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| ABSTRACT
>

,

i This report describes a geophysical / geological investigation of j

the earth's crust at seismogenic depths in the Charleston,
'

South Carolina, area. This investigation was made for the ;

purpose of narrowing the range of theories that have been used I

to explain the historic 1886 Charleston earthquake (Modified t

Mercalli Intensity I =X). Since a number of these theories are ;

based on only a portion of the available data, we have :

established a comprehensive data set in order to allow these i

hypotheses to be subjected to the entire data set.
'Specifically, we combined existing and new gravity, magnetic

and topographic data in grids of 128 km, 256 km and 1028 km on j

a side centered on Charleston. Seismic, geologic and drilling
data were collected and summarized. A magnetotelluric survey t

consisting of 12 soundings interpreted to depths of over 40 (

kilometers defined the bottom of the rigid crust with ;

assistance from seismic reflection and other data. '

:

A geologic model of the crust in the area of Charleston was
constructed and it defined the locations of Triassic / Jurassic
basins and Paleozoic plutons in greater detail than has -

previously been achieved.

Three-dimensional regional crustal stress modeling used
!topographic and density variability as stress sources and also

included horizontal stresses due to plate spreading at the mid- ;
'

Atlantic ridge. The modeling was performed over a 1028 x 1028
t km region and implied ordinary stress conditions in the
'

Charleston area.

!

,

Two-dimensional local stress modeling used the geologic model
! as input and showed stress amplification related to:

| variability of the depth to the base of the rigid crust,
Triassic / Jurassic basins, and mafic intrusives (although the !'

|-
stress amplification due to the intrusives is not great).

! Finally, the comprehensive data set, together with the results
of the geologic and stress modeling, were used to evaluate

,

| hypotheses as to Charleston's seismicity. The results of this
study strongly support the intersections of Mesozoic Basin -

'

border, faults, whose locations may have been controlled by the
presence of rigid Paleozoic mafic plutons, as the most likely
location for Charleston-type earthquakes. The study infers
that the spatial association of seismicity with plutons in the
Charleston area may be due to the plutons' role in controlling
the location of faults rather than due to stress amplification.
This study showed evidence for significant change in thickness
of the rigid crust, which may also limit possible locations for ,

1886 Charleston-size earthquakes to areas of thicker rigid
crust.

iii
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Figure 2-1. Maizoseismal area of 1886 Charleston earthquake 10 |
!and recent earthquake epicenters near Charleston,

South Carolina.
M
y;

Figure 2-2. Paults interpreted to be associated with the 13M .

Charleston, South Carolina earthquake zone. ]
9

Figure 2-3. Exposed and inferred Mesozoic Basins (from 15 !
earlier studies), and Brunswick suspect terrane r

(from Wheeler and Bollinger, 1984).I

Figure 4-1. Location of grid points relative to sample area. 30
The sample area consists of nine grid points.

Figure 4-2. Relative locations of rotated reference axes. 30 |

Figure 4-3. Location of data grids. See Tables 4-1 and 4-2 34
-

for grid sizes and corner coordinates, i

Figure 4-4. Relative location of grid points. 36

Figure 4-5. Locations of Magnetotelluric Stations. See Table 43 .

!4-3 for station coordinates.

Figure 4-6. Example plot of apparent resistivities and 45
frequencies for magnetotelluric station ANW. See |

Appendix B for explanations and other data.

Figure 4-7. Apparent resistivity curves for all sites. The 48
' "

upper curve at each site is Rhe-max (solid line)
and the lower curve is Rho-min. Each curve is in ,

its correct geographical position. The scale of .

'

all the curves is identical and is presented for '

the upper left curve only. (Taken from Young, d
d., 1986).

Figure 4-8. The boundary of the step offsat in the bottom of 49
the resistive layer from one-dimensional MT,

interpretations. The locations of selected ;

earthquake epicenters are shown. Also shown are

the locations of COCORF seismic reflection lines. i

Figure 4-9. Impedance ellipses at each site. Data from 85 51 i

fsec and 455 sec are shown at each site, as
indicated in the upper left. The solid line !

indicates the vn-diagonal MT impedance tensor,
Zxy, as a function of rotation angle and the |
dashed line indicates the off-diagonal eJement !

Zxx. (Taken from Young, d d., 1986).
I
1
1
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Figure 4-10. Magnetic field transfer functions for 85 sec. 52
The directions are plotted with the directions !
reversed according to convention and thus should '

point towards conductors. The dots indicate
station locations. The solid lines indicate thereal component of magnetic transfer function and
the dashed line (shorter) indicates the imaginary -!component. Data for station CHS is ten times I
larger than the graphical value. (Taken from iYoung, d d ., 1986). I

h
Figure 4-11. Geophysical cross sections from one-dimensional 53MT modeling of effective impedance at each ;station (triangle). The layers are labeled with

|their interpreted resistivity in ohm-m. The !cross section locations can be seen in Figure 4-
;

8. The approximate hypocenters are from Tarr
i(1977). (Taken from Young, 6 d. , 1986) . ;
,

Figure 4-12. Two-dimensional solution I for the Charleston MT 55data. This cross section crosses Figure 4-13.
see Figure 4-16 for locations. The numbers are ;

,

interpreted resistivity in ohm-m. The stations !

are shown as inverted triangles. i

,

Figure 4-13. Two-dimensional solution I for the Charleston NT 56 3data. See Figure 4-16 for locations. The j
numbers are interpreted resistivity in ohn-m. !The stations are shown as inverted triangles.

'

Figure 4-14. Two-dimensional solution II for the Charleston MT 57 t
data. This cross section crosses Figure 4-15.
See Figure 4-16 for locations. The numbers are ;

interpreted resistivity in ohm-m. The stations
are shown as inverted triangles.

Figure 4-15. Two-dimensional solution II for the Charleston Mt 58 i
data. See Figure 4-16 for locations. The '

; numbers are interpreted resistivity in ohm-m.
The stations are shown as inverted triangles. '

Figure 4-16. Location of two-dimensional magnetotelluric 59solutions (Figures 4-12 through 4-15).
Figure 4-17. Comparison of MT model to COCORP profile (Schilt, 60

g d. , 19 8 3 ) . The shading of the top represents
shallow conductive material. The bold line,

represents the boundary between resistive and
,

conductive rocks at depth. The station locations
are shown by triangles at the top. The location
of the COCORP lines are shown in Figure 4-20.
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h Figure 4-18. Comparison of MT model to COCORP profile (Schilt, 61 )
31 d., 1983). The shading of the top represents I'

; shallow conductive material. The bold line I

represents the boundary between resistive and:

conductive rocks at depth. The station locations I

are shown by triangles at the top. The location !

of the COCORp lines are shown in Figure 4-20. |;-

Figure 4-19. Comparison of MT model to COCORP profile (Schilt, 62 !

31 d., 1983). The shading of the top represents |

shallow conductive material. The bold line !

represents the boundary between resistive and {,

conductive rocks at depth. The location of the' ,

COCORp lines are shown in Figure 4-20. !

Figure 4-20. Location of seismic reflection lines near 64 :

Charleston, South Carolina. |
1

Figure 4-21. Location of boreholes which provided information 66 i

for modeling. USGS deep boreholes at Clubhouse
Crossroads are labeled CC1, CC2 and CC3. ,

Figure 5-1. Image of Bouguest gravity anomaly field, 1 km 75 |

grid. Higher values appear lighter, lower values
appear darker.

,

[ Figure 5-2. Image of vertical second derivative of' Bouguer 76

gravity data. t

|

| Figure 5-3. Image combining Bouguer gravity field and 77
vertical second derivative (Figures 5-1 and 5-2).

1

Figure 5-4. Shaded-relief image of Bouguer gravity data. 78

Source of illumination is to north.

Figure 5-5. Shaded relief image of Bouguer gravity data. 79

Source of illumination is to east.

Figure 5-6. Image of magnetic-anomaly data, 1 km grid. 80
Higher values appear lighter, lower values appear
darker.

Figure 5-7. Image of vertical second derivative of magnetic- 81 1

anomaly data.

Figure 5-8. Image combining magnetic anomaly data and 82 i

vertical second derivative (Figures 5-6 and 5-7). !

Figure 5-9. Shaded-relief image of magnetic-anomaly data. 83 i
'

Source of illumination is to south.
xi
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Figure 5-10. Shaded relief image of magnetic anomaly data. 84Source of illumination is to east.
Figure 5-11. Sample cross section of geologic model. 86 j

:Figure 5-12. Modeling sequence diagram. This figure shows the 88 i

sequence of modeling and the appropriate figures )depicting a particular modeling stage.
;
,

Figure 5-13. Bouguer gravity anomaly map of the Charleston, 89 ;

S.C. area. Contour interval is 2 milligals.
|

Figure 5-14. Magnetic anomaly map for Charleston area. 90 !Contour interval is 100 gammas. ,

!
Figure 5-15. Structural contour map of the "J" seismic horizon 91 !

as used in the geologic model. Contours are ;
depth in kilometers.

Figure 5-16. Gravity field after removal of the effects of the 93 :material above the "B" seismic horizon (includir.g !
the "J" seismic horizon). Contour interval is 2
milligals.

Figure 5-17. Gravity field after removal of the effect of 94 i
material above the "B" seismic horizon (including ithe "J" horizon) anc >emoval of the effect of a '

tilt of the mantle. Contour interval is 2
milligals. '

Figure 5-18. Gravity / magnetic forward model of a pluton as 95
'

modeled by the MAGGRAV co puter program (Figure
5-20 for location).

Figure 5-19. Gravity / magnetic forward model of a pluton as 96
modeled by the MAGGRAV computer program (Figure t

5-20 for location). r

Figure 5-20. Location of MAGGRAV cross sections (Figures 5-18 97
[ and 5-19). i

Figure 5-21. Location of interpreted mafic plutons used for 99
the geologic model. Also shown is recent seismic '

.

activity.
1

Figure 5-22. Gravity field computed from model. Compare this 100
figure with Figure 5-13 which is the measured
gravity field. Contour interval is 2 milligals.

Figure 5-23. Structural contour map of the dB" seismic 102
horizon. Contours are depth in kilometers.
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Figure 5-24. This is an isopach map of the Triassic / Jurassic 103
rocks which are interpreted as being all rock

I between the "J" and "B" seismic horizons. ;
,

!Contours are thickness in kilometers.

Figure 5-25. Map indicating depth to the base of the rigid 104 i

crust.
t

Figure 5-26. Cross section through A-A' (Figure 5-29) showing 105 [
6

the geologic model.

Figure 5-27. Cross section through B-B' (Figure 5-29) showing 106 !

the geologic model. |

Figure 5-28. Cross section through C-C' (Figure 5-29) showing 107 i
*

the geologic model.

Figure 5-29. Location of cross sections shown in Figures 5-26 108

through 5-28.

Figure 6-1. Average stress orientations for the eastern 117 i

United States from source parameter and stress |

nessurements. (From Law Engineering Testing Co. , |

1986). ,

Figure 6-2. Integrated stress regime for the eastern United 118 i

Star a. (From Law Engineering Testing Co.,

19 V 5

Figure 6 .4 Vertical displacements and principal axes for the 120 '

stress ellipsoid in a plate with a flat cylinder ,

surface load in the center of the computation j

grid. The open circles are tension axes and the(

|
solid dots are pressure axes.

|
Figure 6-4. Location of 1028 km x 1028 km grid used for 121

- regional stress modeling.
'

Figure 6-5. Contour plot of Bouguer Gravity Anomalies. 123

Contour interval is 10 milligals.,

'

!

Figure 6-6.. 14 cal stress field of the Coastal Plain and the 124

eastern continental margins centered at
Charleston, South Carolina at 10 km depth. The

stress difference is shown in units of MPa (from
Kuang, 1987).

i

Figure 6-7. The corresponding SNPPSA plots (the Schmidt Net 125 '

Projection of Principal Stress Axis) . The open
circle stands for the maximum extensional (Sg or
T) axis, the solid circle represents the maximum

or P) axin and the dot is thecompressive (S3
or B) axis (from Kuang,intermediate axis (S2

1987).
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!N Figure 6-8. The total stress field which combines the local 126 ifield (Figure 6-6) with a 30 MPa N80 E regional I
0

horizontal compression (from Kuang, 1987).
|

Figure 6-9. The corresponding SNPPSA plots (the Schmidt. Net 127 |Projection of Principal Stress Axis) . The open {
circle stands for the maximum extensional (S3 or i
T) axis, the solid circle represents the maximum
compressive (S3 or P) axis and the dot is the
intermediate axis (S2 or B) axis (from Kuang, j1987).

!

Figure 7-1. schematic cross section of typical crust in the 131
Charleston area showing elastic constants used in !
two-dimensional stress modeling.

|
Figure 7-2. Node map used for the two-dimensional stress 133

model (1 of 3). I

Figure 7-3. Node map used for the two-dimensional stress 134 |model (2 of 3). i

Figure 7-4. Node map used for the two-dimensional stress 135 !model (3 of 3).
Figure 7-5. Relative principal stress magnitude from the two- 136 |dimensional stress model (1 of 3). i

Figure 7-6. Relative principal stress magnitude from the two- 137 !
dimensional stress model (2 of 3). i

,

Figure 7-7. Relative principal stress magnitude from the two- 138
dimensional stress n.odel (3 of 3). ;

,

Figure 7-8. Relative maximum shear stress from the two- 139 i

dimensional stress model (1 of 3). |

Figure 7-9. Relative maximum shear stress from the two- 140
'

dimensional stress model (2 of 3). |
6

Figure 7-10. Relative maximum shear stress from the two- 141 !

dimensional stress model (3 of 3).
Figure 7-11. Effect of pressure and temperature on 143 ;

compressional velocity. (From Steinhart and
Meyer, 1961; modified after Birch, 1960).

Figure 8-1. Contour map of the top of crystalline rock (the 149
"B" seismic horizon) and recent seismicity,
contours are in kilometers.i

Figure 8-2. This figure shows the location of plutons used in 153
the geologic model and recent seismicity.
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EVALUATION OF HYPOTHLSES FOR THE CAUSE OF THE
1886 CHARLESTON EARTHQUAKE

!
'

EXECUTIVE SUMMARY
i

i

This project performed in response to the need to reduce
the uncertain, in estimating seismic risk to nuclear i

Ifacilities in tha eastern United States, due to the lack of
definition for the cause of the 1886 Charleston earthquake.
Specifically, the purpose of this study was to test existing
hypotheses as to the cause of the 1886 earthquake by way of a ;

geophysical / geological investigation. ;

lour approach to this project was to gather a comprehensive set '

of existing data and collect new data where needed. These data
'

were used to construct geologic and stress models which would
he used to test the various extant hypotheses concerning the '

origins of the 1886 Charleston earthquake. ;

As indicated, a major effort involved the collection and
i

processing of existing data. We used gravity, magnetic,
seismic and genlogic data. Additional data were collected,' ,

iprimarily gravity and magnetotelluric measurements. Figure 4-3
i

shows the location of the three data grids that were used for
gravity, magnotic and topographic data. The largest, 1028 km -

on a side, was used for regional crustal stress modeling. The !

intermediate grid, 256 km on a side, provided boundary ;
'

conditions and continuity to the third grid, 128 km on a side
and containing the Charleston area. The detailed grid was
developed to allow potential field modeling of the crust in the ,

Charleston area. As a product of this project the data sets !

for all three grids and their supporting software are ;

available.

We collected and analyzed magnetotelluric (MT) sounding data as r

part of this project. Twelve MT soundings were conducted with
effective depths of interest greater than 40 kilometers. >

iFigure 4-5 shows the location of the MT soundings and Figures
4-12 through 4-25 show two equivalent two-dimensional
interpretations of the data. As is common with electrical
soundings a unique solution was not found. We prefer solution :

I (Figures 4-12 and 4-13) because its results are corroborated
by existing seismic results and seismicity data. This solution

gives. shallow electrically conductive layers corresponding to .

Coastal Plain sediments in the upper kilometer and then a deep
resistive layer to depths of 10 to 23 kilometers where a ,

conductive zone is reached. Figures 4-17, 4-18 and 4-19 ,

compare our preferred solution to interpreted COCORP reflection i

profiles. Our high resistivity zone corresponds to crust which
is without reflections and the top of the deep low resistivity
zone corresponds to the beginning of numerous short reflectors.
This depth is also equivalent to the maximum depth of

earthquakes in the region. The MT solution shows a 13 km
variation in the depth to what we interpret to be the bottom of

i



I

i

f
1the rigid crust and has a significant effect on the results of jour local stress modeling.
>

'

I

We developed a geologic model of the 128 x 128 km area around
!Charleston which interprets the lithology, structure, geologic |history and physical properties of the entire crust. We used ;three-dimensional gravity modeling constrained by seismic, i

drilling, MT and geologic data. Two-dimensional ;
magnetic / gravity modeling was used in conjunction with the
three-dimensional gravity modeling. We used image processing (computer techniques developed for remote sensing data to imanipulate the gravity and magnetic data to great advantage. '

Figures 5-1 through 5-10 show the results of this technique.
,

fThe geologic modeling is described in detail in Chapter 5. The
results are summarized by Figure 5-11 which shows an L

interpretation along a generalized northwest-southeast striking
profile through the study area. A wedge of Coastal Plain
sedimonts (Quaternary through Cretaceous) thickens toward the
coast and is underlain by a thin Jurassic basalt called the "J"horizon. The "J" horizon is a series of flows covering almost ;

,

all of the study area. Triassic to early Jurassic sediment- ;filled basins are immediately below the Jurassic basalt. The
lithology of the Triassic / Jurassic rocks is not well known

.
'

locally but using information from other similar nearby basins ;

and Clubhouse Crossroads Test Hole #3 as a guide, we arrive at
a mix of clastic sediments (sandstones, siltstones, shales, ;

,

argillites, etc.) and perhaps basalt flows. -

Crystalline rock underlies the Triassic / Jurassic rock. The
crystalline rock may consist of quartz-rich metamorphic rock :intruded by mafic or ultramafic plutons. The igneous rocks are jthought to be gabbroic in composition and Paleozoic in age, '

thus predating the basin development.

The crystalline rock appears to continue with uniform character
to ' depths of between 10 and 23 kilometers. This depth range ;
corresponds to the maximum hypocentral depths of seismicity.
Below 10 to 23 km the physical properties as observed in COCORP
reflection profiles appear to change. In the lower crust the
COCORP reflection images of the crust change from being
seismically transparent to displaying numerous short
reflectors. Also, the rock of the lower crust becomes more
electrically conductive. We interpret these phenomena toindicate a rigid upper crust underlain by a viscoelastic lower
crust.

The crust / mantle boundary is located at a depth of aLaut 28 to
30 km and is interpreted to become more shallow toward the ,

>,

| coast.
e

Figures 5-15, 5-23 and 5-25 are structural maps of key '

horizons; namely, the "J" seismic horizon, the "B" seismici

| horizon, and the bottom of the rigid crust. Figure 5-24 is an
isopach map of Triassic / Jurassic rock and Figure 5-21 locates

2
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I
the ' plutons. Figures 5-26 through 5-28 are cross sections i

through the study area. Figure 5-29 shows the location of the i
cross sections, j

Three-dimensional regional stress nodeling was conducted in the
2Charleston area using topographic and gravity anomaly loading

as stress sources and also including horizontal stresses due to
plate . spreading at the mid-Atlantic ridge. This stress !

'modeling technique was developed initially at Georgia Institute
of Technology and they applied the technique to the southeast ,

as part of this project. The Charleston area was interpreted |

to have ordinary stress conditions. |
,

!

Two-dimensional finite-element stress modeling was performed '

for the local Charleston area. The nature of our geologic
modeling process allowed us to construct an appropriate crustal :

cross section, using appropriate elastic parameters (Figure 7-
1). The results of our two-dimensional stress modeling allow
several significant conclusions to be drawn (rigures 7-5

~;

through 7-10): the Coastal Plain and Triassic sediments seem ;

:to be effectively isolated from the compressive crustal stress;
the maximum shear stress is increased in the upper crystalline .

basement at the interface with the Triassic sediments; the |
sudden decrease in depth of the rigid crust to the west and i

north increases the maximum shear stress above the rise; and t

finally the mafic plutons have a mild effect on the stress in ,

the crust immediately surrounding the pluton.

The testing of hypotheses for the cause of the 1886 Charleston !
earthquake is the main result of this project. Several i

important models produced by this project were considered when ;

evaluating the viability of each hypothesis. The results of 't

the geologic model, the regional stress model, and the local
two-dimensional stress model were used in conjunction with ;

information from the literature and other pertinent projects to
'

evaluate each hypothesis.

Several hypotheses were considered to be viable:

o Reactivation of Mesozoic Basin Border Faults: includes ;

northeast- and northwest-striking faults. We found that :

recent seismicity is located where the boundaries of .

Mesozoic Basins intersect (Figure 8-1) . Our geologic model
has located the border faults with suf ficient accuracy to

i
make this conclusion,

o Stress Amolification Near Plutont: Plutons are found to >

'

also coincide with recent seismicity and with Mesozoic Basin
boundary intersections (Figure 8-2). Our study infers that
plutons only mildly amplify stress in the rigid crust in the '

;

charleston area. We suggest that these Paleozoic plutons
may have controlled the Mesozoic extensional faulting in
such a way as to be at the intersection of Mesozoic Basin
border faults. The spatial association of recent

|3

|
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:earthquakes and plutone may be explained by the previous '

hypothesis. '

i

o Brunswick Suspect Terrane: may be seismogenic within areas
.near Mesozoic Basin border fault intersections. This |terrane is a large area containing the Charleston region j

whose crustal geology is similar to that of the Charleston
|

region, that is, containing Mesozoic basins and Paleozoic j
plutons, and having a similar tectonic history and a similar i

current stress regime.
;

o Hiah-Anale Faults not Associated with Mesozoic Basins also
seem to have some potential as possible sources of the ;Charleston earthquake.

,

!

The following hypotheses are not considered viable |
<

o Eggetivation of Horizontal for Deco 11ement) Faults j
o Landward Extension of Blake Sour Fracture Zone '

o Toooarachic and Density Anomalv Loadina fBarosh's hvoothesis "

of extensional tectonics) '

o Faults Asscciated with Basement Province Boundaries. I

;

The following hypothesis remains unevaluated or undecided:
o Ductile Shear Zones in Lower Crust.

*

i

The results of this study indicate that the hypothesis of
reactivation of Mesozoic Basin border faults :.s strongly ;

,

supported, specifically at the intersections of Mesozoic Basin ~

border faults near buried mafic plutens. These conditions are j
not necessarily restricted to the Charleston area. This '

hypothesis implies locations for the occurrence of a ;
charleston-type event in other areas of the eastern U.S.

t

There appear to be strong differences in the thickness of the
i rigid crust which also may constrain the location of I

,

Charleston-type earthquakes to areas of thicker crust. This !

would limit the maximum earthquake magnitude in areas of
thinner crust such as the Bowman seismic zone, thus excluding a f

Charleston-size event.
,

I

i

,

!

t
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!CHAPTER 1'

INTRODUCTION

This project was performed in response to the need to reduce :

the uncertainty in estimating seismic risk to nuclear !

f acilities in the East due to the lack of understanding of the :

cause of the 1886 Charleston earthquake. Specifically, the !

purpose was to develop geophysical and geological information ;

that would permit defining the cause of seismicity near
Charlesten, South Carolina, or narrowing down the range of ;

theories that may explain it. Such a study should allow more ;

specific prediction as to the likelihood and location of

future large earthquakes in the East.
>

A large and damaging earthquake occurs when a major portion of |
the earth's rigid crust, with a thickness of 10 to 20 km, fails
along one or more planes. Such crustal failure occurred in
1886 in the vicinity of Charleston, South Carolina. The
transient manifestation of failure, the earthquake vibrations,
were felt over most of the eastern United States and caused
extensive dame.ge in Charleston and significant damage in most {

of South Carolina and parts of neighboring Georoia and North
Carolina. The potential for a reoccurrence of such a

devastating event at Charleston or elsewhere in the eastern ,

'

United States and the impact of such an event on critical
| facilities has motivated the recent resurgence of studies of

the cause of the 1886 Charleston earthquake.'

f
; Today even after extensive study and review during the last 15
| years (Gohn, 1983; Rankin, 1977; Hays and Gori, 1983; Dewey,

1985; Talwani, 1986) there is still no consensus on the cause
of this event. The more permanent manifestations such as fault i

'

displacements have eluded detection and the causative fault is
I still not unequivocally identified. Without direct evidence

for.the plane of failure and with no consensus on the cause of
| the Cherleston ear.thquake, recent investigations into the cause
l of the Charleston earthquake have sought data from almost all

of the domain of geological and geophysical techniques.

