  we had  
SFPS  for four. For  events  35 and  50 there  were mult iple  solutions wi th  at  least  
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one SW dipping plane with strike between 325 ° and 340 ° similar to those in the 
SFPS. The CFPS (Fig. 4d) represents  reverse faulting on a plane striking 
N20°W and a dip of 50 ° to the SW. It has 11 of 61 polarity inconsistencies. The P 
axis has an azimuth of $55°W strike and a 5 ° plunge. Figure 5c shows the 
epicentral location of events in subset  IC and two cross sections. The cross 
section along AA', shows that  all events can be fit into a zone about 4 km wide 
dipping 50°SW, as given by the CFPS. 
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FIG. 5a, b, and c. Map view of the epicenters and vertical cross sections (symbol size proportional 
to errors in hypocentral locations) across (AA') and along (BB') the proposed fault plane for subsets 
IA, IB, and IC, respectively. Dashed lines indicate southwesterly dipping planes as given by the 
focal mechanisms in Figure 4b, c, and d. 
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Set H 

Events #14, 36, 39, 45, 49, 53, and 54 were combined to obtain a CFPS shown 
in Figure 6a. The CFPS contains 49 first arrivals with eight inconsistencies, 
again suggesting the local perturbations in the fault  planes. The sense of motion 
is right lateral strike slip motion on a NNE trending fault. Most of the events 
used in the CFPS had westerly dipping fault  planes and their strike directions 
fell into two groups: NNE-SSW and N-S. FPS of single events with similar 
strike directions were combined to obtain two CFPS. 

Subset IIA: 

Events #2, 10, 49, and 53 all have similar strike slip solutions, with a nodal 
plane in each case striking in a N-NE direction. The CFPS obtained by 
combining these events (Fig. 6b) is associated with almost pure right lateral 
strike slip along a N25°E striking nodal plane. The solution has 7 inconsisten- 
cies of 46 polarities. The azimuth of the P axis is S70°W and its plunge is 9 °. 
Here, we have four closely spaced events, which on the cross sections are too 
closely spaced to verify the presence of a vertical fault  plane, although their 
location does not prelude it (Fig. 7a). 

Subset IIB: 

Events # 14, 32, 36, 39, 45, 47, and 54 all have a focal plane striking roughly 
N-S  and with most of them dipping to the west. The polarity data  for these 
events were combined to produce a CFPS (Fig. 6c). The solution with 14 
inconsistencies in 66 first motions indicates a thrus t  faulting motion on a 
N10°W trending fault dipping at 41 ° to the west, with a small strike slip 
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FIG. 6. CFPS for the Set II (WF). a for events #14, 36, 39, 45, 47, 53, and 54. b and c for the 

subsets IIA and IIB, respectively. Symbols same as in Figure 2. Companion plots show distribution 
of P- and T-axes clusters in each ease. 

component .  The P-axis  has  a N89°E a z i m u t h  and  a 5 ° plunge.  F igure  7b shows 
the  epicentra l  and  cross sectional  locations of the  events  in subse t  IIB. The cross 
section across the  proposed faul t  p lane  (AA') shows a w e s t w a r d  dipping faul t  
plane. A 2-km zone dipping 40°W, in a g r e e m e n t  wi th  the  CFPS  (Fig. 6c), 
encloses hypocenters .  These events  suppor t  t h r u s t  fau l t ing  wi th  a smal l  s t r ike  
slip componen t  on a N - S  plane  dipping about  41 ° to the west.  This N - S  faul t  
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plane associated with reverse faulting is observed for the first time in MPSSZ 
and its significance is discussed in the next section. 

The P axes for the 11 SFPS (Fig. 2a-k) and the five CFPS (Figs. 4b-d, 5b and 
c) are shown in Figure 8. All the P axes are oriented in a NE-SW direction and 
the mean direction N63°E is consistent with earlier estimates, based on seismo- 
logical (Talwani, 1982) and in situ stress (Zoback et al., 1987) estimates of the 
direction of the maximum horizontal compressive stress in the region. 