The objective of this project is to clarify possible causes of
seismicity at Charleston. An overwhelming proportion of the ,

existing literature fails in this aspect; perhaps because most
recent studies represent evaluations of limited types of data
by individual scientists or are directed toward proving

specific hypotheses. A notable exception is the classic study
by Dutton (1889).

The many individually excellent studies of the last 15 years
have vastly improved and increased the quality and quantity of
appropriate data. As individual efforts, they have contributed
many ideas, concepts and hypotheses relevant to the cause of
the Charleston seismicity. As most of the hypotheses are
derived from specific data sets, those same data sets will, of
course, support the hypothesis. In order to avoid or at l e t.st

5
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minimise the contamination of the results of this study by such |

circular arguments, we have established a single comprehensive !
and homogeneous data set against which to compare and test the !

leading hypotheses for the cause of the Charleston sarthquako. !,
The data set has been evaluated for completeness and )
significance to assure its usefulness. )
Because many hypotheses are vague or poorly defined, the design !
of appropriate tests for validity using the data set is |difficult. In this project each hypothesis was recast in terms ;

of the basic physical principles that govern the stress system
or strength inhomogeneities allegedly responsible for the

'

seismicity.
,

i

!
,

;

I

:

!
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CHAPTER 2

HYPOTHESES FOR CAUSES OF THE 1886 CHARLESTON,
SOUTH CAROLINA EARTHQUAKE

2.1- Introduction

A' primary goal of this project wae to assimilate and evaluate
all.available pertinent information to allow evaluation of the
hypotheses for. causes of t W 1886 Charleston, South Carolina
earthquake. This chapteV describes the hypotheses to which
this information was applied. It includes those hypotheses for
the- cause of- the Charleston earthquake currently given
credibility. Each hypothesis is described in terms of I

fundamental physical processes relating to crustal stress and J

rheology.

2.2 Crustal Stress and Rhcoloav
,

An earthquake occurs when an accumulation or concentration of
stress is released by sudden failure. The earthquake process
can be initiated with a change in strength or an increase in
deviatoric stress. In either case, the earthquake will only
occur . if significant deviatoric stress exists in the rock;
henes, in this compilation of hypotheses, the source of stress
will be emphasized if it has been specified by the author (s) of
the hypotheses.

.

2.2.1 Crustal Stress '

The state of stress at depths of major. earthquakes cannot be
measured directly, and near the earth's surface it can be
measured only with difficulty. The current lack of
understanding of tha changes in the rheology of geologic
materials with depth accounts for the largest portion of the
uncertainty in the state of stress. Hypotheses on the origins
of lithospheric stress have been related to processes at the
boundaries of a lithospheric plate or to local sources in the
interior of a plate. Processes at the plate boundary generate
homogeneous regional stresses. In contrast, stresses from
local scurces in the interior of a plate will be inhomogeneous.
The magnitudes of plate boundary and internally-derived
stresses can be similar. Chapter 6 discusses the possible
sources of crustal stress in detail.

2.2.2 Rheological Properties of Continental Crust

At crustal depths of less than 20 to 30 km, structural failure
occurs as brittle failure or by frictional sliding (Meissner
and-Strehlau, 1982). Stresses at these depths are limited by

L the elastic strength of the rock or by the shear strength on
I existing planes of weakness. Lubrication of existing planes of

weakness can reduce the shear strength to a few tens of MPa in
contrast to a rock strength of typically 1000 MPa (Kanamori,

|- 1980).

i
8
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' In the lower crust and upper mantle, geologic materials can
deform by viscous or plastic mechanisms. In viscous materials, I..

!. the maximum allowable stress is determined by the strain rate.
'

L Increased water content and temperature can decrease the
viscosity and decrease the maximum possible stress. Thus, as
the temperature increases with depth, the viscosity and maximum
stress decrease with depth. Areas in the crust with high heat

i flow and higher temperaturee have reduced capability to retain
stresses.

The combination of failure by frictional sliding at shallow
,

depths and viscous relaxation in the lower crust results in a
high-strength stress channel at depths of 5 to 25 km in the
middle crust (Meissner and Strehlau, 1982). The thickness of
the channel as determined by crustal temperature is consistent
with olsserved distributions of mid-plate earthquakes.

The strength of the crust, based on a combination of
rheological arguments and estimates from earthquake stress
drops, ranges from 10 to 150 MPa (Kanamori, 1980). However,
this range can be modified significantly by small-scale
geologic inhomogeneities which can vary widely in strength and
deformation properties even at shallow depths.

Costain gi 3.1., (1987) have recently suggested that diffusion
of pore pressure transients to seismogenic depths from changes
in ground water levels is a triggering mechanism for intraplate
seismicity. This suggestion may be applied to many of the
hypotheses for causes of the 1886 Charleston earthquake, but it
does not effect the validity of any individual hypothesis.

,

2.3 }jypotheses

Many explanations for the Charleston earthquake are simply
features observed or suspected in regional geophysical or
geological data. The source of strecs is seldom identified and
only a structure, usually a suspected fault providing a crustal
strength anomaly, is suggested as the feature along which
movement occurred during the Charleston earthquake.

In seismology, an earthquake is traditionally associated with a
fault. At Charleston, the causative fault has proved elusive

| and no consensus has developed in favor of a single structure.
L The seismicity data have been of little help (Tarr, 91 al.,
i 1981) since instrumentally located carthquakes in the

epicentral area of the 1886 Charleston shock have occurred in'

three distinct zones: Middleton Place-Summerville (the most
active zone), Bowman, and Adam's Run (Tarr and Rhea, 1983).
Seismic monitoring to date has shown an absence of seismic
activity between the zones, implying the absence of active ,

| structure connecting the zones. Many investigators assume that |
| the present activity at the Middleton Place-Summerville zone is

directly related to the 1886 event (Figure 2-1).

| Dewey (1985) and Talvani (1984, 1986a) both summarize and
| |

,

9 |
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analyze hypotheses for the cause of the 1886 Charleston, South
Carolina, earthquake.

'

2.3.1 Hypothesec Associated With Faults

Because a fault can be identified without understanding the
L source of stress that caused failure, many of the proposed

hypotheses presented are descriptions of faults without an
associated mechanism. In most cases, a regional stress field
is assumed to be responsible for the earthquake. The following

i are classes of faults' identified as possible candidates for the
| Charleston earthquake feult. In some cases, a mechanism is

suggested, but the emphasis is on the existence of the presumed
L or interpreted fault. The hypothesized faults seem to have two

major sources of inference: seismic reflection data and
earthquake hypocenters (Figure 2-1).

| As more earthquake data have been accumulated over the years,
many faults and fault orientations have been interpreted.
Unfortunately, the increase in data has yielded more
hypotheses, not fewer.

2.3.1.1 Reactivation of Horizontal (or Decollement) Faults
It has been suggested. that the 1886 earthquake has resulted
from normal displacement on a low-angle decollement fault
underlying much of the southeastern seaboard near Charleston

.

(Seeber and Armbruster, 1981a, 1981b). More generally, I

aseismic slippage on a mid-crustal detachment surface could I
produce seismogenic stresses in the upper crust (Seeber, 1983). '

Stresses caused by this slippage might cause earthquakes on
moderately or steeply-dipping faults.

,

i

Interpretations of deep crustal seismic reflection data in the
. Piedmont of South Carolina and Georgia suggest the existence of
a nearly horizontal decollement surface (Cook R al., 1979;
Cook R A1., 1981; Harris and Bayer, 1979). However, the
extension of this feature from the Piedmont across the Coastal

i Plain has been questioned (Iverson and Smithson, 1982) and the
decollement may not exist near Charleston.

The decollement surface could be reactivated by gravity sliding,

| or by compressional forces of unspecified origin (Seeber and
Armbruster, 1981b; Armbruster and Seeber, 1981).

Behrendt, d A1 (1981, 1983), Brehrendt, (1983) and Hamilton
(1981) associate earthquakes with movement along a decollement
with possible secondary seismicity associated with northeast-
striking high-angle reverse faults. Local stress release along
the decollement results in reverse faulting along features that ,

'

are rooted in the decollement. Seeber and Armbruster (1986)
use revised aftershock reports of the 1886 Charleston
earthquake to show a large aftershock area and increased
regional seismicity. They imply that shallow-dipping faults

.

11
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I

; could explain the intensity effects and aftershock
| ( distribution.

g
' As discussed by Behrendt at al. (1983), listric faults that are j

believed to be rooted in the decollement include: Cooke Fault'

(b) , Helena Ban);s Fault, Gants Fault, and Drayton Fault (Figure ;

2-2). q

2.3.1.2 Reactivation of Northeast-Striking Near-Vertical
u Faults !

Host versions of this hypothesis ~ attribate the cause of the
1886 eatthquake to reactivated reverse fault motions on
northeast-striking faults which had predominantly normal motion
in the tensional Mesozoic stress regime (Wentworth ?.nd Mergner-
Keefer, 1981, 1983; Wentworth, 1983). Similar faults are '

considered responsible for much of the low-level seismicity I

elsewhere in the eastern Seaboard. Behrendt 31. al. (1983) '

attr.tbute the cause of the 1886 event to reverse activation of ;

Mesozoic listric normal faults related to a decollement as
mentioned in the previous hypothesis.

Taber (1914) was perhaps the first to suggest a northeast- *

striking fault in the crystalline basement. He proposed that "

the. fault was near Woodstock, S.C. and this hypothesized
feature has become known as the "Woodstock Fault" (Figure 2-2).
No new evidence for this fault has been found and its
justification may have been derived from the intensity-defined
dual "epicentrum" described by Dutton (1889).

Northeast-striking reverse faults are observed at many '
,

i locations in the Piedmont, particularly near the edge of the
L Coastal Plain, and some have been demonstrated to have Cenozoic
| movement (York and Oliver, 1976; Prowell, 1983); however, none

'
| of there faults exhibit active seismicity.
1

Wentworth- and Mergner-Keefer (1981b, 1983) suggested that
Cenozoic reverse faults are responsible for the Atlantic margin,

seismicity as well as being a cause of the Charleston'

Earthquake. They also suggest that these faults probably
follow older discontinuities, especially early Mesozoic normal
faults. They conclude that northeast-striking reverse faulting
produced the 1886 Charleston earthquake; furthermore, they
hypothesized that recent events on northwest-trending
structures are due to temporary changes in the local stress
field caused by the strain release of the 1886 main shock.

12
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( 2.3.1.3 Reactivation of Mesozoic Basin Border Faults

This' hypothesis suggests that the.1886 earthquake occurred on |
either northeast or northwest-striking border faults on buried ,

Mesozoic basins. Illies (1982) proposed that large earthquakes
'

could -occur a s' northwest-striking strike-slip shear zones ,

" resulting from stress concentrations associated with northeast- '

trending buried Mesozoic basins.
.]

Behrendt d al. (1981a, 1981b, 1983) and Behrendt (1983)
proposed that the Charleston earthquake occurred on a
northeast-striking listric fault near the southeast edge of the

'

i

Jedburg Mesozoic basin . (Figure 2-3). Behrendt also proposed ]
that ' movement on the decollement results in reverse faulting
along features that are rooted in the decollement.

^

Tarr and Rhea (1983) suggest that one segment of the Middleton
Place-Summerville seismic zone is based on " activation of an
unhealed east-northeast-striking border fault bounding a horst
on the southeast and a graben of Triassic or Jurassic age to
the northwest." Other segments are interpreted to be
activation of "nearly vertical, northwest-striking faults on
contacts, possibly at the edges of diabase dikes, crossing the
Triassic or Jurassic border fault" described above.

Behrendt and Yuan (1986) associate the Gants-Cooke fault zone
with the Jedburg basin as a source of the 1886 earthquake. An

. unnamed fault associated with the Branchville basin is
attributed to the Bowman earthquake cluster. These faults show
mostly strike-slip motion in a northeart maximum horizontal
compressive stress field.

2.3.1.4 Reactivation of Northwest-Striking Near-Vertical ,

Faults

Normal or strike-slip faults have been inferred from
alignments of geophysical anomalies associated with basement
rocks (Rankin, 1976; Talwani, 1983).

Inshore extensions of oceanic fracture zones have been proposed
as an explanation for some of the northwest-trending features
(Fletcher and Sykes, 1977; Sbar and Sykes, 1973; Talwani and

| Howell, 1976; Fletcher, d al. 1978; Sykes, 1978; Barosh,
1983). However, results of extensive and detailed geophysical1

| investigations offshore from South Carolina (for summary see
| Behrendt, d A1 1983; Klitgord, d gl. 1983; Dillon and

McGinnis, 1983) have indicated no evidence that the Blake Spur
Fracture Zone exists northwest of about 150 km offshore from
Charleston.

Talwani (1982) proposed the Ashley River Fault as a shallow
northwest-striking fault related to the extension of the Blake
Spur Fracture Zone. This was based on earthquake hypocenters.
Talvani and Poley (1984), Polcy (1984), and Poley and Talwani
(1984) examined leveling data in the Charleston region and
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found an apparent. vertical displacement occurring at an average
,.

~

rate of.2-3 mm/yr'at a location coincident with the approximate
,

location of the Ashley River fault.
'

Weems (1985). presented evidence from shallow drilling for
structure in shallow coastal plain sediments. In the Mount
Holly quadrangle, a northwest-trending lineament exists across
which oligocene sediments drape down to the southwest;
intensity data suggest that the epicenter of the Charleston
1886-earthquake was beneath this feature.

In an earthquake relocation analysis using more than 50
earthquakes, Shedlock (1987) has refined a three-dimensional
velocity model and significantly reduced hypocenter errors
resulting in a north south trending zone of seismicity between i

Middleton Place and Summerville. Single-event and composite
fault-plane solutions using the new locations and new polarity
data cannot resolve whether there is strike-slip or normal
faulting.

2.3.1.5 Faults Associated With Basement Province Boundaries

A . Northwest-trending offsets in gravity and magnetic anomalies
define crustal blocks 60-70 km wide with apparent
displacements. The blocks provide a model that Talwani (1983)
has used to propose a northwest-trending zone of crustal |
weakness extending northwest from Charleston.

2.3.1.6 Ductile Shear Zone (Lower Crust)
Zoback (1983) suggested that there are antecedent ductile shear
zones in the lower crust which concentrate deformation and thus
concentrate stresses in the upper crust. Laboratory rock
deformation evidence suggest that such zones could exist in the
lower crust. Earthquakes caused by such a mechanism would
concentrate in areas of weakness in shallow brittle crust in
the vicinity of these ductile zones.

t

2.3.1.7 Intorsecting Structural Trends

Talwani 91 al. (1979) suggested that the seismicity in the
South Carolina Coastal Plain and in the Central Virginia
seismic zone was occurring at localized zones of weakness
formed at the intersection of an older pre-existing zone of
weakness. In the case of the charleston area, this involves
the intersection of the Blake Spur Fracture Zone with the
boundary faults of Triassic basins.

The proximity of the Charleston earthquake of 1886 to an area
of widespread Mesozoic rifting and to the Blake Spur fracture
zone suggest that earthquake activity along the southern
Atlantic Coastal Plain may be related to old zones of weakness
that were reactivated during the Mesozoic opening of the
Atlantic Ocean.

16
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Bollinger (1983) hypot'hesized that the source zone for the 1886
Charleston earthquake is localized by the intersection of at
least two seismogenic structures, one trending northwest and
the other trending northeast. The faulting in 1886 was on the
northeast structure. Ninety years later, the aftershock ,

'

activity has shifted to the northwest element. The variable
trends in . the few isoseismal maps that are available for the
intervening period could reflect activity on one or the other
of these two structures.

Tarr and Rhea (1983) characterized the seismicity of the
Coastal , Plain as occurring in clusters. They believe that
contemporary seismicity in the Charleston area occurs in
clusters because the weakest places in the crust are located at'
the intersections of unhealed border faults and cross faults
with contact zones in the basement (of Triassic or Jurassic
age).

More recently, Talwani (1986b) has suggested that the
Charleston earthquake was caused by stress buildup at a locked
intersection of the Ashley River Fault and the Woodstock fault.
Both- faults are defined by_ earthquake epicenters and are
supported by some gravity and magnetic data. -Events on the
Woodstock fault show strike-slip motion and are deeper than the
strike-slip event on the Ashley River Fault. ,

L

2.3.2 Hypotheses Concerning Structures Other Than Faults |

The following hypotheses are not directly related to a fault or
class of faults.

2.3.2.1 Topographic and Density Anomaly Loads

Barosh (1983) suggested that adjustments on shallow local
structures due to vertical movements brought about by continued
opening of the North Atlantic basin appear to be the cause of
the seismicity of the southeastern United States. The main
activity seems related to the relative subsidence at the inner
edge of embayments within the Coastal Plain. The embayments
overlie older grabens that have apparently played a significant
role in controlling their location.

!

2.3.2.2 Brunswick Suspect Terrane

The existence of seismic zones that are spatially and
temporally stationary suggest that there is some type of
spatial selectivity in the accumulation and release of strain

.

'

energy in the Southeast. Suspect terranes are defined as
internally homogeneous geologic provinces of orogenic belts
with features that contrast sharply with those of nearby
provinces (Williams and Hatcher, 1982). These contrasts
include differences in stratigraphy, structure, mineral
deposits, paleomagnetic signatures, and metamorphic and
plutonic histories. Wheeler and Bollinger (1984) suggested
that the Charleston area lies in the Brunswick suspect terrane

17
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of Wil?.iams and Hatcher (1982) and th!.s terrane is more
conducive to seismic activity (Figure 2-3).

2.3.2.3 Stress Amplification Near Plut.ons

There is evidence from many sources (Long and Champion (1977) ,
Kane (1977), McKeown (1978), and Barstow R A1. - (1981)) that
there is a spatial association between mafic (and ultramafic)

. plutons and local seismicity. It is hypothesized that mafic
'

intrusions tend to concentrate stress along their margins
because of property contrasts' between the pluton, surrounding
altered country rock, and unaltered country rock. Ravat R A1
(1987) found that some mafic intrusives strengthen surrounding
rock by alteration, thereby concentrating local stresses.
They also found that these mafic plutons dislocate rather than i
amplify local stress fields, i

Kane (1977) and Campbell (1978a, 1978b) proposed that stress
amplification .is caused by serpe:itinization of ultramafic
plutons. The amount of stress which could be concentrated is a
function of the effective rigidity moduli of the contrasting '

materials. The serpentinized mafic body is substantially
weaker than the surrounding material. This yields the " hole in
a plate" model where stresses are concentrated at the edges of
the zone of weakness. In contrast, Yang and Aggarwal (1981)
have hypothesized that the presence of unfaulted plutons
inhibits earthquake activity.

,

1
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CHAPTER 3

PROJECT APPROACH

The purpose of this project was to dcvclop geophysical and
geological. information that would permit defining the cause of
seismicity near Charleston, South Carolina, or reducing the
number of theories that may explain it. Our approach to this
project was to gather a comprehensive set of existing data and
collect new data (primarily gravity and magnetotelluric
measurements) where needed. These data were used to construct
geologic and stress models which would be used to test the
various extant hypotheses concerning the origins of the 1886
Charleston earthquake.

As indicated, a major effort of this project involved the
collection and processing of new and existing potential field
data as well' as magnetotelluric data, seismic data, and
geologic information. This involved establishing data formats
and computer programs to allow easy evaluation of the
information gathered. Existing and new potential field data
were then accumulated and made compatible with the common data
bats, which would be available for use by other researchers.
Chapter 4 describes this data gathering and formatting process.
The collected data were used to develop a . geologic
interpretation of the crust in the Charleston area. The '

interpreted crustal geology was used both in producing a
crustal stress model and in directly testing hypotheses. The
process of producing the geologic model using the variety of
available data is detailed in Chapter 5.

As part of our hypothesis evaluation, we wanted to be able to
consider the state of stress in the crust in the Charleston
region. Our approach to this was to model both the regional
and local stress fields.

The regional three-dimensional model considered topography and
crustal density differences as causes of stress in the crust,
and also considered stresses due to the horizontal plate-
sprending force originating at the mid-Atlantic ridge. This
large scale regional modeling was done mainly to determine if
the state of stress in the Charleston area was very different
from surrounding areas. This regional stress modeling is
described in Chapter 6.

The two-dimensional local stress model was a finite element model
whose geometry and physical properties were determined from our
geologic model. The purpose of this model was to determine
perturbations in the stress field in the Charlestor, area. The
local stress modeling is described in Chapter 7.

The final step in this project was to use the available data,
together with our geologic and stress modeling results, tocritically examine the existing hypotheses for the cause of the
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CHAPTER 4

GEOPHYSICAL AND GEOLOGIC DATA

for the testing of hypotheses for the
Information accumulatedCharleston ' earthquake is presented in this
sources of the 1886 their manipulation, and the

The sources of the data, The data are
final format and availability are also discussed.chapter.

divided into four sets. The first set consists of data which
can be gridded: gravity, magnetics, ground elevation and

The second set consists ofand satellite imagery.soundings and modeling performed specificallybathymetry,

The thirci set consists of seismic reflectionmagnetotalluric
compiled to help constrain thefor this project.

interpretationsThe fourth set consists of geologic informationand rafraction
crustal model.
collected from various sources.
Most geophysical studies of the epicentral zone of the 1886
Charleston earthquake have collected, analyzed, and presentedIt is

data in a manner which best displays that type of data.the goal of this study to accumulate many types of geop yh sical

as potential data, landsatDifferent data types such and geologic information aredata. magnetotelluric soundings, different and often
images,

significantlythe first objective of this studybest presented in
blishHence,

of data relevant to the Charleston earthquake was to estaincompatible formats.

single appropriate format for all data.
The fo: mat would

permit the direct comparison of a variety of data types anda

permit the use of analysis techniques for multiple data sets onto accumulate ;

common data base.
The second objective was data base.

existing data and make it compatible with the commonand a merginga
in formatthis requires a change A third objective was tocases,In most

of data sets from different sources.mechanism to update the data when new data become
*

The fourthto assess the accuracy of the data.provide a

was to present the collected data in a formatavailable and
objective
appropriate for distribution.

.

.

4.1 Gridded Data

This section discusses data which can be represented by

discrete points.
The description of gridding and analysisis discussed first, followed by thegridded data magnetics, elevations,common to allspecific information concerning gravity,

bathymetry and Landsat data.

Grid Definitions and Data Consolidation4.1.1 of data on
two-dimensional planar representation The

ellipsoidal surface is inherently non-conformal.The use of a
directions, and areas will depend onan

A variety of projections (including Lambertdistortion of distances,

conic, Universal Transverse Mercator, Albers equal area) havethe projection.

been used for the data available to this study.
A direct

is difficult.

comparison of data on different projections i
,

I28
;

f

- __ ---m__________
_



i
. ,

' '

!
*

6-

k. #
, h. While the dimensions of a grid may be the same, the grid pointsN do not coincide with the same location on the earth's surface.
3 In' order to compare data which were originally in different
M projections, all the data should be referenced to a grid in the
). same projection. The' Landsat data are conventionally displayed
1 using the Universal Transverse Mercator projection. In terms
I of the- amount of computational effort required, to effect
3 conversion among projections, the Landsat data would be the
q most difficult because there are more than 16 million data
( points. .For this reason we have chosen the Universal
/ Transverse Mercator projection (zone 17) to map latitude andi longitude to a plane surface on which a uniform rectangular
d grid can be defined. Other projections, for example the Albers
} Equal Area Conic projection, are more common and more

{g
. appropriate for large study areas such as the eastern United
States. However, the largest area of interest in this study

4 has a longitudinal dimension of about 1500 km and the
distortion at this distance related to the Universal Transversee

i . Mercator (UTM) projection is significantly less than. the
3 precision necessary for the data presented in the'large grid.
h In' the case of the largest grid, the area extends beyond zone
1 17 but the zone is fixed at 17 for consistency even outside ofj zone 17. FORTRAN subroutines for converting UTM coordinates toj latitude and longitude and back are given in Appendix A.

The interpolation of scattered data into a rectangular grid was* *

accomplished by a weighted average over a limited area. The
weighted average, which is limited to a small area, allows thee

| grid to be easily updated any time new data are available. The
!, computational implementation to the weighted average is alsoi: efficient and stable.

The values at each grid point were determined by the weighted
average of all data points falling within an area defined by a
square with three grid points on a side (Figure 4-1). The
weights are a function of distance and decrease with increasing-.

|, distance between the grid point and the data point. The data'

points are transformed from their original coordinate system to
i the Universal Transverse Mercator projection. After the grid

i area surrounding a data point is identified, the surrounding 16
grid points are found. For each grid point the distance to the
data point is computed. Then the weighting function is
calculated'by the following equation,

16
E 1W"
i ii=1

where:

W g [1/ (1+ (r /dx) ) ] , the weight function=
,

g

dx grid point separation=

1 distance from data point to grid pointr =

,

j 29
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L The spacing between the grid points is set to the grid
separations for this. study (i.e. , 1 km, 4 km, 8 km, 31.25 m).

.

Ei The individual weights are normalized. Hence, the significanco i

['' of the weights is that they are equivalent to the number of )
' points contributing to a grid point or the density of data for )

the area represented by one grjd point. With this distance-
<

dependent weight, significantly greater weight is given to the
closer grid points. Since data points near the edge of the <

grid area do not have 16 surrounding grid points, two extra* >
,

rows (or columns) were added at the four edges of the grid for,

convenience in programming. These values are preserved for the
! addition of new data to the grid but are excluded from the

grids used in analysis. The program used to generate the grid,

"
>

is found in Appendix A, and is called program SNGGRID.
;,

The gridding technique employed in program SNGGRID works best
when the data density is uniform and similar to the density of
the grid. In areas where the data are,most dense, an averaged.

and smoothed value is given at the grid point, simulating ther

average effect of the field surrounding the grid point and not
just the value at the grid point. The average is preferable to
the point value for modeling since it better represents the
block corresponding to the grid point. In areas of equivalent
density, the gridded data represent a smoothing of the original j

data within a radius equivalent to the grid spacing. For'the
more difficult condition of areas which lack data, the gridding*

technique does not provide information and the values remain ,

zero. For these conditions, a program to expand the radius of |

smoothing was developed. This program, AB, considers each {
!

f point at which the weight (equivalent number of points) fell
below a criterion determined by the distance and weighting
function suggesting that less than three points contributed to *

' 3 - the value. For those points, the area was expanded until the i

equivalent of six points contributed to the value and the !

weighted average recomputed. This is equivalent to choosing a
,

larger grid increment and interpolating between grid points.
Four data grids were used; each data grid was centered about
the epicentral zone of the 1886 Charleston earthquake. The
grids are all square in the Universal Transverse Mercator
projection and are rotated clockwise 52 degrees about the point
(33,125 N, 81.25 W) which corresponds to the points (1,1) in0 0

+

.

the 128 x 128 point grid with 1.0 km spacing called grid 1
%j (Figure 4-2). The other grids are centered on this grid

exactly and have sides of 256 points at 4.0 km spacing (grid
2), 128 points at 8.0 km spacing (grid 3), and 4096 points at

;' 31.25 m spacing (grid 4). Table 4-1 and Table 4-2 contain grid
sizes and corner coordinates, respectively. Figure 4-3 shows

;

the grid locations.

The locations in the rotated system are found by the following
steps:

,

,

p
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Table 4-1. Size of the four grids.-

,

4 Side'

Grid-No. Pts / Side Length (km) Grid Interval Data

11- 128 -128 1. O km' gravity ,

k 2topography ,

3magne' tics,

4-2 64 256 4.0 km gravity ,

f 5magnetics ,,

6topography

43: 128 1028 8.0 km gravity ,

6topography ,

magnetics

7'4- 4096 128 .03125'km Landsat

1 Gravity data from Georgia Institute of Technology, Virginia Poly *

and State' University, U.S. Geological Survey, University of So i

.- . newly acquired data.

2
Topography from gravity surveys.

3 Magnetics from USGS/SEG.
4 '

Gravity'from EPRI.

; 5 Magnetics from EPRI.
.

'
6 '

Topography from EPRI.,

7 Proprietary data from EOSAT.

<
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| ,' Table 4-2. Corner coordinates of grids. ]

Grid .X ~Y. .
N E Latgtude Longitude'

.

,.
. .

)

.j ~ .No. (feet) (feet) ( N) ( W)
)

' . . , - 1 -1 1 3,664,9801 476,678 33.1250 81.2500 ]

1 '128 1 3,564,903 554,867 .32.2211 .80.4177'
-

'l 1 128; 3;743,170 576,756 33.8277 '80.1705 j1

1 128 .128- .'3,643.,092 654,945 32.9168 79.3430 6

I
" 2 1 1 3,675,753 388,949 33.2167 82.1916

>s ,2 64 'l 3,477,173 544,095 31.4301 80.5360''-

| V 2 El~ 64' 3,830,899 '587,527 34.6180 80.0453'

<

0 2' 64 64, 3,632,320 742,674 32.8038 -78.4084
<

3 .' .1 1 3,741,590 -147,254 33.6190 8'7.9710
-3' ~128 1 2,940,971 478,258 26.5908 81.2183 |'

.3- 1 128 4,367,102 653,365 39.4417 79.2178 ..,

3' 128 128 3,566,483 1,278,877 31.9683 72.7695 -!-

,

"'

4- 1 1 3,665,064 475,999 33.12574 81'.25729 '!

4: 4096 1 3,564,224 554,784 32.21497 80.41865 .i
4- 1 4096 3,743,850 576,839 33.83385 80.16958

'

', ; .4 4096 4096 3,643,009 655,624 32.91597 79.33577 -

The relative positions of the grid corners can be seen in
Figure 4-3.
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1. Transform latitude and longitude to UTM tone 17 (i.e. to
N,E).

2. Shift origin to grid point (1,1) at (N ,E ).o n

3. Rotate axes clockwise 52 degrees to primed coordinate'

system.

4. Find index of grid point closest to the data point.

Computer programs to transform latitude and longitude to UTM
zone 17 are giver in Appendix A. The equations for step two,
the translation, and step three, the rotation, are combined as
follows:

E' = (E-E )*Cos(A) (N-N,)* Sin (A)-

g

(N-N,)*Cos(A)N' = (E-E,)* Sin (A) +

where A is positive clockwise.

The new primed axes (N', E') represent a clockwise rotation of
the old axes (N, E) about (N ,E ).g g

,

Within each grid, a grid point represents data in a square area
centered over the grid point and with sides equal to the grid
spacing (Figure 4-1). The relative locations of the grida

points in each of the four grids are shown in Figure 4-4.
The 64 x 64 point grid (grid 2) with dimensions of 256 km is
centered on the reference grid. In the rotated system, the

grid reference point (1,1) for the 64 x 64 point grid is

located at N' = ~62.5 km and E' = -62.5 km.
The 128 x 12.8 point grid with 8 km grid interval and dimensions
of 1024 km is also centered on the reference grid. For grid 3

the grid reference point (1,1) for the 128 x 128 point 8 km
|

~ grid is located at N' = -444.5 km and E' = -444.5 km.

I The . Landsat data have 4096 x 4096 pointc which can be divided
into 64-512 x 512 point units for convenient display. Each
unit of 512 x 512 points covers an area of side length 16 km or
an area of 256 square km. The pixels were rectified to the 128

Ix 128 point 1.0 km grid points such that each 1.0 km grid point
is surrounded by four areas of 16 x 16 pixels. The pixels are
31.25 meters apart and the origin is at the point N' = -484.375
m, E' n -484.375 m in grid 4.

The index (IX,IY) of the grid points closest to a specified
latitude and longitude coordinate (or UTM coordinate position)
can be obtained from the following equations:

R(I) + DY(1)/2.0)/DY(I))IY = 1 + Int [(N' -

R(I) + CX(I)/2.0)/DX(I)]IX = 1 + Int ((E' -

,
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(Int ( ) truncates fractional part of number) [

where R(I) is the origin in the primed system of the Ith grid, |
;DX or DY is the grid point spacing of the Ith grid, and in this
fstudy DX(I) = DY(I).
'

4.1.2 Gravity ;

The gravity data accumulated for this study were taken from |

several sources. For grids 2 and 3, the Bouguer gravity values !

were provided by the Electric Power Research Institute (EPRI). |
Grid 1 consisted of Bouguer gravity values from the Georgia
Institute of Technology, the U.S. Geological Survey, Virginia ;

Polytechnic Institute and State University, and new field data, j

t'
4.1.2.1 EPRI Gravity Data

EPRI acquired gravity data from the Defense Mapping Agency i

(DMA). These points were converted into a digital gridded set. |

Onshore data consist of Bougger gravity anomaly values computed !

using a density of 2.67 g/cm , and the offshore data consist of
free-air gravity anomaly values.

All computations were performed using the International Gravity |

Standardization Het of 1971 (Morelli, 1974) and the 1967

Geodetic Reference System formula for theoretical gravity
2(International Association of Geodesy, 1971).

The initial data set acquired by EPRI was first screened to ;

eliminate redundant values, then terrain-corrected in areas i

that had substantial relief, and finally edited to remove ;

erroneous values. Even though the data have been extensively |

edited, a few incorrect values unknown to authors may still be
.I

present in the data set. Terrain corrections were computed at

|
radial distances from station locations ranging from .895 km,

(Hammer zope F) to 166.7 km (Hayford zone 0) using a density of j'

2.67 g/cm . The final corrected data were then transformed
from geodetic coordinates to ground kilometers using an Albers
equal-area projection with a central meridian of 96 degrees and '

i

standard parallels of 29.5 degrees and 45.5 degrees.
|

| A gridding program (Webring, 1981) based on a minimum curvature
procedure (Briggs, 1974) was used to produce values spaced at 4
km intervals. The program used a cearch radius of 40 km to
determine values at grid positions in areas of sparse data.
This distance was sufficient to calculate values at all grid
locations inside the boundaries of the data. This procedure

extrapolated the data out to the search radius around the
irregular boundaries of the data, and, therefore, these

extrapolated values should be used with caution.
1 Sinco a rectangular grid is produced from irregularly spaced
i

data, there are many grid locations around the edges of the
data beyond the search radius where no values were calculated.
These grid locations were arbitrarily assigned a value of 9999.
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The above description applies to EPRI proceduras. For purposes
of this study, the EPRI data were converted to our gridding
system.

i

!
4.1.2.2 Merging and Compilation of Data

All the data incorporated in the 1 km grid for gravity data I
were carefully examined. Duplicate points and points which !were inconsis. tent with neighboring points were removed before j
generating the grid. The programs designed to remove duplicate
points, CLEAN, and the program designed to identify
inconsistent data, CLERR, are given in Appendix A.

s

Program CLEAN was designed to identify duplicate and virtual )duplicate points. Each new point was compared to a sorted ,

listing of the gravity points and those pairs that were closer '

than a distance of 0.2 km were listed for examination. One of
these was removed. The choice was based on the value of the !Bouguer Anomaly. Duplicate points were common because the same
data were often obtained fror multiple sources. This duplicity
was easily identified on basis of identiv.1 gravity values and !survey designations. In a few cases, the same data were !

reduced using two different international gravity formula. The
difference in the value of gravity allowed choice of the data
referenced to the IGSN 71 datum. When the same location was
sampled by two different surveys, the choice of value to use
was more difficult. In general, we chose the value most
consistant with neighboring points. In some surveys, data were

1

obtained at closely spaced intervals along lines. Such data
'

tend to bias values computed by a weighted average technique.
In order to minimize the bias and provide a data set with more
uniform data distribution, data points were removed from the
line. In essence, points closer than 0.2 km were considered
duplicates and selectively removed.

1

Program CLERR was designed to identify values that were
anomalous or inconsistent. Each point tested was removed from !
the data set and the eight nearest points were found. These i

points were then used to estimate by a weighted average method
the value and uncertainty at the point. Any point that
deviated more than one standard deviation from the extrapolated
value was considered as a possible error or inconsistent value. '

These values were examined for a possible correction. If !

correction was not possible and the apparent error could not be
,

explained by gradients in the data, the value was considered in
error and removed.

The largest block of data was obtained from the files of
Georgia Tech. This block includes detailed survey areas near
the epicenter of the 1886 ecrthquuke (Champion, 1975) and the
1972 Bowman earthquake (McKee, 1974). It also includes a
selection of detailed line data and existing regional data.
U.S. Geological Survey data (Phillips and Davis, 1985) made
available to the study expanded the Georgia Tech data to the
west, northwest, and north. Data from the Virginia Polytechnic
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Institute and State University complemunted the USGS data.
University of South Carolina data which cover the northern
corner of the study area were not made available to us.
Consequently, based on the existing coverage, it was decided to
extend the data area to the east and to fill in major gaps
between the USGS and Georgia Tech, Bowman area data. The only
remaining significant areas of sparse data would be in areas of
difficult access near the coast and lake or swamp areas to the
north.

4.1.2.3 Acquisition of New Gravity Data

The goal in gravity data acquisition was to provide data
sufficient to complete a grid with a uniform 1.0 km spacing
between points and 128 points on each side (Grid 1, Table 4-1).
The grid was rotated to follow the coastline and maximize the
land area. Such a grid requires 16,384 points and only about
3150 points were available. Since we budgeted for only about
600 new data points, it was important to use those 600 points
in areas of sparse coverage near the epicenter of the 1886
charleston earthquake. Hence, areas of new data were chosen to
expand the areas of existing coverage in the central portion of
the grid.

Standard methods of gravity data acquisition and reduction were
followed. Data reduction used the program GRAVUN on file at
the Georgia Institute of Technology, School of Geophysical
Sciences. Data were obtained along lines at a spacing of less
than 0.5 km or as regional data at a 1.0 km cpacing.
Corrections were applied for earth tides and drift. These e

techniques are outlined in Champion (1975). Appendix A lists
the surveys. All su'veys were made with Lacoste-Romberg ;

gravity meter number 668. All data are tied to the Branchville
'

'

state base. Temporary bas, station values are also given in
Appendix A. Point plots and Mrmat information can be found in '

Appendix A.
>

4.1.2.4 Image Processing of Gravity and Magnetic Data

The image processing of gravity and magnetic data was performed
on the ' imago processing system at Georgia Institute of

Technology. The system was developed by Earth Resources Data
Analysis Systems (ERDAS) of Atlanta, Georgia. It was designed

primarily for the analysis of satellite imagery, and has the ,

capability of displaying raw data as various false colors or
shades of gray. Three bands of data may be examined at one -

time, each band being given one of three colors (red, blue or
green). The intensity IcVel of the color at each grid point is
controlled by the data value associated with that grid point. t

If the same data set is used on all three bands, the data '

values are associated with shades of gray. Various operations
may be performed on the resulting image, including intensity
stretching, which improves contrast, and Icvel slicing, which
can isolate certain select data values.
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Tor this study our 1 km gravity and magnetic grids were
converted to imagery data files. In addition, the vertical
second derivatives were calculated for both data sets, and
these grids were also conysrted. Finally, the shaded-relief
technique (Dods, 21 A1 1985) was used to examine the gravity I

and magnetic data as pseudo-topography under a variety of falFA !

sun-angles. The results and uses of these various operations
are given in chapter 5,

4.1.3 Magnetic Data j

I
The magnetic data came from two sources the Electric Power ;
Research Institute (EPRI) and a joint U.S. Geological Survey !

and Society of Exploration Geophysicists project (USGS/SEG).
|

EPRI data were used for grids 2 and 3 and USGS/SEG data were iused for grid 1. . Both sets required conversion to our gridding !systems.
|

Tor EPRI, the continental U.S. residual magnetic anomaly data
were acquired from the Phoenix corporation. They were sampled
at 2 minute intervals and were located using coordinates in
decimal degrees. The locations were transformed to kilometers.
After this, the 1975 IGRF reference field (updated to 1977.19)

,

was added back into the grid. Then the 1975 DGRP reference
field (updated to 1977.19) was subtracted from the grid. This
resulted in residual magnetic values related to the 1975 DGRF.
This is the condition of the data set as we received it from
EPRI. We further modified the data by converting it to our
gridding systems.

;

The magnetic data acquired for grid 1 were assembled by the
U.S. Geological Survey and the Society of Exploration !
Geophysicists (1982). There were six sources for the data in |
the area of study. All consisted of airborne nagnetic ,

recording with flightline spacing of 1/2 to 1 mile. Elevations ,

were 400 to 500 feet above ground (Appendix A).

Flight altitudes were not continued upward or downward to a
common value. These data are total-intensity aeromagnetic- :anomaly data. These anomaly data were referenced to various
magnetic field datums; however, an attempt was made (USGS SEG
1982) to adjust most anomaly data to a common magnetic-field
datum (Fabiano and Peddie, 1969; Barraclough and Fabiano,
1978).

As indicated earlier, grid 1 magnetic data were also loaded
;

into the EP.DAS image processing system at Georgia Instituta of
Technology,

4.1.4 Geodetic Data

Topographic or elevation data were obtained from EPRI and from
elevations taken from gravity field work. The data received
from EPRI were sampled at intervals of two minutu of longitude
and one minute thirty seconds latitude to produce a grid of 4
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km spacing. The locations were computed to kilometers. For
our use, the topography for EPRI was converted to our gridding
system. The EPRI data set was used in grids 2 and 3. Grid 3
was supplemented by offshore bathymetry data digitized from
bathymetry maps.

For grid 1, elevations were provided by measurements taken from
U.S.G.S. quadrangle maps from gravity data acquisition. These
elevations were gridded and smoothed for our use. |

!

4.1.5 Availability of Gridded Data I
i

Gridded magnetic, gravity, or topographic data on grids 1 i

through 3 can be purchased from Georgia Institute of Technology
,

for a har' ding and shipping fee. Purchasing information can be !
obtained from:

.

Charleston Earthquake Program
Department of Geology and Geophysics

Georgia Institute of Technology
Atlanta, Georgia 30332-0340

4.1.6 Satellite Imagery

Satellite imagery from the Landsat thematic mapper series was
bought from EOSAT. The image was selected for the highest
quality, least cloud cover, and best sun angle. The Landsat
data have been gridded with 4096 points on a 128 km side. This
yields over 16 million points with 31.25 meters between each
point.

4.2 Magnetote11 uric Soundinarii

Magnetotelluric sounding information, in contrast to the
'

gridded data in the previous section, is presented as field
'

data (Appendix B) and as one-dimensional and two-dimensional
interpretations.;

'
4.2.1 Introduction

,

As part of this study, twelve magnetotelluric (MT) soundings >

| were conducted near Charleston, South Carolina. The MT method
: is a geophysical technique that measures subsurface resistivity

by passively measuring the electrical currents induced in the
earth by fluctuations in the earth's magnetic field.

The primary purpose of the soundings was to produce information
at seismogenic depths that would help constrain the geologic
crustal model. A secondary purpose was assessment of the
usefulness and cost-effectiveness of the magnetotelluric method
for collecting resistivity data at seismogenic depths in the
Charleston area. Audio-frequency magnetotelluric and other
electrical sounding data have been collected in the Charleston
area by the U.S. Geological Survey (Campbell, 1977). This
previous study investigated to depths of only 1.6 km.
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I

Remote reference tensor MT measurements were conducted under
our supervision by Michigan Technological University near
Charleston, South Carolina during Octo.ber and November, 1985.
A real-time magnetotellurics apparatus manufactured by Phoenix,

Geophysics of Willowdale, Ontario was used to make deep
'

soundings. The results of these soundings were used to help
model deep crustal structure in the area surrounding the
epicentral zone of the 1886 Charleston, South Carolina
earthquake. Figure 4-5 shows the location of the 12 soundings
which occupy two lines crossing at Summerville, South Carolina.
Table 4-3 gives the names and coordinates of the stations.

Tensor magnetotelluries (MT) uses natural time-varying electric
and magnetic fields to determine the surface impedance of the !

earth. From the impedance at one or more sites, a resistivity
crocs section can be estimated which can be interpreted for !

geologic structure. MT has the advantage of great depths of
jpenetration (tens of kilometers), high lateral resolution, and '

no need for a man-made signal source. The primary
disadvantages are the complicated recording apparatus necessary

;and the sophisticated data analysis. Details on the recording r

apparatus, magnetotelluric theory, data, and data analysis can ibe found in the section titled " Magnetotelluric Soundings Near
Charleston, South Carolina volume I Principles" in Appendix i
B. '

Sites for MT soundings were chosen to have as little cultural |

noise as possible (cultural noise includes power line
interference, mining operations, logging operations, etc.).The general locations were chosen to give the best data, the
deepest crustal structure, and maintain a safe distance from
the (highly conductive) Atlantic Ocean. The stations form two .lines, one parallel to the coast and one perpendicular to the !

coast.
i

4.2.2 Principles of the Magnetote11 uric Method
!

t

The MT method uses natural transient electric and magnetic
fields to determine the surface electromagnetic impedance of i

the earth. These fields are generated by the flow of charged jparticles in the ionosphere and by distant lightning storms. tThe electromagnetic impedance expresses an assumed linear !relationship between the applied magnetic field and the '

resulting electric field. The observation depth of a given '

measurement is dependent upon the frequency of the detected
signal and upon the subsurface resistivity. Low frequency
electromagnetic waves penetrate deeper than high frequency
waves. Waves of a given frequency penetrate deeper into
resistive rocks than into conductive rocks. The impedance is
usually expressed as apparent resistivity and plotted as a
function of period. An example can be seen in Figure 4-6. The
rest of the sounding data can be found in Appendix B.

| Remote reference recording was used during this survey; two
| horizontal components of electric field and three orthogonal
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Table 4-3. Magnetote11 uric station coordinates. |,

| |'

Site Code Site Code Latitude ( N) Longitude ( W) |

AMX/MTH Alumax 33*04' 80 04' |
'

FMS Ti'ancis Marion South 33 11.5' 79 55.5' !