STEREOGRAPHIC PROJECTIONS 

Hypocenters of the events in different subsets (as described in the previous 
section) were plotted in a 3D space using the program STEREO (German and 
Johnson, 1981). These plots can be used to view the hypocenters from different 
angles in 3D space to seek possible alignments. Figure 9a shows all the events 
plotted in a stereographic projection viewed from a point 15 km above the center 
of the cluster (32°57'N, 80°10'W). The same events were viewed from a point 
15.5 km south of the cluster located 7 km below the surface (Figure 9b). The 
boxes around the jacks representing the hypocentral locations are parallel to the 
geographic axes. As can be seen from these stereographic projections, the 
division of hypocenters into different sets is not very obvious. 

Based on the earlier division stereograms were plotted showing earthquakes 
associated with each set. The stereographic projection of events associated with 
set I is shown in Figure 10a. The line of view along N70°W is at a depth of 7 kin. 
A cluster of hypocenters is supportive of SW dipping and NW trending fault 
planes, in general agreement with their  CFPS. This supports the choice of SW 
dipping nodal planes as preferred fault planes (Table 3). The view direction for 
the set II is along a N-S  line at a depth of 7 km from a point 16.6 km south of 
the center of the cluster (Fig. 10b). Here again the hypocenters define planes 
dipping to the west in general agreement with the direction of preferred nodal 
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FIG. 8. A comparison of P-axes of 11 SFPS and  the  five CFPS. The direction of mean  P-axis 
inferred to be the  regional SHmax is shown as large arrows oriented N63°E. P-axes are shown by: 
event # and IA, IB, IC, IIA, IIB for the  five subsets.  

planes in the CFPS. In summary,  the stereographic projections generally sup- 
port the CFPS of the subsets. 

DISCUSSION AND CONCLUSIONS 

MPSSZ is the most active zone seismicity in the Coastal Plain region of South 
Carolina. In the period between 1980 and 1991, 58 earthquakes varying in 
magnitude (M d) between 0.8 and 3.3 were recorded in the MPSSZ. In compari- 
son to the period between 1974 and 1980, there were fewer events in BSZ and 
none in ARSZ. Temporally, there was a marked increase in activity in 1988 in 
MPSSZ. Between 1988 and 1991, there were 38 events (Table 2). There were 21 
events with magnitude > 2.0 during the s tudy period, of which three were over 
3.0. Most of them were felt and occurred throughout the study period. The 
larger events ( M  d > 2.5) occurred in isolation and were not followed by well-de- 
veloped aftershock sequences. 

The seismicity occurred in a diffuse pattern,  with 55 of the 58 events 
occurring in an area of 11 km by 14 km, bounded by lati tudes 32o54 ' and 33°01 ' 
and longitudes 80007 ' and 80°14'W (Fig. la). Of these, nearly two-thirds (37) 
occurred in a small region X (Fig. lb) of 5 km by 6 km, bounded by latitudes 
32055 ' and 32°57'N and longitudes 80°07.5 ' and 80°ll 'W. The depth range of 
the events of all qualities, varied between 1.9 and 10.5 km (Fig. lc). 

Examination of the hypocentral distribution of the events as a function of 
their  magnitude revealed tha t  most (8/10) of the larger events ( M  d > 2.5) were 
located in the cluster X. The hypocentral depth distribution of the events shows 
a consistent pattern. Of the 41 events with location qualities of A or B, 29 
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FIG. 9. Stereographic projection of all the  hypocenters viewed from (a) a point 15 km above the  
center  of cluster  (32°57'N and 80°10'W) and  (b) from a point 15.5 km south of the  cluster  center,  a t  a 
depth  of 7 km. Horizontal  planes are at  0, 7, and 14 km depths. 

events had a hypocentral depth between 3 km and 7 km. Only one event is 
shallower than  3 km and there are 11 events with depths larger than  7 km. 
Twenty-two events of these 29 were within the region X and of the 11 deeper 
events, only 4 were within the region X (Fig. lb). 