D
FMN Trancis Marion North 33 18' 79 46.5'

U
ORG Orangeburg County 33 17.5' 80 36.5'

,

|
0ASP Ashepoo 32 47.5' 80 31'

0 8CMB Combahee River 32 38' 80 43';
,

!

CHT Charleston County 32 51.5' 8C 06.5'
7
,

ANW Andrews 33 23.5' 79 30' |
t

fRDV Ridgeville 33"06' 83 21.5'
#

SMR Summerville 32"55.5' to 14' :
''

f
0

EDO Edisto River 32 52' 10 21.5'

!

:
,

,

'
,

i

b

V
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See Appendix B for explanations and other
data.
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, components of magnetic field were recorded at the survey
i stations and, simultaneously, two components of reference

magnetic fleid at a station a few hundred meters away were also
recorded. The reference field was used to improve the signal-,

1 to-noise ratio. Coincident signals were considered to be
correct and non-coincident signals were assumed to be noise.
This procedure reduces the effects of circuit noise or local
ground vibrations.

|

!
The horizontal electric and magnetic fields are used to |determine the impedanco tensor which is usually mathematically i

rotated with respect to the principal axis. The direction of i
frincipal axis (impedance maximum) and the ratios of the ianximum to minimum impedance express the electrical resistivity ;
structure in the subsurface at the site, j

The vertical component of the magnetic field is used to define
|a magnetic field transfer function which is also used to reveal

the resistivity structure of the area. If the earth consists
only of flat layers, there will be only uniform currents, but |
if there is a more complicated structure, electric current will ;
concentrate in conductors. The ;aagnetic field of a iconcentrated current curls around the durrent, as described by |
the right hand rules thus, a horizontal current concentration 1

will have a vertical uagnetic field component on either side of !
it. The ratio of the vertical magnetic field to horizontal j
magnetic field components, known as the magnetic transfer j
function, is a tensor consisting of phasors. The axes of this
tensor can be mathematically rotated to maximize one component, ,!

thereby finding the direction perpendicular to the orientation
of the current concentration. More detail on this technique ican be found in Appendix B.

|
,

4.2.3 Magnetote11 uric Data j

The magnetotelluric (MT) data were reduced in the field and lab i

by Michigan Technological University. The data are presented !
in the section " Magnetotelluric Soundings Near Charleston, I
South Carolina Volume II: Data" in Appendix B. l

1 i

4.2.4 Modeling Results

Magnetote11 uric data were analyzed using one-dimensional (1-D)
and two-dimensional (2-D) techniques. Preliminary 1-D modeling )
was prepared as part of this project by C. T. Young and J. C. l
Rogers of Michigan Technological University (Appendix B-1).
Additional 1-D modeling was performed by J. C. Mareschal of the
Universite du Quebec a Montreal. Initial two-dimensional
modeling was performed by C. T. Young and M. R. Kitchen. Final
2-D modeling and magnetotelluric interpretation was conducted
by Law Environmental personnel.
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4.2.4.1 One-Dimensional Modeling .

!

!The 1-D modeling consisted of Bostick one-dimensional inversion
(Bostick, 31 11 (1977)). This computation converts apparent

' resistivity data to a continuous resistivity versus depth
fu6ction. .The computation is an approximate method of i

converting field measurements to apparent resistivity versus
depth. Details on this technique are given in Appendix B.

,

One-dimensional modeling and interpretations were discussed by '

'Young, 31 Al. (1986); the following discussion incorporates
their work. rigure 4-7 presents apparent resistivity curves
for each site. The data have been rotated at each site to
obtain maximum and minimum values. Typically, at a given site, i
the maximum and minimum resistivities are nearly identical at i
short periods, indicating a locally flat layered earth. *

The apparent resistivities generally drop at intermediate
periods, rise at longer periods and drop at the longest '

periods. This sequence reflects the variation of resistivity
,

with depth. The maximum and minimum apparent resistivity >

curves diverge with increasing period, indicating that the
earth should be modeled in two or three dimensions at these

'frequencies.

The models show four layers. The top layer is moderately
conductive (12 to 312 ohm-m) with thickness ranging from 200 to

t

400 m. The second layer is very conductive (1 to 4 ohm-m) with
thickness ranging from 200 to 400 m. These two Icyers
correspond to coastal sediments. This is underlain by a high
resistivity layer (3000-20000 ohm-m) which is very thick (5 to
18 km). These high resistivities are typical of continental
igneous rock, especially dry granite. Below this thick i

resistive layer, the model consists of an infinitely deep half-
space which is moderately conductive (77 to 373 ohm-m). The
bottom of the resistive layer shows a step offset, and is
shallower to the northwest and northeast. The offset is
indicated by dashed line on the map of Figure 4-8. The
resistive layer corresponds to a region of no seismic
reflections on the COCORP profiles. Both the electrical and
seismic properties of the resistive layer are consistent with
granite or other igneous or metamorphic lithology, where there
are no extensive boundaries to reflect energy.

Compared to the COCORP profiles, the deep interface in the MT

|
cross section corresponds to the transition from the

o reflection-free zone above 5 seconds to a zene of gently
! dipping discontinuous reflectors below. The presence of
l reflectors and the moderate resistivities of the bottom half-

space are consistent with lower strength rock. Both COCORP and
MT data indicate a general gentle southward dip.

|

|

|
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Young, et al. 1986).
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In order to gain meaningful information in the crust beneath i
the MT stations, it was necessary to extend the modeled |profiles beyond the stations.

i

L
In addition to layered models, MT data can also reveal !inhomogeneities and structural grain by anisotropy disgrams and ;

transfer function maps. Figure 4-9 illustrates polar impedance
diagrams to indicate the anisotropy of the impedance tensor. ;
Data from two frequencies are displayed, T= 85 sec and 455 >

sec. These frequencies have a depth of penetration appropriate ;
to regional studies. At each station, two polar diagrams are i
presented at each frequency. The polar figure drawn with solid !lines indicates anisotropy of the diagonal impedance term, 2xy. }This quantity represents the electric fielt in the x direction

!
generated by a magnetic field at right angles to it (the y
direction). If the earth is isotropic (nc electrical fabric

,

and no nestby inhomogeneities), 2xy should plot as a circle, i
Similarly, the polar diagram, drawn with a dashed line, [represents Zxx, 4he electric field in the x direction due to a L

magnetic field in the x direction. For an isotropic earth with !no inhomogeneities, Zxx should be zero. The Exy polar plot ;

makes a peanut shape for a two dimensional uarth with its long :
axis indicating the principal axis of anisotropy, and 2xx

'

should go to zero along the principal axis. Zxx polar diagrams '

that are not zero along the principal axes indicate a three {dimensional earth. The data in Figure 4-9 indicate that the
!principal axes at most sites are parallel to the Atlantic coast
,

(NE-SW) at both 85 see and 455 sec, and that the degree of *

three dimensionality is small. The only exceptions are site ;
AMX, which was near an aluminum smelting facility that ;
generated significant magnetic field interferen.:e, and at site

;
FMS, where the recording was terminated due to an electrical i

storm. Analysis of MT data in other regions indicated that the '

presence of a large conducting body of water does not affect
the results (Young, personal communication, 1987).

|

These impedance orientations are consistent with either large |
scale electrical anisotropy in the thick resistive layer shown
in Figure 4-11 or with a two-dimensional structure ;
approximately parallel to the sea coast.

As described earlier, the transfer function relating the
vertical magnetic field to the horizontal electric field t

reveals concentrations of current in the crust. These transfer
functions, also termed induction vectors, are presented in
Figure 4-10 for a period of 85 seconda. The dot indicates the
station locations, the solid line indicates the direction and
magnitude of the maximum of real part of the transfer functions
while the dashed line indicates the maximum of the imaginary
part of the transfer function. The directions are plotted
reversed, so that the lines point toward the current,

l concentrations. Transfer functions are not reported for
I stations near population concentrations, because the data

quality was poor there, presumably due to interference. The
induction vectors shown in Figure 4-10 generally point toward

|
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the coast, except for station CHS which was probably affected
by currents induced in power transmission lines or pipelir.es.
The one-dimensional magnetotelluric soundings were
preliminarily interpreted by layered models and interpreted as
profiles. The resulting cross-sectione indicated a sequence of
conductive s+diments, overlying a thick resistive layer
interpreted as crystalline rock. The bottr t,31f-space is !relatively conductive (Figure d!-11). At R time of the |initial data collection Young and Kitchen proposed that the
deep relatively conductive layer could be interpreted as a very ,

I

deep sedimentary trough. J. C. Mareschal suggested water-
filled secondary porosity in crystalline rock as an alternate

Iinterpretation. One purpose of the MT survey was to contribute
to the data accumulated to yield a geologic interpretation
which was consistcnt with all data and not one or two sets.
Impedance anisotropy and other indicators of two- and three-
dimensionality indicate that higher order models are desired to
account for some data characteristics. The one-dimensional |

,

geologic interpretations sho'uld be considered interesting but
i

not as robust as the final interpretation. '

4.2.4.2 Two-Dimensional Modeling
;

Two-dimensional modeling was performed by C. T. Young and M. R. '

Kitchen of Michigan Technological University. One-dimensional
modeling is appropriate for the Charleston data to depths of )
about 1 km. Below these depths, the data cannot be adequately i
resolved by one-dimensional techniques. Two-dimensional !
techniques are more appropriate. For an elongated sodimentary ;

basin with a lateral offset, the maximum resistivity curve at
each site provides a more accurate representation of the
crustal structure than using other modeling techniques such as
adjacent one-dimensional models (Hermance, 1982). The two- !dimensional models presented here for the Charleston MT data
agree with this assertion, and agree with the one-dimensional
models determined earlier for the maximum resistivity curve at
each site. Two-dimensional models fitting a given data set are
not necessarily unique. The non-uniqueness is not as severe as
in gravity modeling, because the depth penetration of MT is
clearly controlled by the frequency of observation. We present
here two alternate models which fit the data set equally well.

,

A two-dimensional solution for the Charleston MT data is shown '

in Figures 4-12 and 4-13. The numbers shown are interpreted -

resistivities in ohm-m. An alternative colution is shown in
Figures 4-14 and 4-15. These figures show two sets of
perpendicular profiles. The locations of the profiles are
shown in Figure 4-16. It can be seen that the near-surf ace
structure is the same while deeper portions of the models

i differ. The two models shown here were used to constrain the
t geologic model develcped using potential field data and other

information. The MT interpretation shown in Figures 4-12 and
4-13 compares well with COCORp cross sections (Figures 4-17, 4-
18 and 4-19). Of interest at this point is the correspondence
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of the lower resistivity lower layer with the zono of

. discontinuous reflections in the COCORP cross sections.

n | Because of'this correspondence model I is preferred.
,

4.3' Seismic Refraction and Reflection Studies

In order to develop a realistic crustal model for. the
Charleston area, seismic. reflection and refraction information
was used to define depths to interfaces and depths to basement.
Refraction velocities and reflection data were used as an aidto interpreting lithology and density of material present for6

, constraining gravity modeling.
Existing interpretations of seismic reflection and refraction''-

data were used. Five reflection interpretations were selected
'and are as follows:

;.

1) COCORP - The interpretation we used is given in Schilt, st
al , (1983). Four lines totaling 72 kilometers, Vibroseis
data with a record length of 20 seconds. Display package
consisting of location map, ISO velocity plot and CDP
stacked prints at 3 scales available.

The interpretation is given in Hamilton, et al.,
2) GSI -

(1983). Ten lines totaling 140 kilometers, Vibroseis data
with a . record length of 3 seconds. Data package
consisting of 9 magnetic tapes, shot point maps, microfilm
with statics, and test in U.S .G. S . Open File Report 82-
311.

3) Seisdata -A line drawing interpretation of the data is
given by Behrendt (1985). Part of Southeastern overthrust
survey, Line 4 passes through the area of interest.

A location map, profile sections and
4) Yantis -

interpretations are given in Yantis, et al., (1983).
Three lines totaling 7 kilometers, explosive source and a
record length of 1 second.

Interpretation of this data is in
5) Virginia Tech -

preparation for publication. Although under revision, a
copy of the report was furnished by Costain (Coruh, et al.
(1982). Five lines totaling 51 kilometers, Vibroseis
data with a record length of 2 seconds.

Although the reflection coverage near Charleston is fairly

' dense, most of it has been poorly processed and interpretations
are not universally accepted. The location of the reflection
lines are given in Figure 4-20.

Most of the reflection profiles were interpreted by their
authors primarily to find faulting. Our use of the reflection
data is, first, to locate near-horizontal layering to constrain
gravity modeling, and, second, to locate horizontal changes in
lithology and faulting. The first use does not tax the data to
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the extent that thet second does. All of the reports of onshore

p{ , reflection surveys ~ give cross sections in time not depth,

(1 h though ' approximate depths are given in the. text. All lines

[P
Ishow ,a . strong;: reflection at the base of upper Cretaceous

-

; sediments at:a depth ' of approximately .750 meters. In most'

ar_eas, this'is interpreted to be the' top of a widespread basalt~

h..;
,

layer. Generally. one or two continuous reflectors are seen in -
C the Coastal plain sediments. The "Yantis" interpretation does

.

! |not go deeper:than the basalt. The "GSI" and " Virginia Tech"
interpretations.show a reflector interpreted to be the surface

b of crystalline basement : at approximately 1 see (1-2 km), and
E .some reflectors from 1 to 3 seconds deep which . may indicate
p t t.s 7uc ure.,

The COCORp data give the deepest penetration. The basalt j

(approximately 0.7 seconds, 750 meters) and basement
P (approximately.1.0 seconds, 1600 meters) have good continuity.

Few. coherent. reflections- are seen "from 1.5 to 6 seconds
-(approximately 18 kilometers). There are many short ;

L' discontinuous reflections from 6 to 11 seconds. Some of these |
,

' reflections are speculated to be from meta-sedimentary rocks
;,

buried by Appalachian thrusting (Schilt d M. , 1983).
However, no reflections which correlated with southern

Appalachian thrust faults were found. More coherent

reflections seen at 10.5 to 11.5 seconds (32 to 34' kilometers)
.are' postulated to be from the crust-mantle transition zone.

Refraction:. The seismic refraction survey interpreted by
Ackermann (1979) gave elevation contours for the pre-cretaceous
: surface .(-500 to -1000 meters) which is interpreted to be
; equivalent ' to the top of basalt where present.' Elevation
contours for crystalline basement (-800 to -2200 meters) are
also.given. .

, ,

Reports of three marine surveys- were used. The reflection .)

survey..by Behrendt d d. (1983) gives a structure contour, in '

L time, of the top of basalt. They also give line drawing
interpretations and a hypothetical crustal model. The second
reflection survey by Dillon .c_t d. (1983) outlines two deep
sedimentary basins. They present depth sections on three
seismic lines, depth contours of a post-rift unconformity which
the basalt layer overlies, and depth and isopach maps for both
Jurassic and Cretaceous sediments. The marine refraction
survey by Dillon and McGinnis (1983) restates information from'

the reflection survey.
Several other sources of ref raction data were examined. These
included Talwani (1977), Smith, g d., (1987), and Woollard &

d. (1957).

4.4 Geolocic Dat,a

The geologic data are based on information from surface

geclogic maps, numerous shallow drill holes, and a few deep
i .' drill holes, and on geological interpretations of aeromagnetic

maps, gravity maps, and seismic profiles. The tectonic
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interpretations are b ed on our data plus recently published
tectonic summaries,

p
General , surface geology is shown by McCartan d d. (1984) for'

the *u trom enarleston to Orangeburg, South Carolina (map
scale 4: 3S0,000). Other near-surface features (thickness of
overburden and contours on top of the Cooper Formation and
Santee Limestone) are shown at the same scale from the same
area by Force (1978a, 1978b). More detailed geologic maps for
parts of the area (scales 1:24,000 to 1:49,000) are by Cameron
d M. (1984), Malde (1959), and Weems and Lemon (1984a, |

1984b). These maps are based partly on power-auger drilling to
depths generally less than 25 meters. Many of the drilling

:

logs are published; others are on open file with the U.S.

I Geological Survey and the South Carolina Geologic Survey.
Aspects -of the near-surface stratigraphy are published by
McCartan d d.-(1980), Sanders d d. (1982), and Weems d d.
(1982).
The landforms and near-surf ace stratigraphy of the region have
been interpreted in terms of cycles of submergence and

emergence as the shoreline shifted during geologic time.
Classic papers on the origin of terraces and scarps are by
Cooke (1936) and Doering (1960). Much work in the Coastal
Plain has .been done by D. J. Colquhoun and his associates
(1965, 19 69 ~, 1974; Colquhoun d d. 1972). A recent atlas of

the South Carolina Coastal Plain (Colquhoun d d. 1983)
compiles and summarizes much geologic work on the surface
features, subsurface stratigraphy, structure, and aquifers.
Discussions of deep subsurface stratigraphy and interpretations ,

of geophysical maps are given in U.S. Geological Survey

Professional Papers 1028 and 1313. The three deep boreholes

near Clubhouse Crossroads provide the deepest borehole

information available in the charleston area (about 790 to 1150
m below the surf ace) (Figure 4-21). Well logs and other data
are listed by Gohn d d. (1978) and Valentine (1982).

Regional tectonic interpretations include a discussion of

terranes in the Appalachian orogenic belt by Williams and
Hatcher' (1983) , which includes a description of the Brunswick
terrane, in which the Charleston area is situated. A recent

summary volume on the western North Atlantic contains several
papers pertinent to tectonic evolution of the Charleston area,
for example Klitgord and Schouten (1986) and Tucholke and McCoy
(1986).
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CHAPTER 5

GEOLOGIC MODEL .

5.1 Current State of Knowledae

Charleston lies within a region of Mesozoic extensional terrane
which'is characterized by rift basins filled with sediments of ,

H late Triassic to early Jurassic age and mafic intrusions of |
Paleozoic age. Coastal Plain sediments of Cretaceous to ;

Quaternary age overlie the extensional terrane. The region of ,

extensional terrane has been referred to as the South Georgia
,

Rift (Daniels, 31 d., 1983) and the Brunswick suspect terrane
(Williams and Hatcher, 1983).

,

In this chapter we develop a geologic model of the Charleston
area that, in combination with the results of regional and
local' stress modeling (Chapters 6 and 7), will allow the
evaluation of hypotheses as to the cause of Charleston's
seismicity.

Although the. bulk of the data that we use existed prior to this
project, it had not been formatted and processed to allow
analysis to form a single geologic model of the Charleston area
at seismogenic-depths. This data manipulation and formatting
is' described in Chapter 4. In this chapter we combine the
geophysical and geologic data prepared in Chapter 4 to build
the geologic model. ,

'

5.2 Modelina Anoroach
|

Our approach is to use forward modeling of gravity and magnetic
data, constrained by geologic, seismologic, and other available
data. To do this we utilize two computer programs, MAGGRAV and j
PLATES. MAGGRAV is a forward model that generates the magnetic !
and gravity anomalies for two-dimensional structures which can I

be approximated by horizontal polygons. For magnetic modeling,
linduced magnetism, remnant magnetism or both can be computed,

The equations for the calculation of the gravity anomalies are
from Talwani, at al. (1959). The equations for the computation '

of the magnetic anomalies are from Talwani and Heirtzler
(1964). Our version of MAGGRAV was written at Georgia Tech and
then modified by us as part of this project. The program
resides on a PC-XT equivalent and allows rapid iteration by the
interpreter through screen graphics.

PLATES is a three-dimensional, potential-field forward modeling
computer program which we use to compute the gravity field from
our description of the distribution of density in the
subsurface. It uses the methodology developed by Talwani and
Ewing (1960). The model as modified by us for this project
uses polygons of anomalous density stacked in thin sheets to
fill the 128 km x 128 km study area. The program resides both
on the time-shared mainframe Cyber computer at Georgia Tech and
on a PC-XT equivalent. Program running time is a logistical
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problem, due to the size of the files resulting from the scale
of < our use ' of PLATES, i.e. 128 x 128 surface grid points, with
the contribution from each plate being calculated for each grid
point .on each iteration of the modeling process. As dedicated
access. to a fast mainframe system is not cost effective, time-
shared mainframe and PC-XT modos have been used. The program.
structure and modeling schemes have for this reason been
modified to be as efficient as possible.

. The . output of the program is a contoured, computed gravity
anomaly field. The computed anomaly field can be . subtracted
from the. actual Bouguer gravity map leaving a residual gravity
field. This feature allows the interpreter to model one
feature at a time, subtract that anomaly field from the total

,

field, and then model'against the remaining residual field, j

As, input to our structure modeling, we have also used satellite
'

imagery techniques on our 1 km gravity and magnetic data, as
described in Chapter ' 4. The results of using such techniques
can be seen in Figures 5-1 through 5-5 for the gravity data,
and Figures 5-6 through 5-10 for the magnetic data. Figure 5-1 1

is a gray-shade image of the Bouguer gravity field. (Note that |

.Imore detail is available in the actual screen image than in
these reproductions. ) Higher values appear brighter and lower
values appear darker.- Stretching the image, so that highs J

become brighter and lows darker, and masking the image, in
'

order ' to examine a selected range of values, are readily
accomplished, and quickly help delineate areas of interest.
Figure 5-2 shows the vertical second derivative of the gravity
field. Certain linear trends can be seen, as well as areas
where data quality is poor, such as the St. Helena Sound area.

Figure 5-3 shows one of the real strengths of the image
processing technique, the combination of images. This figure I
was produced by using the red band for gravity data, while the '

I green and blue bands were used for the vertical second
I derivative. The characterization of boundaries between gravity
| highs and lows as shallow, sharp boundaries, or deeper, more
I gradual ones becomes immediately apparent. This was used to

lhelp delimit the edges of the shallow features.

Another way of using image-processing techniques is to consider
the gravity or magnetic data as topography, lit from a given ,

angle. When examined at different angles, subtle trends can be i

revealed which are usually masked by the major trends in the
data. For example, Figure 5-4 shows the gravity data with the
source of illumination to the north of the figure. This
highlights the obvious east-west structural trends in the
gravity data (Figure 5-1). However, in Figure 5-5, the source
of illumination is to the east, and the major structural trends
have been masked, allowing more subtle cross-features to be
observed.

The magnetic data has also been examined in the same way as the
gravity data. Figure 5-6 shows the magnetic intensity data,
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Figure 5-7 is the vertical second derivative of the magnetic
data, and Figure 5-8 is the multi-image combination of both the
field and derivative data. Note that the north-souch trending'

' lineaments obvious on the vertical second. derivative are an i
'

artifact of rotating the USGS magnetic data grid to conform
with our grid orientation. Figure 5-9, a shaded-relief image 4

lit from the south, shows the obvious structural trends in the ,

data,_ while Figure 5-10, lit from the east, shows more subtle
cross. trends.

'These images, then, were used as input to the various phases of
structure modeling, with regards to both defining the shape of
the "B" horizon, and in placement of the plutons.

5.3 Modelina Process

In this section the modeling process is described sequentially,
''and following that the resulting product will be described as

an interpretation of the geology at seismogenic depths.
' '

A generalized interpretation of the area geology was developed
from previous work by others and from data obtained in this

.

| study. Figure 5-11 shows the interpretation . along a NW-SE
striking profile through the study area. A wedge of Coastal'

; Plain sediments (Quaternary through Cretaceous) thickens toward
,the coast and is underlain by a thin Jurassic basalt (called
'the "J" horizon by Schilt & d. , 1983) . The "J" horizon is a
series of flows covering all but the northwest corner of the
study area. Triassic to early Jurassic sediment-filled basins
are immediately below the Jurassic basalt. The lithology of
the Triassic / Jurassic rocks is not well known locally but using
other similar nearby basins and Clubhouse Crossroads Test Hole
#3 as a guide, we arrive at a mix of clat, tic sediments

(sandstones, siltstones, shales, argillites, etc.) and perhaps i

basalt flows. |

Crystalline rock underlies the Triassic / Jurassic rock. The
crystalline rock may consist of quartz-rich metamorphic rock

| intruded by mafic or ultramafic plutons. The igneous rocks are
j thought to be gabbroic in composition and Paleozoic in age,
| thus predating the basin development.

The top of the crystalline rock has been called the "B" horizon
(Schilt g d., 1983). To the northwest the crystalline rock
directly underlies the Coastal Plain sediments, i.e. there is

no Triassic / Jurassic sediment or Jurassic basalt.
The crystalline rock appears to continue with uniform character
to depths of between 10 and 23 kilometers. This depth range
corresponds to the maximum hypocentral depths for seismicity.
Below 10 to 23 km the physical properties as observed on COCORP
reflection profiles appear to change. In the lower crust the
COCORP reflection images of the crust change from being
seismically transparent to displaying numerous short reflectors
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.(Schilt at al., 1983).- Also the rock of the lower crust' ,

becomes more conductive.
,

The crust / mantle boundary is located at a depth of about 28 to -

30 km and .is interpreted to become more shallow toward the ,

coast. |

Figure 5-12 is a flow chart of the modeling process. We began
our modeling with Bouguer gravity and magnetic data at 1 km-
spaced grid points over a 128 x 128 km area centered on
' Charleston.- Figures 5-13 and 5-14 are the contoured gravity
and magnetic fields, respectively. Chapter 4 describes the''

development of these data sets in detail. We also began with a
considerable amount of other data with which' to develop our

4 model'. Some of the data was used to constrain the potential
field 'modeling, . and other data was used to add features which
could not result directly from a potential field model.

The first step in our modeling process was to determine the ;

geometry and bulk density of the sedimentary wedge covering the
-

study- area, and then to remove the effect of that wedge from
the gravity ' field. In order to do this, we noted that the
sedimentary wedge is immediately underlain by a regional series
of basalt flows which are a prominent feature on seismic
reflection and refraction lines, both onshore and offshore, and-
are known.as the "J" horizon. We developed an interpretation
of the elevation of the "J" horizon primarily from refraction
and reflection data and from drilling records (Chapter 4).
Figure 5-15 is our structural contour map of the "J" horizon.

In general, reflection data contributed to offshore and some
onshore control. Refraction data were mainly available onshore
in the central study area and drilling records were available |

to the northwest, where the Coastal Plain sediments are i

thinner. We used 2.2 g/cm for the density of the material |
y

,
above the "J" horizon, which is based on previous work by us |

'

and others (Long and Champion, 1977, Talwani, 1977). The |

effect of the Coastal Plain sediments was removed from the i
|

i. Bouguer gravity field, yielding the first residual gravity I

L field.

Our next step was to determine the distribution and density of
the Triassic / Jurassic sediments, the base of which is the "B"

horizon. Control on the "B" horizon is from seismic reflection
and refraction in the center of the study area, and from
drilling to the northwest where Coastal Plain sedim3nts thin
(Chapter 4). In areas where seismic and drilling control was
lacking, depths to the top of crystalline rock were initially
extrapolated using the first residual gravity field as a guide.
Tnese areas were modified later as part of the gravity modeling
process. The modeling of the effects of the Triassic / Jurassic
sediments and basalt was repeated three times during the
overall effort, changing both the interpreted contours of the
"B" horizon and the estimated rock density. Our initial

fof the density of the Triassic / Jurassic materials wasestimate
2.57 g/cm , based on recent work by Long in buried
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Triassic / Jurassic basins in Georgia, since there 3s no site-
specific lithologic data from which to infer densities. Asindicated by Tigure 5-12, modeling the mafic plutons (whose
density we had a closer control on) required a more
positive residual field than was left, thus requiring us to i

return to the TriassA value of 2.47 g/cm)c/ Jurassic rocks and Ieduce this density.left sufficient residual anomaly to allow
the mafic intrusions to be accommodated. Later, after the iplutons were modeled and their positive gravity offact removed, '

the remaining residual gravity field indicated that alterations
in the interpreted structural contours of the "B" horizogneeded to be made, and tuat an average density of 2.52 g/cm !

was the best choice. The final structural map of the top of |
crystalline rock ("B" horizon) consists of seismic ;interpretation, drilling results and gravity modeling (Figure j

5-23).
Following modeling of the Triassic / Jurassic sediments, we !considered the effect of the mantle / crust boundary (Moho). The :need for including the Moho at this point in the modelir.g ;process became clear when we removed the effects of the Coastal ;

Plain and Triassic / Jurassic rocks. At this point, we assumed i

that the resulting residual gravity field should be influenced
only by the mafic plutons, and should approach zero at distance t

from the mafic plutons. However, Figure 5-16 is this second
residual gravity field, and a progressive incrcLse in gravity :

values from west to east can be seen. We therefore decided to iexamine the effects of a sloping Moho on the gravity field. |3Using a crust / mantle density contrast of 0.4 g/cm (2.67/3.07) fand a 1% slope away from the coast, the effect of the gradient ;

in the field from the mantle was calculated and removed from '

the second residual field of Figure 5-16. The resultant third ,

residual field is shown on Figure 5-17; comparison of the two
figures indicates that the assumption of a sloping crust / mantle
boundary is appropriate because away from the large positive ,

anomalies belonging to the mafic plutons the residual gravity ;

field now tends toward zero.
.

As the next step in our modeling process, we consider the mafic
plutons. We used MAGGRAV to model each pluton separately using

.

a two-dimensional cross section. The magnetic field to be '

matched strongly constrained the shapes of the density !anomalies we used to model the plutons. Figures 5-18 and 5-19 f

i are examples of MAGGRAV model cross sections through mafic
'

plutons. Figure 5-20 shows the locations of the MAGGRAV cross
sections. We assumed that remanent magnetism was not ;

significant and used only induced magnetism. The magnetic
susceptibilities ured resulted from making the computedt

|
magnetic anoma3})es match the field data. The pluton density

! used (2.87 g/cm was also required to fit the residual gravity
I field. It should be pointed out that since two-dimensional
'

models can be inadequate when dealing with finite length
bodies, each MAGGRAV solution was checked with PLATES (for
example, jn this case the pluton density had to be adjusted to
2.97 g/cm for the 3-D model). The computed positive gravity
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I

anomalies from the plutons were then removed from the gravity
field. As described above and indicated on Figure 5-12 the
result of removing the pluton-related gravity anomalies causedt

| us to adjust the Triassic / Jurassic rock density value and the
; structural contour of the "B" horizon.
i

! The modeled location of the plutons and their densities are )| shown on Figure 5-21.
iFigure 5-22 shows the computed gravity field from the modeling
j

. process. It compares well with Figure 5-13, the measured; gravity field. The eastern corner of the study area shows a |

1

! difference due to the lack of gravity data offshore. Figure 5- |
, 14, the magnetic field, shows that the St. Helena Sound mafic

pluton's shape is as shown in Figure 5-21.
j

iThe final element of the model is a determination of the bottom 1

of the rigid crust (Figure 5-11). Its existence, properties, |and geometry were developed as follows. The bottom of the !

rigid crust is defined as the depth below which the rock '

responds to crustal stresses in a viscoelastic manner and,
therefore, will not accumulate sufficient stress to cause

!'

elastic failure. Instead, stress is released through '

viscoelastic deformation. This condition is caused by mineral
p'+1 ration at elevated temperature and pressure. Serpentine, ;

;

which is a mineral egnstituent of the mafic ;intrusives, probablydehydrates at about 500 C and would contribute to
gabbro becoming viscoelastic. Other minerals undergoalterations near this temperature with the same result.

!
,

L

Our evidence for the location of this boundary between 10 and -

23 kilometers depth in the charleston area is based on maximum
idepths of seismicity, seismic reflection sections, and j

magnetotelluric soundings. The magnetotelluric soundings gave
t as a solution a low resistivity zone beginning at depths

',

between 10 and 23 km. Figures 4-12 and 4-13 show 200 ohm-meter,

| material at that depth. Figures 4-17 through 4-19, crustal
! seismic reflection sections, show that this depth is where
| discontinuous reflections begin and above which the rock is
'

seismically transparent. The maximum depth of earthquaP.esfollow the same general pattern. In the Charleston-Summerville -

area, they are in the 10-20 km range while to the northwest
,

:
i they remain shallow (above 10 km) . No single line of evidence t

I alone is convincing on defining this boundary. Themagnetotelluric sounding solutions are not unique, the seismic
reflections at that depth may have other interpretations, and
earthquake depths are not well constrained. We feel however,
that the combination of evidence strongly supports theexistence of this boundary and its general loca.. ion.
5.4 Results

In this section we describe the results of our work in Chapter
5; namely, the geologic model of the crust at seismogenic
depths in the Charleston area. Figure 5-11 shows the elements
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4
* of our geologic interpretation in the form of generalized cross

section northwest to southeast through the study area. Figuret
i 5-15, 5-23 and 5-25 are structural maps of key horizons;,

!. namely, the "J" seismic horizon, the "B" seismic horizon, and
the bottom of the rigid crust. Figure 5-24 is an isopach map
of Triassic / Jurassic rock and Figure 5-21 locates the plutons.

Figures 5-26 through 5-28 are cross sections through the study
Figure 5-29 shows the location of the cross sections.area.

Geologic History: The crystalline crustal rocks in the
Charleston area, those below the "B" seismic horizon, represent
the subsurface extension of rocks belonging to the Appalachian
orogenic belt. Williams and Hatcher (1983) divided the

Appalachian orogen into geologically and/or geophysically
distinct terranes. The terranes include segments of the North
American craton and crustal blocks that were accreted to North
America during the Paleozoic. The Charleston area is in the
Brunswick terrane, a subsurface Appalachian crustal block
recognized by its distinctive signature on magnetic maps
(Figure 2-3). Little is known of the lithology of the
Brunswick terrane, but it is probably composed of deformed and
metamorphosed sedimentary and volcanic rocks intruded by
plutons of granite and gabbro based on a comparison with
better-known terranes, our study area is interpreted by us to
contain plutons of gabbro within a crust of granitic
composition (Figure 5-11). Near the end of the Appalachian
orogenies in the late Paleozoic, collision of North America
with Africa caused the formation of major thrust faults that
underlie much of the Blue Ridge and Piedmont of the southern
Appalachians (Cook at al., 1981). There is no clear evidence
that major thrust faults exist in the Charleston region, so
their existence in the Brunswick terrane is controversial.
Af ter assembly of crustal blocks into a supercontinent in the

l late Paleozoic, the next major event was the formation of rif t,

basins as the supercontinent began to break up in the late
Triassic and early Jurassic. Subaerial clastic sediments and

) some lacustrine deposits accumulated in rif t basins about 210
| to 180 Myr ago (Tucholke and McCoy, 1986). Triassic / Jurassic
| sediments are interpreted to reach a thickness of 2 km in

basins in the Charleston area (Figure 5-24).

The drifting apart of North America and Africa began about 180
Myr ago, with the formation of a seaway and oceanic crust to

| the east of the Charleston area (Klitgord and Schouten, 1986
Tucholke and McCoy, 1986). This episode is marked by extensive
basalt flows that lie above the rift sediments in the

Charleston area, constituting seismic horizon "J" of this

report. The most reliable date for these basalts is 184 +/-
3.3 Myr (Lunphere, 1983).

As the drifting stage progressed, the Charleston area became
part of the passive margin of the North American continent, and
Coastal Plain sediments of Cretaceous and Cenozoic age
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accumulated above the Jurassic basalts (Dillon 31 d. , 1983) .

In the area of our study, Coastal Plain sediments vary in
|
'

thickness from about 300 meters to 1500 meters. This |
depositional phase continues to the present time. The near- )
surface stratigraphy of the Charleston area has been '

interpreted in terms of cycles of submergence and emergence
(Colquhoun at d. , 1983) .

1

Beneath the present surface, there is an overburden of i

unconsolidated to weakly consolidated sand and clay with 4

thicknesses of generally 5 to 20 m; these sediments range in |
age from Holocene to Miocene and possibly to late Oligocene
(Force, 1978a and 1978b). Over much of the area, the
overburden is underlain by Cooper Formation and Santee ,

'

Limestone (early Miocene tc Eocene age).

Landforms in the area are mainly low scarps and terraces formed
by erosion and deposition along the shoreline as the ocean
retreated to its present position. These features are modified
by fluvial processes along the major streams.

Our geologic model concentrates on the major elements of the '

crust in the Charleston area. As we are the first to integrate i

the bulk of the existing geologic and geophysical data, we have
rectified divergent crustal interpretations based on different
portions of the available data and have provided a sound basis ,

to approach the question of the cause of Charleston seismicity.

-
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CHAPTER 6 |

! REGIONAL CRUSTAL STRESS i

l i

[ 6.1 Introduct bD
Because an earthquake occurs only when a sufficient
accumulation (or concentration) of stress has occurred,
knowledge of the crustal stress field can give significant j
insight into which hypotheses for the cause of the 1886 i

Charleston earthquake are appropriate. An earthquake can be |
initiated with a decrease in rock strength or an increase in ;

deviation stress when it is properly aligned with zones of |
weakness.

,

Topography and crustal density heterogeneities can induce large ;
stresses in the lithosphere. In addition, the continental
crust is subjected to regional horizontal stresses generated by
tectonics of the plate boundaries.

6.2 Current Sta_te of Crustal Stress Knowledag

In the current tectonic stress environment, the Charleston area !
is located in the interior of a tectonic plate. Historically, !

large earthquakes can occur in plate interiors. However, the :

nature and cause of the stress fields which can produce these
large earthquakes have been the subject of ruch study and '

debate. This is due to the scarcity of stress data available, #

as well as to the variety of mechanisms, both renewable and
non-renewable, available to explain the state of stress. |

Development of a three-dimensional model, therefore, calls for
,

consideration of these various stress sources as well as use of !

the available stress data. |
6.2.1 Regional Stress Data ,

1

Actual measurements of the stress field in the southeastern v
'' U. S. are sparse. They consist of both in-situ borehole

measurements and earthquake focal mechanisms. The borehole
,

| information is obtained from hydraulic fracture, drill .

I
elongation and overcoring data. Because the data are extremely
sparse, they cannot be used alone to develop hypotheses :
concerning sources of earthquakes. Some of the basis for our !t

( interpretation of the regional stress field ir discussed here. !

Although the regional stress direction seems uniform in this
,

area, the local stress directions can vary greatly as can be >

,

| seen from the stress modeln described later.
'

6.2.1.1 In Situ Stress Measurements
*

The data set of in-situ stress measurements is very sparse in .

the southeastern United States. A preliminary list is given by
Zoback and Zoback (1980). This list has been updated with

| additional data from South Carolina and Georgia (Zoback, 1983).
Other studies in South and North Carolina (Hooker and Johnson,
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1969; Law Engineering Testing Co., 1974, Dames and Moore, 1974;
Schaeffer 3Lt d., 1979) are also available.
6.2.1.2 Earthquake Focal Mechanisms |

Some of the best indicators of anomalous stress are well
constrained earthquake focal mechanisms. They are the only
source of stress data at depth. Unfortunately, there are very ;

few focal mechanisms available because of the low seismicity of
the southeastern United States. The quality of those data that ,

do exist is fair to poor for most of the earthquakes.
'

In the immediate vicinity of the source zone of the 1886
earthquake, there are two clusters of microcarthquakes which

*

have had focal mechanism studies: Bowman, and Middleton Place-
Summerville. The Bowman events have been described as having
NE-SW maximum principal stress with dip-slip faulting (Guinn,

1960). Herrmann (1986) describes a similar maximum principal
stress but with strike-slip faulting. The Middleton Place-
Summerville events have been described as bearing HE-SW or NW-
SE maximum principal stress (Tarr, 1977; Tarr and Rhea, 1983;
Guinn, 1980; Herrmann, 1986).

Tocal mechanisms for areas beyond the immediate Char''.eston area.

are discussed in terms of the interpreted regional stress field
in Section 6.2.4. ,

6.2.2 Sources of Crustal Stress

Hypotheses on the origins of crustal stress have been related
to processes at the boundaries of a lithospheric plate or to
local sources in the interior of a plate. Processes at the
plate boundary can generate homogeneous regional stresses. In

contrast, stresses from local sources in the interior of a
plate will be inhomogeneous. The magnitudes of plate boundary
and internally-derived stresses can be similar. Much of this
discussion comes from Law Engineering Testing Company (1986).
Only those possible sources of stress needed for stress

modeling will be discussed here.

6.2.2.1 Renewable Crustal Stresses

Plate Boundary Stresses: Currently, the leading explanation
for plate boundary stresses in eastern North America is

gravitational sliding or push from ocean ridges (forsyth and
Uyeda, 1975; Lister, 1975; Richardson, SLt d. , 1979) . The base
of the lithosphere can experience a drag or push depending on
the coupling of mantle convection (Zoback and Zoback, 1980).
The gravitational pull in trenches may also contribute to
stresses in the plate interior (Hager, 1978). However,

subduction zones are only indirectly coupled to eastern North
America and are not likely to be a significant factor in
determining stresses in eastern North America. All of these
plate boundary mechanisms hypothetically generate horizontal i

'

stresses. The depth dependence of these stresses are
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U determined by the properties of a mid-crust strength channel.
,

Stresses resulting from plate boundary mechanisms which are
dominated by ridge push are expected to extend uniformly across
the plate. Such stresses may explain the dominance of east-
northeast principal strest directions observed in earthquake
focal mechanisms and near-surface stress measurements.
Sediment Loading Stress: Bending stresses can be induced in

ithe continental plate by sediment loads at continental margins
(Turcotte, d d., 1977; Bott, 1978). The direction of j
stresses from continental margin loading would be determined by ~

the distribution of the load. With depth, the stresses would i

change direction. The observed stress data do not provido !strong evidence that these bending stresses significantly alter jthe regional stress in the eastern United States. These ;bending stresses can be expressed as differential vertical ;

notion of the earth's surface.
]

Because of the slow rate of erosion, unloading in the |Appalachians is less important than loading in the coastal |
plain. The effect of bending stress is taken into account in '

the stress modeling through use of the gravity anomalies in the
model.

;

6.2.2.2 Non-Renewable Crustal Stresses j

Gravitational Instabilities (Isostasy): Materials of anomalous I
density must be supported by stress in the crust, and the
principle of isostatic equilibrium requires that the response ,

,

of the crust must be to move in a direction to reduce these '

stresses (Artyushkov, 1973). Density anomalies, such as those
i

which occur in salt domes, granitic intrusives, mafic bodies of
4

various types, and sedimentary basins, must be supported; ;

hence, they are surrounded by a locally inhomogeneous stress >

field.

Topographic Stress: Topographic loads on the surface must be
maintained by stresses in an elastic crust (Fleitout and i

Froidevaux, 1902, 1983). Likewise, isostatic compensation at
!the base of the crust or at other depths will be supported by

stresses in the crust. A topographic load and its isostatic
compensation will generate horizontal compression, and tho

.

largest deviatoric stresses generated will be at mid-crustal I

depths near the edges of the topography and can be comparable
in magnitude to the regional stresses. Topography is an
important starting point for the stress model.

Mantle-Induced Crustal Deformation Stress: Viscous deformation
of the upper mantle could couple stress to elastic crustal
material. Stress levels obey the equations for viscosity where

I the rate of movement determines the magnitude of stress.
However, mantle convective motions reportedly disagree with
stress measurements and plate movement (McKenzie, 3 M., 1980; -

Zoback and Zoback, 1980). The recent movement of eastern North
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:

|s America is to the northwest, approximately normal to the I
i

'

direction of maximum stress.
l'

.

6.2.3 Rheological Properties of continental crust j

At crustal depths of less than 20 to 30 km, failure occurs as ,'

'
brittle failure or by frictional sliding (Meissner and
Strehlau, 1982). Stresses at these depths are limited by the !

elastic strength of the rock or by the shear strength on '

existing planes of weakness. Pore pressure on existing planos !

of weakness can reduce the chear strength to a few tens cf MPa :

in contrast to a rock strength of typically 1000 MPA (Kanamori,
1980).
In the lower crust and upper mantle, geologic materials can ,

deform by viscous or plast:.c mechanisms. In viscous materials, -

the maximum allowable stress is determined by the strain rate. i

Increased water content and temperature can decrease the
viscosity and decrease the maximum possibin stress for a given

'
,

strain rate. As the temperature increases with depth, the

viscosity and maximum stress decrease with depth. Areas in the
crust with high heat flow and higher temperatures would have
reduced capability to retain applied stresses in the lower '

crust.
!

The combination of failure by frictional sliding at shallow !

depths and viscous relaxation in the lower continental crust '

results in a high-strength channel of high deviatoric stress at i

depths typically of 5 to 25 km in the middle crust (Meissner
and Strehlau, 1982). The thickness of the channel as indicated
by heat flow data and the implied crustal temperature is
consistent with the observed distributions of midplate

'

earthquakes.

Based on a combination of rheological arguments and estimates .

I from earthquako stress drops, the strength of the crust ranges
from 10 to 150 MPa (Kanamori, 1980). However, the local i

strength can be modified significantly by small scale geologic ,

inhomogeneities which can vary widely in strength and 1

deformation properties, even at shallow depths.

6.2.4 Interpreted Regional Stress !
l

In order to assess the quantity and coherence of the stress )
data, and to try to determine regional differences in the ..

general ridge-push stress field, stress data were used to l

produce an average stress orientation map for the eastern i

United States (Figure 6-1) (Law Engineering Testing Company,
1986). The map was made by dividing a data base stress map j

into 2 x2 squares and averaging the stress orientatione ing

each square in sugh a way that the majority of the orientations
fell within +/-45 of the average. Shown in the conter of each
square is the average stress orientation, along with the
individual data points for that square. It can be seen that in
many areas, the " average" stress orientation is that of thu
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single data point available. In some cases, the average seems
representative of the actual stress measurements, but in many
cases the data would be able to support an orientation very
different from that of the numerical average, i

Due to the low density of data, our gridded average stress map :

has a large number of cells lacking data. One area of interest !

for which this is true is the southeastern Atlantic coast.
There has been some question over whether a northeasterly or
northwesterly stress regime exists in this area, for which the

i

data seem to provide no solid answer. '

The map of average stress orientation (Figure 6-1) was used
s

together with information gained from preliminary stress ;

modeling to produce a stress regime map of the central and
eastern United States (Figure 6-2) (Law Engineering Testing

'

Company, 1986). As indicated, two different line types were
used togndicate whether or not data were available for the '

given 2 square. For those areas where data were not
available, or where data were ambiguous, we assumed that:

1. The stress orientation of areas in question should provide '

continuity between surrounding areas of known orientation.

2. From the results of our modeling, there is a deflection of I
thg background compressive stress field of no more than

,20 counterclockwise along the southern Atlantic Coast, '

and clockwise along the Gulf Coast.
[

The interpreted NE-SW orientation of the maximum principal
compressive stress is the basis for the beginning of stress
modeling.

6.3 Theory of Three-Dimensional Stress Modelina
|

-

.