Thus, analysis of the hypocentral locations of the earthquakes shows tha t  
about 2//3 of them are located in a dense cluster X and lie between the depths of 
3 and 7 kin. Also, most of the larger and a few deeper events lie within the 
cluster. 

The epicentral distribution does not show any obvious pattern. In order to 
infer the structural  cause of the earthquakes,  the seismicity was divided into 
sets according to their  focal mechanisms. Eleven SFPS and five CFPS were 
obtained using 35 A and B quality events. The locations of the events in 
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FIG. 10. Stereographic projection of events belonging to (a) ARFZ viewed from a point (32°55.2'N 
and 80°W) 20 km SE of the cluster center and at a depth of 7 km. (b) WFZ viewed from a point 16.6 
km south of the cluster center and at a depth of 7 kin. 

d i f ferent  se ts  were  e x a m i n e d  by  p lo t t ing  t h e m  in 3D s t e reograph ic  project ions  
and  in cross sect ions a long and  p e r p e n d i c u l a r  to the  fau l t  p l ane  in fe r red  f rom 
the  FPS.  The  r e su l t s  of th is  ana lys i s  showed  t h a t  of the  35 even t s  for which  F P S  
were  obta ined ,  23 even t s  favored  FPS  a long N W - S E  s t r ik ing  fau l t s  and  12 
a long  N - S  to N N E - S S W  s t r i k ing  f au l t  p lanes .  

For  the  f i rs t  set,  the  s t r ike  a n d  dip of  the  ind iv idua l  FPS  va r i ed  be tween  
N70°W and  N20°W and  40 ° a n d  70°SW, respect ive ly .  These  even t s  were  associ-  
a t ed  wi th  va r ious  a m o u n t s  of  r eve r s e  f au l t ing  wi th  va r i ab l e  a m o u n t s  of  s t r ike-  
slip mot ion  on f au l t  p l anes  s t r i k ing  N W  and  d ipp ing  to the  SW. The  F P S  
sugges t s  compa t ib i l i ty  wi th  the  Ash ley  River  fau l t  zone. The  even t s  were  
f u r t h e r  divided into t h r ee  subse ts ,  according  to the i r  s t r ike  and  dip. The  r e su l t s  
of  C F P S  a n d  cross sect ions  sugges t  t h a t  the  ARF zone is not  a p l a n a r  f ea tu re ,  
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but is composed of short segments with varying strikes and dips--al l  generally 
striking NW and dipping SW. Subsets IA and IB strike ~ NT0°W but dip 
steeply (73 ° ) and moderately (46 ° ) and were associated with large and small 
components of strike-slip motions. This is to be expected, with SHmax oriented 
ENE-WSW. The fault identified in the FPS of the third subset (IC) is oriented 
N20°W, about 80 ° from the SHmax. It is associated with an almost pure reverse 
faulting mechanism on planes dipping at about 50°SW. 

The second set consists of 11 events with vertical fault  planes and the others 
dipping to the west were oriented NNE-SSW and N-S,  respectively. Segrega- 
tion of these events into two subsets revealed tha t  the subset IIA, oriented 
NNE-SSW was associated with right-lateral strike slip motion on near vertical 
fault  and subset IIB oriented N-S  with oblique faulting with a strong thrus t  
component on a plane dipping about 41°W. These styles of faulting are in 
general agreement with the anticipated sense of motion on these faults in 
response to the orientation of SHmax. These two subsets were classified as 
belonging to WF zone. 

The cluster of intense activity (X) (Fig. lb) was found to include events tha t  
were associated with all the subsets. There is a distinct variation in dips and 
strikes of the inferred fault planes. The magnitude range (0.8 to 3.3) suggests 
tha t  the lengths of associated fault segments varied between about 150 m and 1 
km. These observations indicate tha t  the rocks in X are severely deformed with 
short (<  2 km long) fault segments with varying orientations and dips. From 
these observations we conclude tha t  the seismicity in the cluster X defines the 
intersection of two fault  zones, which we infer to be the ARFZ and WFZ. 
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