The objective of the three dimensional modeling is to examine the
hypothesis that the seismicity near Charleston, South Carolina, ,

, is associated with areas of concentrated stresses caused by
| local features and regional structures. The major regional
l structures that contribute to the crustal stress are the

Southern Appalachian Mountains and the shelf edge. The smaller
scale crustal features that could affect the stress field near
Charleston are exhibited primarily in the gravity anomaly

I field. The effects of these features will be examined for
comparison with focal mechanisms and the distribution of
earthquakes. The regional stress fields will be superimposed
onto the stresses from local structures in order to examine
their effects.

The calculations of the local stress field induced by
variations in topography and density are based on a forward
method which assumes a lithospheric rheology and computes the
stress for a given load. The method used in this study was
developed by Mareschal and Kuang (1986) of Georgia Institute of
Technology and consists of a two-dimensional Fourier transform
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'i ' solution for a layered elastic slab over an inviscid fluid.
The Georgia Institute of Technology authors have applied this
approach to the southeastern United States as part of this.
project. .An'inviscid fluid has zero viscosity. Topography is' ,

Iused for.the load at the surface and internal loads are
developed from the downward continuation of gravity data. In
the Charleston area, special consideration is given to the
surface sediments and water depth offshore. The loads were
also modified to ennform with models of the crust based on a ;

combination of gravity, magnetic and seismic data. |
|

IThe lithosphere has a much higher viscosity than the
authenospherer'even on'a geologic time scale the viscous |

deformation of the aarth's crust is not perceivable. Stresses )
| |, can be mainte! v.4 in the crust for a long time without being

dissipated by c.ca-elastic deformations. On the other hand, the'

post-glacial rebound data indicate that the relaxation time of
the asthenosphere is on the order of 10,000 years (Walcott,
1972). Compared with the duration of mountain building, this
relaxation time is very short. Therefore, a basic assurption
of the. physical model is that the earth's lithosphere is an i
elastic slab floating ovEr the inviscid fluid asthenosphere.
The clastic slab may be divided into horizontal layers which
dif fer in density and elastic properties. The viscous shear -

spplied to the base of the lithospheric plate will be on the |

crder of a few megapascals (MPa) and will have little effect on
the stress field norr the bottom, and almost no effect in the
crust since the local stress is on the order of 10 MPa. The
topography (or bathymetry) has been treated as a surface load
acting at the zero level of the model; the density anomaly
inside the lithosphere is condensed to an internal load acting
at the interface of the different density layers.

In three-dimensional space, there is no analytic solution for
the stress field induced by a surface load in the elastic slab
over an inviscid fluid. However, a disk load at the surface
can be used to test the reasonableness and quantitative
reliability of the solutions. Under such a load, the elastic
slab is bent downward at the center as shown by the surface
displacement contour (Figure 6-3). The slab under the disk
experiences horizontal compression above the mid plane and
extension below the mid plane. In genercl, the displacements
and stresses conform to expected results for a point load.

6.4 ADD 11catiqn of the Reaional Stress Model to the Charleston
Area

I

.

Figure 6-4 shows the region chosen (grid 3) for the stress
analysis .'f the Charleston area. The region is a 1028 x 1028'

km square 9hich extends from central Florida to Maryland and
from west ;n Alabama to the shelf edge. The Charleston
epicentral area is near the center of the region. The large
region is needed to include the two features that may be
responsible for the most significant local stresses, the

Appalachian mountains and the shelf edge. The region covers
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all of the southeastern continental margin from North Carolina
to northern Florida. '

The Bouguer' gravity anomaly is illustrated in Figure 6-5,
corrected . for the ef fects of bathymetry. The surface Bouguer
anomaly has been transformed into the frequency domain and
decomposed according to the wavelength. Assuming that the
average Moho depth is 30 km, the components with wavelength
larger than 30 km are downward continued to the depth of 30 km
and considered as the load of the density. Those components
with wavelengths less than 30 km are considered as surface mass
effects and left as the surface load. For purposes ofcomputing the load at the depth of the Moho, the downward
continued Bouguer anomalies were converted to equivglenttopography on the Moho and a density contrast of 0.35 g/cm wasused to compute the density load.

I

l
6.5 Modelina Results

We have computed the resulting stress difference (S -s ) fields '

and principal stress axes orientations for two cases.I the stress
condition resulting from topographic and density anomalies
alone, and the stress condition resulting from the addition of
a 30 MPa horizontal plate forge from the mid-Atgantic ridgeincident upon the site at N80 E. We chose N80 E based on
previous studies by us (Figures 6-1 and 6-2).
Figures 6-6 and 6-7 show the first case. It can be seen that the
extreme topography of the edge of the continental shelf and to a
lesser degree the Appalachian mountains cause high stress
difference fields in regions somewhat eastward of the topography.
The rest of the stress difference field can be seen to be related
to the Bouguer gravity anomaly field (Figure 6-5).

Figures 6-8 and 6-9 show the case where the compressive stress
due to the mid-Atlantic ridge spreading force is added. The
stress difference magnitudes have about doubled showing that
the effects of topography and density variability are of the

L same magnitude as the effect of the mid-Atlantic horizontal
| compressive stress field. Figure 6-9 shows that the maximum
) compressive stress horizontal directions tend to be in the

northeast quadrant.

The distribution of stress differences at 10 km depth does not
correspond to known seismicity nor does it show the charleston
area to be at either extreme of stress difference values.
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CHAPTER 7

LOCAL STRESS MODELING

The final geological model for the charleston area was used as
a basis for computing crustal stress in an inhomogeneous crust.
The. purpose of computing crustal stress was to examine the
potential effects of stress amplification and concentration in
a geologic model appropriate for the Charleston area. A second i

objective was to obtain numerical values for stress that can be
used in testing hypotheses on the cause of the Charleston '

seismicity.

17.1 Theory of Two-Dimensional Stress Modelina

The primary considerations for modeling stress in the crust of
the Coastal Plain are the larger structures within the crust.
The amaller features, those with dimensions less than 5 km,
would not contribute significantly to a major earthquake,

,which would have a fault rupture area with a diameter in excess
{of 25 km. Hence, the mafic intrusions,-Triassic basins, and

topography of the base of the rigid crust from the geologic
model are the major components of the stress analysis. Thestress model was designed to consider a rigid upper crust
underlain by a viscoelastic lower crust and a shallowing of '

this viscoelastic zone suggested by the magnetotelluric data.
<

The stress model was computed by using a conventional two-
dimensional finite-element program for elastic media. Weconsider this model useful for discussing relative values of
stress and strength differences in the crust. A twenty-five t

kilometer thick portion of the crust was modeled for a distance '

of 128 kilometers. Within the 128 kilometers two mafic !intrusives and two Triassic basins were included. For this
'

model, we varied the depth to the base of the rigid crust from
-10 to 23 km, as indicated from our MT study. The elastic !

constants and the general configuration are given in Figure 7-
1. The viscoelastic lower crust was simulated by introducing

; a medium with a higher Poisson's ratio and lower Young's
modulus, to compensate for the viscous dissipation of stress

j with time. ,

1

The boundary conditions constrained the horizontal displacement
on the narthwest end of the profile and applied a constant
horizontal stress on the southeast end. The constant horizontal
stress represents the regional plate stress. All other
boundaries were free to move in response to the applied stress.

I Vertical forces, such as might be obtained from topography,
I were not considered significant for the immediate Charleston
!

'

area.

The geometry of the model was taken from a profile of the
geologic model presented in Chapter 5 (Section AA' , Figure 5-
29). This profile extends toward the northwest and passes
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through a point approximately 10 km southwest of the Charlestor
. epicentral zone. Because cross sections at a number of angles
through.our geologic model resemble the one chosen, a different
compressive regional stress orientation can still be considered
as applicable to our model. This would produce a different ;

magnitude of the applied compressive stress but the relative
stress' differences would be similar.

.

The finite element mesh is shown in Figures 7-2 through 7-4.
Figures 7-5 through 7-7' indicate the magnitude of the principal
stress axis. Figures 7-8 through 7-10 indicate the magnitude ;

of the maximum shear stress. The results in Figures 7-5
through 7-10 are two-dimensional and thus apply to a vertical
profile in which only normal or reverse faulting could be
predicted. The model in the vertical plane precludes

,

interpretation of strike-slip faulting. I

7.2 Elastic Properties of Crustal Rock

The elastic properties of rock at seismogenic depths in the
Charleston area are necessary to model the response of the
subsurface to applied stress. To arrive at estimates of the ,

elastic properties, we began with the interpretation of the
distribution of different rock types in the subsurface from our '

,

geologic model. Figure 7-1, a generalized section through the
study area, shows the model and the elastic properties of each
material. The following describes the basis for the initial
parameters used in the stress model.

Coastal plain Sediments: The gravity modeling indicated that
2.2 g/cm is a reasonable estimate of the average density of
the Coastal Plain sediments. This implies a density porosity r
of 25-30 percent which we find reasonable for the Coastal Plain
sediments. The average compressional wave velocity of 2.2 km/s
was based on refraction results, velocity logging, and seismic

L reflection results (Ackerman, 1983; Yantis At; p_1,. ,1983 ) . The
'

Coastal Plain sediments are considered to be everything above
the "J" seismic horizon. Comparison of compression wave

L velocities and densities for sediments indicate that a
| compressional wave velocity of 2.2 km/s is commonly associated

3
I with a density of 2.2 g/cm (Gardner d Al., 1974). A

Poisson's ratio of 0.4 was based on our experience with similar
sediments. Given the density, compressional wave velocity, a gPoisson's ratio, a Young's Modulus is computed to be 0.5 x 10
Pa.

Triassic / Jurassic Sediments and Basalts: For our purposes we
treated the Triassic / Jurassic sediments and included basalts
(including the capping "J" horizon basalt) as one unit.
Gravity modeling constrained by seismic data indicated an3average density of 2.52 g/cm . This density would imply a
compressional wave velocity of 4.5 km/s (Gardner 3 al., 1974).
We assumed a Poisson's ratio of 0.3 These allowed Young's3Modulus to be computed at 0.38 x 10 Pa. This material iu
found between the "B" and "J" scismic horizons in Figure 7-1.
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Granitic Crystalline Rock: Below the "B" horizon we assume
crystalline rock of granitic composition. Mafic intrusivos
and other rock types exist within the granitic rock. For
modeling purposes we assume the crystalline rock to be either
of granitic or mafic composition. The granitic composition
rock was assigned a density of 2.67. The majo mafic
intrusives were considered to have a composition similar to
gabbro ang gravity modeling confirmed the use of a density of
2.97 g/cm for them. .The compressional wave velocities of the
rocks and the elastic prcperties are a function of temperature
and pressure. Figure 7-11 shows temperature-pressure relation
for granite and gabbro. We do not know the temperature versus
depth relationship appropriate for the Charleston area at
seismogenic depths, but we consider the use of the curve on
Figure 7-11 to be acceptable because at the deptha of interest
the velocity is relatively insensitive to the temperature. We
have chosen compressional wave velocities of 6.15 and 6.82
km/s, respectively for granitic and gabbroic rock within the
rigid crust. In both granitic and gabbroic rock, we assume a

,

| Pogson'sratioofOy5andcomputeaYoung'sModulusof0.68x
| 10 and 0.12 x 10 Pa for the granitic and gabbroic rock, I

respectively. The very flat velocity curves between 5 and 20 i

km on Figure 7-11 allow us to use single modulus values for the
entire thickness of the rigid crust.

- Viscoelastic Crustal Rock: The base of the rigid crust varies
from 10 to 23 km in depth. The crustal rock in the lower crust
below the base of the rigid crust is considered to behave like

viscoelastic mediup and to be granitic in composition. A |a
|density of 2.67 g/cm and a compressional wave velocity of 6.23

km/s were assumed on the basis of the temperature-pressure
relation shown on Figure 7-11; however, in order to approximate
the effects of the viscoelastic medium we assigned a lower
Young's Modulus and Poisson's ratio in the finite-element code. j

Mant}e: Mantle material is assumed to have a density of 3.07 |!
i- g/cm and a compressional wave velocity of 8.2 km/s. These !
' values were not used in the finite element model because the !

target of the analysis was the rigid stress channel at mid-
crustal depths which is isolated from the mantle by a 1

viscoelastic lower crust. '

7.3 Modelina Results b

The results of the modeling, using the above described
parameters, are indicated in Figures 7-5 through 7-10. The
magnitude of the maximum principal stress axis is plotted in
Figures 7-5 through 7-7. The direction of the principal stress !

axis is within 10 degrees of horizontal as would be expected
from the application of a horizontal plate stress. The
magnitude of the stress in the plate is approximately half the
applied stress because the regional stress was applied to only
a portion of the end of the plate and because the top of the
model was not constrained. The maximum shear stress is shown
in Figures 7-8 through 7-10. The maximum shear stress is
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strongly controlled by the horizontal plate stress and its
magnitude is thus approximately half the magnitude of the
maximum. principal axis. The direction of the plane of maximum
shear stress will be within 12 degrees of 45 and 135 degrees
from vertical.

Regional plate stresses in the crust (or horizontal ridge push
stresses assumed to be applied uniformly at the southeastern

~ boundary of the model) generate stresses within the
Triassic / Jurassic basins that are half the magnitude of the
stress in the granitic crystalline rock below them. The
greater contrast in Young's modulus between Coastal , Plain

sediments and the Triassic / Jurassic basin sediments likewise
induces lower stress in the Coastal clain sediments. The fact

'that Coastal Plain sediments are unconfined at the surface adds
to this effect. These results suggest that Coastal Plain and
Triassic sediments are effectively insulated from crustal
stress.

The maximum shear stress is increased at the interface of
Triassic / Jurassic rocks with the crystalline crust. The values
at the top of the crystalline rock are as much as 50 percent
greater than in the center of the rigid crust. This stress
increase is attributed to the difference'in rigidity between
the two materials.

,

The thinning of the rigid crust to the northwest increases the
maximum shear stress by as much as a factor of two above and to;

the southeast of the rise in the base of the rigid crust. ,o
1

| Two mafic plutons are included in the model of the crust. The
first is 8 km wide at its base and 4 km wide at its top at a
depth of 4 km. The stress in the crust above the mafic pluton
is decreased in the less rigid rock above and below up to

I approximately 20 percent. The second pluton rests directly
above the viscoelastic lower crust and is 6 km wide and has its
top at a depth of 8 km with a bottom at 10 km. The pluton
actually extends deeper but is is also modeled as viscoelastic
below 10 km. Horizontal principal stresses in the pluton are

|? about 20 percent higher than material just above it. The
highest stresses in the model are found in this pluton. This
pluton is located near the Bowman seismic zone (Figure 8-2).
This decrease in the magnitude of the principal stress and
maximum shear stress above and below a rigid body may be
explained by the bearing of the stress by the rigid body. More
extreme variations in strength or geometry will cause
, proportional 1.y larger stress concentrations.

In summary, our two-dimensional stress model, based on our
geologic model for the Charleston epicentral area (Figure 8-2),
indicates that perturbations in crustal stress due to stress -

amplification or concentration can be in the order of 10 to 100
percent. The regional plate stresses are borne mainly by the
rigid crystalline portion of the crust. The Triassic-Jurassic
basins and Coastal Plain sediments are effectively insulated
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from tho' crustal stress; as a result, there is an amplification
, . ,;.

of stress in the upper ~ portion of the rigid crystalline crust.-
.

[ ' There is,also a stress amplification: of about 20% within| the t
'matic plutons, ; and a . corresponding . decrease in stress in the,,

' crystalline crust above~and below.them. Finally, the thinning ,

' ' of the crystalline rigid crust . to the northwest of' charleston
greatly- increases . the crustal ' stress, but :also- limits the
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thickness of rigid crust available.for. faulting, hence limiting ' -

the. size of the. maximum possible earthquakes.'
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CHAP 7ER 8 f

HYPOTHESIS TESTING I

8.1 considerations in Hvoothesis Testina i

Several important results of this study were considered when
evaluating the viability of each hypothesis for the cause of i

the 1886 Charleston earthquake. The results of the regional i

stress model, two-dimenzional stress model, and geologic model |
were used to evaluate each hypothesis. Previous discussions of -

hypotheses by others were consulted (Dewey, 1985; Talwani, !
1985). i

Chapter 2 presents each hypothesis as it has been developed in !
current literature. This chapter considers the validity of !

each hypothesis based on the knowledge available to this ;

project.

8.2 Testina Hvootheses for Causes of the 1886 Charleston. S.C. ,

Earthauake
t

8.2.1 Reactivation of Horizontal (or Decollement) Faults
,

i

It has been suggested that the 1886 earthquake has resulted !
from normal displacement on a low-angle decollement fault

'

underlying much of the southeastern seaboard near Charleston -

(Steber and Armbruster, 1981a, 1981b). More generally,
aseismic slippage on a mid-crustal detachment surfsce could ;

produce seismogenic stresses in the upper crust (Seeber, 1983). :
stresses caused by this slippage might cause earthquakes on
moderately or steeply-dipping faults. The decollement surface
could be reactivated by gravity sliding or by compressional
forces of unspecified origin (Seeber and Armbruster, 1981b;

Armbruster and Seeber, 1981). (from Section 2.3.1.1).

| Eg.r t The primary evidence in support of this hypothesis is the '

videspread distribution of aftershocks of the 1886 earthquakei

and the unusual pattern of high intensities from this event :
,

; (Seeber and Armbruster, 1987). !

Acainst: One of the strongest points against the hypothesis is
i that recent ep' centers give no evidence of lying along a low.

| nngle or horizontal plane (Tarr and Rhea, 1983). There is no ,

| avidence for a continuous detachment surface at seismogenic '

I depths in the vicinity of Charleston, nor is there evidence
that identifiable near-vertical faults become listric to a
detachment surface (Schilt d d. , 1983). The direction of

| ridge-push stress is opposite in direction to the stress due to
gravity-sliding and, consequently, gravity sliding stress would
tend to be canceled. Finally, there is no evidence of major
normal faulting in the Appalachians that would result from
repeated slippage along the detachment.
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I

Esu1plusion We find that there is little evidence supporting a !

[<
'

decollement fault as the cause of the 1886 Charleston-

earthquake.

8.2.2 Reactivation of Mesozoic Basin Border Faults |
1

This hypothesis suggests that the 1886 earthquake occurred on i

either northeast or northwest-striking faults on the borders of
buried Mesozoic basins. 1111es (1982) proposed that large ;

earthquakes could occur on northwest-striking strike-slip shear s

zones resulting from stress concentrations associated with '

northeast-trending buried Mesozoic basins. (from Sections
2.3.1.2, 2.3.3.3 and 2.3.1.4). |

t

Egr The hypothesis of near-vertical faults surrounding i

Mesozoic basins being the source of the 1886 Charleston !
earthquake is supported by several lines of evidence. i

First, the Mesozoic basins were formed as grabens during [
crustal extension. This mechanism requires that the normal >

faults break the rigid crust beneath the basins and therefore
exist at seismogenic depths. |

Second, the regional east-west to northeast-southwest stress
field supports both northeast-striking and northwest-striking
faults as being potentially seismogenic (Figure 6-2). |

,

Lastly, there is spatial association of seismicity with these
faults: Figure 8-1 shows the top of crystalline rock ("B" >

seismic horizon) and recent seismicity. The three zones of
recent seismicity are each found near the intersection of !
northeast- and northwest-trending Mesozoic basin boundaries. t

These boundaries can be construed to be fault zones which i

transect the rigid crust which were formed in a period of i
extensional rifting and are now reactivated in the current i

compressive stress field.

Acainst: Focal mechanism data currently available are
i

,

insufficient to support any single fault orientation. Also,
'

the catalog of recent events does not delineate any fault or
set of faults. |

| Conclusion: This hypothesis is viable. The results of this !
study strengthen this hypothesis.

'

8.2.3 High Angle Faults not Associated with Mesozoic Basins '

This class of faults consists of high angle faults typically
.

striking northeast or northwest which are thought to be normal
'

faults reactivated as reverse faults. Those faults ,

hypothesized to be the cause of the 1886 Charleston earthquake
i are hypothesized by their authors to exist at seismogenic '

depths. We separated these faults from similar ones associated
with Mesozoic Basins. (from Sections 2.3.1.2 and 2.3.1.4).
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ISI The regional east-west to northeast-southwest stress
field supports many orientations of faults. Some of these
faults are spatially associated with earthquakes.

|

Aaainst: Those faults defined by epicenters are poorly
constrained by geologic evidence. Conversely, spatial |

association of earthquakes with those faults known geologically !
is not supported by seismicity data. There is a lack of 2

geologic evidence that these faults would penetrate the
existing crust.

Iconclusion: We have taken these vario"* bigh-angle faults and |

have somewhat arbitrarily grouped th:1 The hypotheses that !these faults are seismogenic show vart, , degrees of viability. 1

8.2.4 Intersecting Structural Trends

Talwani at al. (1979) suggested that the seismicity in the
South Carolina coastal Plain and in the Central Virginia

|seismic zone occurs at localized zones of weakness formed at ;the intersection of an older pre-existing zone of weakness; in !particular, in the case of the Charleston area, the Blake Spur
Fracture Zone intersects the boundary faults of Triassic ;

basins. (From section 2.3.1.7). !

I2I: The proximity of the Charleston earthquake of 1886 to an
area of widespread Mesozoic rifting and to a possible landward r

extension of Blake Spur Fracture Zor.e suggest that earthquake
activity along the southern Atlantic Coastal Plain may be
related to old zones of weakness that were reactivated during i

,

the Mesozoic opening of the Atlantic Ocean.
|
t

! &aainst: Except for the basement features controlling Mesozoic
i! faulting, no evidence of deep-seated structural trends, such as

| the landward extension of the Blake Spur Fracture Zone, has
ibeen found,

conclusion: This hypothesis is not supported by available
data.

t

8.2.5 Faults Associated with Basement Province Boundaries
Faults associated with basement province boundaries have been ,

proposed by Taiwani (1983) as providing a northwest-trending i

| zone of crustal weakness extending northwest from Charleston.
(From Section 2.3.1.5).

1

EgI: Northwest-trending offsets in gravity and magnetic
i anomalies have been interpreted by some as defining crustal

blocks 60-70 km wide with apparent displacements. These blocksl

are oriented in the same sense as fracture zones that exist
offshore.

,

| Acainst: There is a lack of strong indirect evidence and no
direct evidence in support of active faults associated with the
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block boundaries. rocal mechanism data are no longer >

considered to support high-angle northwest-striking faults in
the charleston area (Shedlock, 1987). |

Concingion: The evidence does not strongly support this
hypothesis.

8.2.6 Ductile Shear Zones in the Lower Crust
i

Zoback (1983) suggested that there are pre-existing ductile
shear zones in the lower crust which concentrate deformation j

and thus concentrate stresses in the upper crust. Laboratory
rock deformation evidence suggest that such zones could exist ,

in the lower crust. Earthquakes caused by such a mechanism |

would concentrate in areas of weakness in shallow brittle crust
in the vicinity of these ductile zones. (from Section i

2.3.1.6). t

EQIt This hypothesis is supported by the uneven base in the |
rigid crust as developed in our geologic model. These shear
zones would have their origin beneath extensional Mesozoic rift
basins, i

conclusion: Evidence for ductile shear zoneo in the lower
crust exists, but our study has not evaluated the mechanism
proposed by Zoback (1983).

'

8.2.7 Brunswick Suspect Terrano
,

Brunswick Suspect Terrane is not a hypothesis per so but an
area where structural elements that make up viable hypotheses
exist. The existence of seismic zones that are spatially and
temporally stationary suggest that there is some type of
spatial selectivity in the accumulation and release of strain
energy in the southeast. Wheeler and Bollinger (1984)
suggested that the Charleston area lies in the Brunswick ,

suspect terrane of Williams and Hatcher (1982) and this terrane ,

| is more conducive to seismic activity. (from Section 2.3.2.2). i

!
'

|
Brunswick Terrane was considered an area of uniform ea,rthquake
potential be:ause it is interpreted to have uniform geology at -

seismogenic depths. Regional stress modeling and geologic data -

indicate that there is nothing unique about the Brunswick

| Suspect Terrano in the Charleston area that would limit the,

earthquakes to that area. Within the Brunswick Terrane, arcas i

i

! with Mesozoic Basin boundary intersections and associated
plutons may indicate higher seismogenic potential.

| conclusions The hypothesis of the Brunswick Suspect Terrane as
an area containing conditions associated with a Charleston-type
event is still viable.

8.2.8 Topographic and Density Anomaly Loads

Barosh (1983) suggested that adjustments on shallow local
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! structures due to vertical movements brought about by continued
opening of the North Atlantic basin appear to be the cause of
the seismicity of the southeastern United States. The main

i activity seems related to the relative subsidence at the inner i
I edge of embayments within the Coastal Plain. The embayments I'

overlie older grabens that have apparently played a significant j
role in controlling their location. (from Section 2.3.2.1). :

I

I2r Regional stress nodeling shows these loads may contribute
a significant portion to the total stress field (Chapter 6) .

]However, our regional stress modeling does not indicate such an:

ieffect in the Charleston area (Figure 6-6).i '

Aaainst: It is unlikely that extensional tectonic activity can 1

be continuing to occur given the currently compressional j
regional stress field.

I

conclusion: We believe that the surface loading contribution !
to anomalous stress is not a sufficient hypothesis in itself >

for a cause of the 1886 earthquake. ;

8.2.9 Stress Amplifications Near Plutons

There is evidence from many sources (Lor.g and Champion (1977), |Kane (1977), McKeown (1978), and Barstow at d. (1981)) that ithere is a spatial association between mafic (and ultramafic) ;

plutons and local seismicity. It is hypothesized that mafic j
intrusions tend to concentrate stress along their margins [because of property contrasts between the pluton, surrounding |altered country rock, and unaltered country rock. Ravat at d.
(1997) found that some mafic intrusives strengthen surrounding '

rock by alteration, thereby concentrating local ~ stresses. They ,

also found that these mafic plutonc dislocate rather than
'

amplify local stress fields.

Kane (1977) and Campbell (1978) proposed that stress
amplification is caused by serpentinization of ultramafic
plutons. The amount of stress which could be concentrated is a
function of the effective rigidity moduli of the contrasting ;
materials. The serpentinized mafic body is substantially
less rigid than the surrounding material. This yields the
" hole in a plate" model where stresses are concentrated at the

,

edges of the zone of weakness. In contrast, Yang and Aggarwal
(1981) have hypothesized that the presence of unfaulted plutons
inhibits earthquake activity. (from Section 2.3.2.3).

1

E2r By examining Figure 8-2, which shows recent seismicity
and the location of plutons used in the geologic model, it can

|be seen that there is a spatial association between the edges
of mafic plutons and recent seismic activity. Also, these
plutons are located near the intersection of Mesozoic basin
boundaries. It is possible that these older plutons may have
influenced the development and location of the later Mesozoic
faulting. It is our interpretation that the mafic plutons
remain strong and do not undergo substantial weakening by

t
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serpentinization at depths in the upper rigid crust in this
region, our stress modeling shows that increases in local
stress can be induced in areas surrounding plutons (Chapter 7).
Aaainst: The results of the two-dimenelonal stress modeling I

<a imply that the stress amplificiation exists but the magnitude
of the increase in stress (up to about 20%) is not great. jAlso, the spatial association of earthquakes with plutons in
the Charleston area may also be explained by the plutons being

{

;

at the intersection of Mesozoic border faults as described |above.
i

!

conclusion: We believe that this hypothesis is viable based on |
the information currently available to us. However we consider ;that the spatial location of earthquake hypocenters with the

!edges of mafic pluton: may be explained by noting that the jolder plutons have controlled the location of Mesozoic border
!faults and the intersection of northeast and northwest i

structures. Mesozoic Basin border faults occur at the pluton ias a consequence. The spatial association of earthquakes with |plutons may be related to a causal relationship between these
fault interpretations and not related to stress amplification .

at the plutons.
t

8.3 conclusion

In summary, the following hypotheses were considered viable:
;

,
o Reactivation of Mesozoic Basin Border Faults
o Stress Amplification Near Plutons '

o Brunswick Suspect Terranes
High Angle Faults not Associated with Mesozoic Basins.o ,

The following hypotheses are not considered viable:
,

l o Reactivation of Horizontal (or Decollement) Faults
) o Landward Extension of Blake Spur Fracture Zone

Topographic and Density Anomaly Loading (Barosh's hypothesiso
,

I of extensional tectonics) -

o Faults Associated with Basement Province Boundaries.
The following hypothesis remains unevaluated or undecided:

| o Ductile Shear Zones in Lower Crust. ;

| The results of this study indicate that the hypothesis of
I reactivation of Mesozoic Basin border faults is strongly
| supported, specifically at the intersections of Mesozoic Basin

border faults near buried mafic plutons. These areas are not
necessarily restricted to the Charleston area or the area of
this study. This hypothesis implies locations for the
occurrence of a Charleston-type event in other areas of the
eastern U.S.

There appear to be strong differences in the thickness of the
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rigid crust which'also may limit the location of Charleston- '

This would limittype earthquakes to areas of thicker crust.
the maximum magnitude in areas of thinner ' crust such as the ;

Bowman seismic zone,:thus excluding a Ct.arleston-type event. .,
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ABSTRACT

i

!,' The object of this report is to present data relevant to the
; Charleston Earthquake in a single appropriate fomst. All data ar e

referenced to equally spaced points on the Universal Transverse Mercator
projection, zone 17. Values at can point nre weighted averagas of

i .
surrounding points within a restrictea radius of two grid increments.
Duplicate or inconsistent data points were removed from the gravity dataI

' and the precision was estimated for each grid point.

|- About 600 new gravity observations were obtained in areas of sparse
i coverate .>ent the epicenter of the 1886 Charleston earthquake. Wese
! new values ' increased the existing gravity data set by 20 percent from" 3150 to 3750 points in a 128 by 128 km rectangular area centered on the

epicenter of the Charleston earthquake. Most of the new gravity values
were obtained at 0.5 km increments along lines.

The four data grida defined herein are centered about the
epicentral zone of the 1886 Charleston earthquake. Rey are squares
in the Universal Transverse Mercator projection and are rotated
clockwise 52 degrees about the point (33.125 N, 81.25 W). which,

S cormsponds to the p:i st (1,1) in the 128x128 point grid with a 1.0 km
spacing. he ether y ids are centered on this grid exactly and have
sides of 256 poit.ta at 4.0 km spacing, 128 point.s at 8.0 km spacing and
4096 points at 31.25 m spacing.
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i 1. DOCUMINTATION OF CHARIESKN AREA DATA SEPS AND 00MIVTER WOGRAMS f
,

'

Lntroduet lor}, ,

I

Most studies, which have analyztd geophysical data covering the ;

epicentral zone of the 1886 Charleston earthquake, have presented the ;

data in a fornat that is convenient for analysis ard provides the best >

I
display. But, different data t yres, such as , lardsat inages , gravity
data, ungnetic data, and magnetotelluric sourdings are best presented !

and most conveniently analyzed in different and often incompatible

forwits . Ilence, the first objective of this study of data relevant to i

the Charleston earthquako was to establish a single appropriate format
for all data. The format would perinit the direct comparison of a |>

variety of data types and the use of analysis techniques for multiple .

'

data sets on a conenon data inse. The secord objective was to collect ,

the existing data and to adjust the data to be compatible with the !

conenon data lase. In most cases this requires a change in forwit ard a '

perging of multiple data sets from different sources. A third objective ;

was to provide a mechanism to update the data when new data tecome
available and to assess the accuracy of the data. The forth objective I

was to present the collected data in a forinat appropriate for distri- [
bution.

|

Yiefinition o_[ Grids
,

i
The use of a two-dimensional planar representation of data on an i

ellipsoidal surface is inherently non-conforinable. The distortion of i
distances, directions and areas will depend on the projection. A ;

variety of projections (including lambert conic, Universal Transverse !

Mercator, and Alters equal area) have been used for the data available i
to this study. A direct comparison of data on different projections can

'be difficult since equally distant grid points in each projection way
not represent the sane point on the earth's surface. In order to com- i
. pare data which were originally in different projections, all the data
need to be ren renced to a grid in the sane projection. The landsat
data are conventionally displayed using the Universal Transverse |
Mercator projection. Because the lardsat innges contain the greatest ;

number of points., the computational effort required to effect conversion i

among projections would present the greatest dif ficulty. For this L

reason we have chosen the Universal Transverse Mercator projection (zone
17) to nap latittde ard longitude to a plane surface on which a uniforin
rectangular grid can be defined. Other projections, for example the
Allers Equal Area Conic projection, are nore consnon and more appropriate ;

for large study areas such as the eastern United States. However, the f

largest area of interest in this study has a longitudinal dinension of
about 1500 km and the distortion at this distance related to the Uni-
versal Transverse Mercator (UIN) projection is significantly less than
the precision necessary for the data presented in the large grid. The
area of the largest grid extends teyond zone 17, but for coordinates
outside zone 17 the zone is fixed at 17 for consistency. IVirrRAN sub
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routines LTIMLL ard 11ATIN for converting (JIM coon 11 nates to latitude ard
longitude and lack are given in Appendix A-6.

( Ille Griddi.ng ErpEt!!g
i

*

%e interpolation of data to a rectangular grid was accomplished by
[ a weisIhted average. The weighted average was limited to a defined small
} area in onder to allow the grid to be easily updated any time new data'

are available. Also, the computational implementation of the weighted ;
4

;average is efficient and stable,

i Values at each grid point were detemined by the weighted average ;

{ of all data points falling within an area defirwi by a square with four
|

i grid points on a side ( figure A-1-1 ) . The weights are a function of
3'

distance and decrease with increasing distance between the grid point '

and the data point. he data points are transfomed from their original
coordinate system to'the Universal Transverse Mercator projection. ;
Af ter the grid area surrounding a data point is identified, the
surrourding 16 grid points are found. For each grid point the distance
to the data point is computed. Een a nomalized weight function is
calculated by Equation 1.

|

i
16 *

W[ = Wg/I W (1)g

i:1
.

t

iwhere:

[1/(1+(r /dr.)2)), the weight functionW =g
gridpoiktseparationdx =

and rg distance from data point to grid point=

i

By nomalizing the weights, they are equivalent to the number of
peints contributing to a grid point or the density of data for the area
represented by one grid point. With this distance dependent weight, -

appropriately greater weight is given to the points closer to the grid j

points. Since data points near the edge of the grid area do not have 16
L surrounding grid points, two extra rows (or coltanns) were added at the ,

<

four edges of the grid for convenience in programming. These values are
preserved for the addition of new data t.o the grid but are excluded from ,

the grids used in analysis. De KRIRAN program SNGGRID used to gener- -

ate the grid is given in Appendix A-6.

he gridding technique employed in program SNOGRID works best when
the data density is unifor.n and similar to the density of the grid. In
areas where the data are more dense, an averaged and smoothed value is
given at the grid point, simulating the average effect of the field
surrounding the grid point and not just the value at the grid point.
The average is preferable to a point value for modeling since it better

A-1-2
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represents the block corresponding to the grid point. In areas of high idata density, the gridded data represent a snoothing of the original |
data within a radius equivalent to the grid spacing. For the more j
difficult condition of areas which lack data, the gridding technique j
yields 4 by 4 squares of constant value or grid points with zero value. ;

For these conditions, a program to exTand the radius of snoot.hing was ;

developed. This IVITIRAN program,- AB, considers each point at which the ,

weight (equivalent numter of reints) falls telow a a threshold value '

J detennined by the criterion that less than three points contriluted to
the value. For those loints, the area of averaging was expanded until
the equivalent of six points contributcd to the value and the weightud
average was computed. - This is equivalent to choosing a larger grid
increment ard interiolating between grid points. The sparse areas that
would te affected the greatest are along the coast or over lakes or
swaraps outside the Charleston epicenter area. In these areas, the
average value is more appropriate than an extrapolated value, because of
the extreme values that extrapolated values can obtain when
unconstrained on one side.

Sourres of Gravity Data

The gravity values on the 1 km 128x128 point grid esce A-3 for
difinition of grida) were interpolated directly from available gravity
observations. The elevation values for the 1 km grid were interpolated
from the elevations of the gravity data. Because approximately 600 new
gravity observations (described in A-2) were obtained during this
project, and additional data have been obtained in the last few years,
special care was taken to assure that this data set would be internally
consistent. All the data were converted, if necessary, to the IGSN 1971
dattsn (International Association of Geodesy, 1971b) and anomalies were
calculated using the 1967 Geodetic Reference System (International
Association of Geodesy, 1971a).

The data from Champion (1975) consist of approximately 2000 obser-
vations, 1000 of which are along 11 detailed profiles. The data spacing
along the profiles was 0. 5 km. The remaining 1000 measurements are
regional data having an average station spacing of 1.0 km. tacosta-
Romterg meters were used exclusively arxi the combined uncertainty in
drift and reading precision was 0.15 mGal for the line data. The eleva-
tion control limited the precision of the regional data to 0.2 mGal .
The Canmpion (1975) data were obtained in an area defined by the corner
locations (32' 37.5' N, 80* W) arxl (33' 7.6' N, 80* 22.5' W) . This
area includes a nnjor portion of the epicentral tone of the 1886 carth-
quake as well as the epicenters of the more recent seismic events.

Gravity data frun McKee (1973) cover the region of the February
3.1972, Bownnn , South Carolina, earthquake. Excluding base s ta tions ,
344 gravity readings were obtained. 'the data include one ling at 0.5 kmsincing and regional data at atout 1.0 km spacing in a 400 km area.
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During Septemimr,1981, Georgia Tech was connissioned by the South-
eastern Exploration ard Production Company to obtain proprietary data in

Ithe area of Bamberg, South Carolina. ne tine limit on the proprietary
.

atatus expired in 1985. These data consist of 89 observations along two e'

lines. The data spacing was 0.5 km on one line and 1.0 on the other. |
,

The 549 regional gravity measurenents obtained from the U. S. Geo- ,

logical Survey (Thillips and Davis, 1985) were collected in July, 1977 ;

ard June, 1978, as part of on-going geophysical investigations in the -

vicinity of epicenter of the 1886 Charleston earthquake. An additional ;

95 gravity neasurenents were collected at 500 foot int.ervals along a
southwest trending line crossing the Ashley river. ;

A data set containing regional data was obtained frce the Defense>

Mapping Agency (It1A). These data are at a spacing of 5 to 15 km. The

precision of the older data in this data set is uncertain. The ItiA data
also contain more recent regional data from Virginia polytechnic ,

Institute, which are comparable in precision with other recent dat.a.

The Georgia Tech gravity data library also contains gravity data
!

obtained by Woollarxi during the 1950's. These data predate a national
inse network and were tied to perdultan data. A bias in the perdulum
data introduced a datum shift equivalent of 2 to 4 mGal depending on the
location. We Woollarti data were not used because most of the stations :

have subsequently leen reoccupied. Also, recent data obtained by the
'

University of South Carolina were not made available, and therefore are
not included in the data set. The recent University of South Carolina (

data cover the northern corner of the 1 km grid. ,

The marine gravity data available offshore South Carolina are
either outside or at the very southeastern exige of the 128 by 128, I km
grid. Only a few points could contribute to the gravity values. i

i

flecause there exists a gap of 5 to 10 km between the onshore data and
the offshore data ard because the contribution of the offshore data
would te interuittent and uneven on the edge of the grid, these off-
shore data were not included in the 128 by 128, I km grid. .

The nagnetic data for the 1.0 km grid were obtained frca the US r

Geological Survey, frca a digitization ard merging of recent aeronag-
netic surveys.(Jeff Ihillips, personal cousnunications). The digitimxt i

magnetic data from the U. S. Geological Survey were on a Transverse
Mercator projection at 0.5 km intervals. These coorxiinates were conver-
ted to the rotated Transverse Mercator projection ard gridded at a 1 km
int.erval .

The starting data sets for the 4.0 km and 8.0 km spaced grids were
the Electric power Research Institute (EIRI) magnetic, Bouguer gravity i

and elevation data grids. These are spaced at 4.0 km increments in the
north and east direction using an Alters Equal Area Conic projection
with two standarxi parallels, 29.5* and 45.5', and origin at the equator
and 96' west longitude. The Alters Equal Area Conic projection was '

converted to our rotated Transverse Mercator projection and gridded at'
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1, 4.0 and 8.0 km intervals. The data were provided on magnetic tape cour-[ tesy of ITHI.
I

I |
! ne bathymetry data for areas off-shore were obtained from the

i

J

National Geophysical Data Center, NOAA, E/GC in the 5 by 5 minute grid- i
! dai data format. These were used t.o fill in areas of the EPRI data over ;
! the ocean that were lacking in hathymetric data. :

,

!

Mergirg and compiling Data )
!

All the data iricorporated in the 1 km grid for gravity data were !
carefully examined. Duplicate points and reints which were inconsistent <

with neighboring points were removed before generating the grid. The !

L program designed to remove duplicate points " CLEAN" and the program de- i
signed to identify inconsistent data "CLERR" are given in Appendix A-6.

,

t

Program CLEAN was designed to identify duplicate and virtual dupli- i
cate points. Each new point was compared to a sorted listing of the
gravity points and those pairs that were closer than a distance of 0.2
km were listed for examination. One of the duplicate Joints was then i

removed. The choice of which point to remove was based on the value of
the Bouguer Anomaly. Duplicate points were common because the same data

,

were often obtained from multiple sources. %is duplicity was easily '

identifial on the basis of identical gravity values and survey desia,%a-
tions. In a few cases the same data were reduced using two different r

international gravity formulae. The standard differences in the :absolute value of gravity allowed a choice of the data referenced to the ;
IGSN 71 dattan. When the same location was sampled by two different !
surveys, the choice of which value to use was more difficult. In ;
general, we chose the value most consistent with neighboring points.
In some surveys, data were obtained at closely spaced intervals along
lines. Such data tend to bias values computed by a weighted average ,

'

technique by concentrating excessive weight at a few grid points along
theso lines. In order to minimize this kind of bias and provide a data
set with more uniform data distribution, selected data points were :

removed from these lines. In essence, points closer than 0.2 km were ;considered duplicates and selectively removed.
;

program CLERR was designed to identify values that were ananalous i
or inconsistent. Each point tested was renoved from the data set and

1

the eight nearest points were found. These points were then used to '

estimate by a weighted average nethod the value and uncertainty at the '
point. Any point that exceeded one standant deviation of the uncer- !
tainty of the extrapolated value was considered to be a possible error t

or inconsistent value. These values were examined for a possible cor-
rection. If a correction was not ressible and the apparent error could *

not be explained by gradients or uncertainty in the data, the value was
considered in error and renoved.

A-1-6
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Assessnent of Precision
,

i- The weighted average nethod used in gridding the gravity data is {

easily adaptable to computation of precision. The equations in i
'

Heiskanen and Moritz (1968, pg 267) were used. The relation requires j
the autocorrelation function of the gravity data in order to incorporate !

the variation of gravity data with distance in the est,jmate of precision |
of extrapolated data. W e equation used to compute mp the variance at ,

'

a point p, was
i

n n n .

~2+C '
C I I C I2)2Z "pi pt + ist J: "pi"pk ikm O~

i:1 1 j

i

2where m is the variance of the data measurenent,
is the nonnalized weight for the point p to the :o pt
gravity value at i

Cik is the covariance function at a distance equal to !
the separation of the ith and kth points. |

n is the ntsnber of data points in the average. !

,

The autocorrelation function for the gravity data in the Charleston ,

figure A- We correlation I128 by 128, 1 km grid are shown in
80 mGal(-2.( +_ 9 mGal standarddistance is 15 km and the variance is

deviation). Using this autocorrelation function and the distribution of
gravity data, the estimated error at any point can be computed. ;

i

iPresentation of 9e Data

A stenary of the data grids and computer programs which have been i
generated is given in table I. We Bouguer gravity anomalies, eleva- '

'

tions, and their weights for the 128 by 128,1 km grid are combined in
file GRIDRAW. The weights are identical for the elevations and Bouguer
gravity anomalies. We elevations were obtained directly from the gra-

vity data and thus, if desired, the free air anomalies could be !,

computed from the Bouguer anomalies and elevation data. De Bouguer 1

: anomalies are in milligals, the elevation in feet and the weights in
data points per square kilometers. The smoothed and extrapolated ;

'

Bouguer anomalies and elevations, obtained by applying program AB to
file GRIDRAW are combined with the magnetic data in file GDIS!10. The i

precision of the file is limited to 0.1 mGal, .1 ft., and 1.0 gamma.

GDIS!1T has also been separated for convenience and use on microcomputers )
into separate files for Bouguer anomalies (GDISMTG), elevations !

(GDISMTE) and magnetic anomalies (GDIStmi). %e contoured versions of :

these data are shown as figures A-1-3,4, and 5, respectively. ]
!The 64 by 64, 4 km grid and the 128 by 12P, 8 km grid data were

obtained largely frcan the EPRI 4 km grid data. The Bouguer gravity

anomalies, elevations and magnetic anomalies are contained in GD2 RAW and
GD3 RAW for the 4 km and 8 km grids, respectively. As with tha 1 km

I
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|' grid, separate files are available for the Bouguer anomalies, elevations
i ard nagnetic anomalies. These are presented as figures A-1-6,7, ard 8,

respectively, for ' t.he 4 km grid and as figures A-1-9, 10, and 11,
respectively, for the 8 km grid. %e Bouguer anomalies in figure A-1-6
and 9 have been corrected for bathynetry over the ocean and hence appear
negative off the continental shelf in GD3RAWG. However, the areas of
coverage of GD2RAWG is on the continental shelf in shallow water and is
not affected significantly by the depth of the water. The elevation idata from EIRI did not indicate tathynetry data over the oceans. The |ocean elevations were all given as zero. In GD3RAWE ard GD3RAWE we have !supplenented and replaced the EPRI sea surface values with bat.hymetry.

!ne umanetic data from EpRI contain two areas with no data. At this :
time these two areas, which are over the ocean and at the edge of the ,

grid, have been left open until compatible data are found.
]

Table I. Nanes of Programs and Data Grids for the Charleston Area.

| < filename) Description

GRIDRAW Unamoothed gravity anomalies, elevations and weights in !

Freefield fomat. Full precision is preserved for addition i
of new data. *

GDISMf Smoothed Bouguer anomalies, elevations, and magnetic f

anon.alies with limited precision. Format is 2415 in groups *

of 132. We grid is 132 by 132 and ine)udes the buffer. ;
GDISMID Bouguer Anomalies from GDISMf. Fomat is 24I5 in groups of |

132. Units are tenths of mGals. :,

'

GDISHfE Elevations from GDISMf. Units are tenths of feet. Fomat is !' 24IS in groups of 132.
|GDISNIM Magnetic anomalies from GDISHf. ;

GD2 RAW Bouguer Gravity, elevations and magnetic anomalies in the
4 km grid. Format is 10F8.1 continuous for the remining

I
grids (i.e. DOUG(I,J),ELEV(I,J), MAG (I,J), I:1,68,J:1,68)

.

|GD2RAWG Bott.aer anomalies in 4 km grid. ' '

GD2RAWE Elevations in 4 km grid. i
.

GD2RAWM Magnetic anomalies in 4 km grid.
1

GD3 RAW Bouguer anomalies, elevations and negnetic anomalies in the
. 8 km grid. Fomat is 10F8.1 continuous.
| (i.e. BOUG(I,J) ELEV(I.J), MAG (I,J), I:1,132, J:1,132) .

j GD3RAWG Bouguer anomalies in 8 km grid.
i. GD3RAWE Elevations in 8 km grid.
!. GD3RAWM Magnetic anomalies in 8 km grid. I
r:

ANSERS3 Unsorted and uncleaned gravity data for 1 km grid. DoD
|- gravity data format.
L ANSERS4 Sorted ard cleaned gravity data for 1 km grid. DoD '

gravity data fomat.
SCDATA Lir, ting of new Charleston area data (1985-86) .
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2. PRINCIPAL FACUS KR NEW OIARLES10N ARFA GRAVITY DATA
i.

:

Int roduction
t

An investigation and evaluation of the causes of seismicity near >

Charleston, South Carolina, may be optimized by an examination of ,

available data in a unifom fomat. The Bouguer gravity anomalies will ;

provide valuable constraints for detemination of the structures in the ;

crust. An objective of gravity data acquisition and analysis is to t

accumulate available gravity data for the Charleston vicinity and to r

increase the density of coverage, where appropriate, in a'128 by 128 km !

rectangular area centered on the epicentral zone of the 1886 Charleston
earthquake. In this report, the principal facts are doctanented for new
gravity data obtained within the 128 x 128 km area. Other reports will .

!document the design of data grida, and the modeling of the crust using
gravity and magnetic data.

The goal in gravity data acquisition was to p'. ovide sufficient data 4

'

to complete a grid with a uniform 1.0 km spacing between points and 128
points on each side. he grid is to be rotated to follow the coastline ,

and u.aximize the land area. Such a grid would require 16,000 points and
only about 3200 points were available prior to this study. Since ,

resources were available for only about 600 new data points, the ,

locations of the 600 points were concentrated in areas of sparse '

coverage near the epicenter of the 1886 Charleston earthquake. Hence, I

areas of new data were chosen to expand the areas of existing coverage ,

in the central portion of the grid and to fill in large areas without |
.

coverage.

Sources of Data;
_

,

L
The largest single block of data was obtained by Champion (1976). '

The Champion (1976) data (shaded central block in figure 1) include'

detailed survey areas near the epicenter of the 1886 earthquake. i

I

Gravity data in the area of the 1972 Bowman earthqtake were obtained by
| Mehee (1976). Other Georgia Tech data include a selection of detailed |
,

; lino data and existing regional data. U.S. Geological Survey data |

| (Phillips arxl Davis 1985) were made available to the study. These data )
expand the Champion (1976) data to the west, northwest, and north. Data
from the Virginia Polytechnic Institute and State University and other
data available from the DoD Gravity Services Branch complement the U.S. i

Geological Survey data. University of South Carolina data (not made
available to this study) cover the northern corner of the study area.
Consequently, based on this existing coverage, it was decided to obtain ,

additional data east of the Champion (1976) data and ,to fill in najor
holes between the U.S. Geological Survey and Bowman area data, h e only
remaining significant areas of sparse data would be in areas of
difficult access near the coast and lake or swamp areas to the north. ;

|
|
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I

i
Standard methods of data acquisition and rediction were followed. j

Data reduction utilized program "GRAVUN" on file at the Georgia

b Institute of Technology, School of Geophysical Sciences. Corrections j
' were applied for earth tides and drift. Observed gravity values are ;

i referenced to the IGSN 1971 datum (International Association of Geodesy, ;

1971b) and anomalies were calculated using the 1967 Geodetic Reference i
System (International Association of Geodesy, 1971a). No terrain ;

corrections were applied because of the gentle topography. Data were ;

obtained along lines at a spacing of less than 0.5 km or as regional
"

data at a 1.0 km spacing. 'Ihese techniques are outlined in Champion, ,

1976. Table A-2-1 lists the surveys. All surveys were made with
laCoste-Romberg gravity meter ntsnber 668. All data are tied to the
Branchville state base. Temporary base station values are given in ;

Table A-2-2. Figure 2 is a point plot of the new data obtained and ,

- figures 3a-f are point plots of the total composite gravity data
coverage, except for the University of South Carolina data which were
not made available. Table A-2-3 is a listing of the new gravity data'in
standattl DoD fomat (figure A-2-4) .

.

Table A-2-1. List of surveys and principal facts.

Servey Data Time Quad Sheet (s) Operator Type Base No. Drift
Number EDST Sta.mGal/hr ;

;

909 9/07/85 8:56-12:14 Stsnmerville NW Alexander Line StJ 41 0.09 t

-17:05 0.14

| 910 9/08/85 9:30-12:56 Stsmuerville NW Alwander Line EXX 45 0.14
| -15:25 0.05
| 911 9/09/85 8:50-13:45 Pringletown Alexander Line BST 46 0.16
| 912 3/13/85 10:35-18:28 Kittridge Alexander Line Dup 62 0.12 ;

N. Charleston ;

| 913 9/15/E5 12:00-15:57 Kittridge Alexander Line TAV 32 -0.01
914 9/16/85 8:29-13:08 Maple Cane Sw. Alexander Line S18 71 0.13 ,

-14.03 -0.25
915 9/24/85 12:12-16:34 Kittridge Alexander Line Ii1 52 0.09

-18:38 Huger -0.01
916 9/25/85 11:11-14:14 Huger Alexander Line I41 35 0.07

'
917 9/26/85 10:15-14:16 Huger Alexander Line 141 54 0.07

18:24-19:36 0.01
918 9/27/85 11:13-15:07 Maple Cane Sw. Alexander Line 161 48 0.09 ,

919 9/23/85 12:22-16:49 Base Stations Alexander reg. Wylie 8 0.05 ;'

Base station loop "Branchville state base-Wylie-St.T-Tav-EXX-BST-518-
Branchville State Base"

920 6/06/86 11:50-17:54 Base Stations Alexander reg. Wylie 5 -0.05
Base station loop "Wylie-Dup-TAV-141-Wylie"
922 6/06/86 11:50-17:54 St. George SW Radforxi reg. BSB 28 0.05

-21:03 Maple Cane Sw.
923 6/07/86 9:24-13:35 Reevesville Radford reg. BSB 49 -0.01

,

-19:02 St. George SW -0.07 *

t
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!. Table A-2-1 (cont.)

t Base Station Abbreviations
BSB Branchville State Base BST Beer Store Brick

i TAV Tavou Church StJ Saint James Chumh
'

I41 Highway 41 at S-8-98 S18 road S 18-30 at 76 station>

Dup Dupont plant entrance

I
Table A-2-2. Gravity values at. tamporary base stations. j

l |

} Name Surveys Latitude Longitude Elev.(m) Value (mgals) I
[ i

Branchville 922,923 33 .15 80 49.00 38.6 979577.051 ~l
! Wylie 920,919 33 .97 80 11.67 25.0 979557.292 i

Dupont 912 33 3.14 79 57.00 3.9 979567.737 i

TAV 913 33 6.35 79 56.42 9.1 979569.350 !
I41 915,16,17 33 5.76 79 48.29 7.9 979567.575 ;

StJ 909 33 8.37 80 9.69 20.1 979567.896 ,

EXX 910 33 8.53 80 9.66 20.1 979568.270
BST 911 33 12:50 80 15.43 25.9 979578.955 '

S18 914 33 1.53 80 23.22 19.2 979561.509 ,

S61 918 33 3.06 80 29.99 18.9 979561.375 ;

,

t

!

!

I

.

I

t
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Table A-2-3. Listing of new Charleston data' in DoD fonnat.
'

i 33 853 - 80 966 1 201 3568245- 264- de9 G909 SC 0 2 0
33 870 - 80 998 1 192 3568422- 299* 513 0909 SC 0 3 3
33 886 -'80'028 1 152 '3570750- 210- 380 0909 SC 0 4 3

801053 1 128 3571073- 278* 421 0909 SC 0 5 233 904 -
,

33.930 801088 1' 207 3570113- 165- 396 G909 SC 0 6 2
33 956,- 801076 1 '183 3571099- 178- 382 G909 SC 0 7 3'

33 985 801068 1 168 3571325* 242- 429 0909 SC 0 8 3
331018 - 601061 1 183 3571608- 212- 416 G909 SC 0 9 3*

s

331049 - 801067 1 192 3571723* 215- 429 G909 SC 0 10 3
801065 1 192 3572290- 189- 403 G909 SC 0 11 2Si 331071 -

'331093 - 801046 1 122 3574042- 26t* 397 0909 SC 0 12 3
331121.- 801035 1 189 3573248- 171- 382 C909 SC 0 13 3
331140 * B01026 1 195 3573890- 127- 344 G909 SC 0 14 2

,S 331172 - 801027 1 183 3574943- 91- 295 G909 SC 0 15 3
331207 801013 1 192 3575518- 54- 268 G909 SC 0 16 2
331385 - 801014 1 183 3576578- 222- 426 0909 SC 0 17 3
331270 - 801013 1 186 3577088- 3- 210 G909 SC 0 18 3
331277 - 801024 1 168 3578004' 23- 164 G909 SC 0 19 3

' 331319 - 801037 1 152 3579638- 81- 89 G909 SC 0 20 3,

33 950 801114 1 204 3570750* 138- 366 G909 SC 0 22 3'

33 968 - 801140 1 204 3571356- 103- 331 0909 SC 0 23 3'

331001 - 801185 1 183 3572332- 117- 321 G909 SC 0 24 3
331026 - 801221 1 192 3573155- 40- 254 G909 SC 0 25 3 |

331042 - 801243 1 198 3573993 40- 181 0909 SC 0 26 0 !n.
331058 - 801267 1 201 3574572- 85- 139 G909 SC 0 27 2 1

1331077'a 801293 1- 204 3575182 129- 99 0909 SC 0 28 3
331095 - 801319 1 207 3575528 148- 83 G909 SC 0 29 3

801347 1 207 3575862 156- 75 G909 SC 0 30 3331114 -

331133 - 801375 1 213 3576184- 181- 57 0909 SC 0 31 3

,4 331144 801391 1 213 3576726 219- 19 C909 SC 0 32 0
331163'* 801419 1 213 3577170 238 0 0909 SC 0 33 3: . i

l' 331181 801444 1 219 3577876- 303 58 0909 SC 0. 34 3
,

331201'- 801472 1 226 3570335 340 88 G909 SC 0 35 3
331216 - 801495 1 232 3578775 382 124 0909 SC 0 36 2 {'

: 331062 801216 1 189 3574489 33- 178 G909 SC 0 37 h

|- 331068; 901181.1 192 3574131 0- 215 G909 SC 0 38 3
L, 3310b9 801145 1 189 3573644- 61- 272 C909 SC 0 39 3

801107 1 189 3573319- 95- 306 G909 SC 0 40 3331071 -

80 937 1 207 3568323- 262* 494 G910 SC 0 2 633 871 -

l'33 880 - 80 903 1 219 3568455- 225- 470 G910 SC 0 3 6
33 692 - 80 B72 1 226 3568615- 206- 458 G910 SC 0 4 6

f 33 905 80 853 1 232 3568568- 210- 469 G910 SC 0 5 3 i'

,

33 920 - 80 822 1 232 3568625- 225- 484 0910 SC 0 6 6
33 933 - 80 191 1 235 3568904- 206- 468 0910 SC 0 7 6'

l' 33 943. 80 768 1 232 3569477- 172 431 G910 SC 0 8 3 ;

801256 i 183 3573614- 6- 210 G910 SC 0 9 6 3331014 -

1 33 990 - 801272 1 168 3573398- 42- 129 0910 SC 0 10 6 |

33 968 - 801292 1 201 3572569 9- 215 G9' SC 0 11 3
|'

,

801280 1 192 3571875- 51- 265 GV13 SC 0 12 6| 33 941 -

|, 33 913 - 801269 1 143 3572056- 145- 304 G910 SC 0 13 6 1*

33 886 - 801275 1 195 3570400- 114- 332 0910 SC 0 14 6 |<

! 33 859 - 801285 1 213 3570486- it- 249 C910 SC 0 15 6 |

33 832 - 801294 1 219 35685.i2- 122- 367 0910 SC 0 16 1 1

33 800 - 801293 1 223 3567925- 157- 406 G910 SC 0 17 6
33 768 * 801301 1 226 3567708- 125- 377 G910 !C 0 18 3
33 782 - 801272 1 216 3567876- 156- 398 G910 SC 0 19 6
33 800 - 801244 1 226 3568080- 132- 384 0910 SC 0 20 6 :

33 819 - 801218 1 207 3568697- 153- 384 0910 SC 0 21 6 j

33 840 - 801197 1 183 3569864- 142- 346 C910 SC 0 22 0
'l 33 865 - 801182 i 171 3570219- 178- 368 G910 SC 0 23 6

801161 1 158 3570986- 171- 347 0910 SC 0 24 633 888 -

33 908 - 801136 1 110 3571974* 250- 373 G910 SC 0 25 6
801115 1 189 3570248- 210- 420 0910 SC 0 26 6 i33 931 -

, 33 814 - 80 986 1 213 3567363- 261- 499 G910 SC 0 27 6

l

!
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33 793 801011 1 210 3567134- 265- 500 0910 SC 0 28 6
33 773 801033 1' 207 3567247- 236- 467 0910 SC 0 29 6'

0 '331273 '801508 1 198 3579246 247 26 G91 31 6G9,0 SC 0p 331288 801485 1 253 3579766 448 166 9 r* O 32 6
331306 801456 1 247 3580245 451 176 Ge ar a s 0 33 6l

|' 331322 801425 1 253 3580559 480 198, GO6 0 34 6
*

'

256 3580890 495 210 C9 t 9 35 6331341 - 801396.1 '
;,

i - 331360 .801362 1 262 3581165 515 223 G910 . v' 36 6
| 331379 801336 1 265 3581867 570 274 G910 SS 0 37 6
!. 331399 ,801310 1 .274 3582056 589 283 0910 SC 0 38 6'

331417 * 801284'1 271- 3582934 642 339 0910 SC 0 39 6
L

'

331435 - 801257 1 271 3582537 578 276 0910 SC 0 40 6
331453 - 801231 1 271 3582965 596 294 G910 SC 0 'di 6
331468 801213 1 268 3583342 604 304 G910 SC 0 42 1

, 331483 * 801194 1 277 3583751 651 342 G910 SC 0 43 6' ,

331499 - 801543 1 259 3578738- 71- 218 G910 SC 0 to 6
!> 331231'- 801517~l' 235 3578894 382 120 0911 SC 0 2 6 .!331229 - 801569 1 250 3578919 434 156 0911 SC 0 3 6

331 17 801629 1 256- 3578693 447 161 G911 SC 0 4 6 ;
331204 801629 1 253 3578787 465 183 G911 SC 0 5 6
331198 - 801657 1 247 3578849 474 199 0911 SC 0 6 6 |331'.76 - 801688 1 247 3579010 507 232 0911 SC 0 7 6 '

331144 - 801719 1 244 3579060 519 247 0911 SC 0 8 6
331150 - 801748 1 244 3579184 551 279 G911 5C 0 9 3
331182 - 801759 1 259 3579731 610 321 0911 SC 0 10 6
331205 - 801777 1 290 3579401 638 315 G911 SC 0 11 6
331229 - 801808 1 274 3580654' 684 378 0911 SC 0 12 6 >

331242 - 201839 1 213 3581264 539 301 G911 SC 0 13 6
,331268 801857 1 183 3583489 631 427 G911 SC 0 14 6

331291 - 801875 1 152 3582029 359 189 G9tt SC 0 15 6
~331308'- 801902 1- 198 3582521 526 305 G911 SC 0 16 6 '

331333 - 801921 1 287 3583550 867 548 0911 SC 0 17 6
331359 - 801937 1 274 3584404 879 573 G911 SC 0 18 6
331386 - 801948 1 247 3586270 944 669 0911 SC 0 19 3
331377 801908 1 268 3585584 953 653 G911 SC 0 20 6 i
331368 - 801877 1 290 3584603 933 610 G911 SC 0 21 6
331371 - 801845 1 'J83 3584968 946 630 G911 SC 0 22 6|

l' 331389 - 801815 1 274 3585475 945 639 0911 SC 0 23 6
,

l' 331391 - 801780 1 262 3585374 894 601 0911 SC 0 24 3
1. 331375 - 801769 1 259 3584745 844 555 0911 SC 0 25 6

331351 - 801750 1 265 3583332 755 459 G911 SC 0 26 6
331333 - 801724 1 280 3582572 751 438 0911 SC 0 27 6,

'

331318 * 801694 1 299 3581278 698 365 C911'SC 0 28 1

| 331344 801661 1 290 3581794 686 363 G911 SC 0 29 6-

L 331358 - 801631 1 287 3582186 636 377 C011 SC 0 30 6

| 331380 - 801615 1 287 3582922 739 419 G911 SC 0 31 3
331412 - 801590 1 293 3583617 783 457 G911 SC 0 32 1i

331439 - 801576 1 296 3584413 835 505 G911 SC 0 33 6
331468 801566 1 293 3585426 887 561 G911 SC 0 34 6

[ 331493 - 801561 1 302 3586625 1001 664 C91: SC 0 35 3
1 331398 801567 1 290 3582944 726 403 G911 SC 0 36 6
;- 331381 801550 1 280 3582077 634 321 G911 SC 0 37 6-

331372 - 801527 1 268 3581661 b67 268 G911 SC 0 38 6
331354 - 801513 1 259 3581633 562 273 G911 SC 0 39 6
331330 - 801514 1 262 3580638 504 212 G911 SC 0 40 6
331311 801522 1 274 3579598 465 ill G911 SC 0 41 6-

b 331304 801665 1 280 3580700 604 291 G911 SC 0 42 6-

! 331285 - 801637 1 259 3580551 548 259 G911 SC 0 43 6
331270 - 801609 1 229 3579790 399 144 0911 SC 0 44 6

tt 331260 - 801577 1 277 3579292 513 204 C911 SC 0 45 6
L 33 232 - 795602 1 21 3565782- 210- 234 C912 SC 0 2 6
|' 33 260 795611 1 24 3565357- 283- 310 G912 5C 0 3 6
L 33 286 - 795629 1 67 3565296- 192- 267 G912 SC 0 4 6
! 33 305 - 795651 1 70 3565558- 182- 260 G912 SC 0 5 6
| 33 332 - 795662 1 67 3566105- 175- 250 C912 SC 0 6 6
'

33 338 - 795733 1 21 3567887- 146- 170 G912 SC 0 7 6

|
,

|
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33 346 795764 1 18 3568454- 110* 130 G912 SC 0 8 6
33 365 795791-1 40 3560920* 22- 66 G912 SC 0 9 6
33 384 - 795816 1 64 .3560598- 7- 78 G912 SC 0 10 6
33 404 - 795840 t 76 3566703- 186- 271 0912 SC 0 11 6'
33 424 - 795867 1 24 3570062- 38- 65 G912 SC 0 12 - 6
33 442 795894 1 67. 3569321- 4- 79 C912 SC 0 13 6
33 461 795920'1 73 3569445 0- 81 G912 SC 0 14 6
33 481 .795948 1. 91 3569589' 44- 58 G912 SC 0 ~15 6
33 572 795721:1 34 '3570430- 177- 214 G912 SC 0 16 6
33 641 795796 1 34 3570654* 250- 287 G912 SC 0 17 6.
33 619 - 795767 1 27 3570657- 237- 247 G912 SC 0 18 6
33 996 - 795750 1 30 3570536- 209* 243 0912 SC 0 19 6
33 561 - 795740 1 30 3570617- 152- 186 G912 SC 0 20 6
33 547 795775 1, 9 3570748- 185- 195 G912 SC 0 21 6
33 531 7S5804 1 ,9 3570840- 153- 164 G912 SC 0 22 6

33 517 795825 1 .15 3571031- 97- 114 0912 SC 0 23 6
33 512 795865 1 52 3570294- 50- 108 G912 SC 0 24 6
33 507 795895 1 70, 3570160 0- 78 0912 SC 0 25 6
33 494-- 795928 1 55 3570462 1- 60 0912 SC 0 26 6
33 491 795984 11 88 35t9697 32- 67 G912 SC 0 27 3

325005 795999 1 88 3551946- BOO- 899 G912 SC 0 29 6

325796 795959 1- 82 3552546- 746- 838 0912 SC 0 30 6
|

325789 - 795935 1 76 -3552707- 740- 825 C912 SC 0 31 6
'

.q

325703'- 795901 1 101 35'o2167- 710- 822 0912 SC 0 32 6

325775 - 795066 1 76 3551839- 807- 892 G912 SC.0 33 6
325770 * 795832,1 91 3551463- 790- 892 G912 SC 0 34 6

325770 * 795798 1 76' 3552423- 741- 826 0912 SC 0 35 6'

325770,- 795764 1 79 3551823- 792- 880 G912 SC 0 36 6

325762 - 795729 1 82 3552234- 730- 822 G912 SC 0 37 6 <

'

325761 - 795695't- 91 3551686- 755- 857 0912 SC 0 38 6
325759 - 795660 1- 76 3550825- 886- 971 0912 SC 0 39 1

325777 - 795637 1 46 3551815- 906- 957 G912 SC 0 40 6
,

|
325810 - 795625 1 30 3552105- 969- 1003 G912 SC 0 di 6
325831 - 795612 1 30 3552141- 995- 1029 0912 SC 0 42 6

i,

|: '325858 - 795603 1 30 3552743- 972- 1006 G912 SC 0 43 6
325888 - 795600 1 37 3552773- 991- 1032 G912 SC 0 44 6'

|- 325922 - 735599 1 24 3554161- 937- 964 C912 SC 0 45 6
l 325946 - 795607 1 15 3554888- 925- 942 G912 SC 0 46 6

b 325975 795595 1 49 3555332- 817* 871 0912 SC 0 47 6
33 .2 - 795580 1 37 3556821- 743- 784 0912 SC 0 48 6' t

u 33 30 - 195568 1 30 3557773- 706- 740 0912 SC 0 49 6 i

33 56 - 795584'1 30 3559133- 605- 639 0912 SC 0 50 6 i

33 80 - 795593 1 30 3560506- 501- 535 C912 SC 0 51 6 i

; 33 109 795607 1 52 3561697- 356- 414 G912 SC 0 52 6
33 137. 195618 1 24 3562632- 385- 412 0912 SC 0 53 6
33 162 - 795632 1 21 3563943- 298- 322 G912 SC 0 54 6 !

33 187.- 795652 1 18 3565795- 156- 177 0912 SC 0 55 6
33 210' 795674 1 18 3565561- 211- 232 G912 SC 0 56 6 |

33 231 - 795698 1 24 3566159- 161- 188 0912 SC 0 57 6 i

|-33 257 - 795712 1 30 3566735- 121- 155 G912 SC 0 58 6
33 285. 795720 1 27 3567430- 99- 130 G912 SC 0 59 6
33 309 795738 1 15 3568085- 105- 122 0912 SC 0 60 6 ;

'

33 662 - 795655 1 88 3569715- 202- 301 G913 SC 0 2 6

{33 690 - 795668 1 91 3569776- 226- 328 G913 SC 0 3 6
33 700 - 795709 1 91 3569426* 275- 377 0913 SC 0 4 6
33 718 - 195677 1 107 3569250- 270- 389 G913 SC 0 5 3 :

33 746 - 795686 1 82 3569902- 318- 410 0913 SC 0 6 6

'",. 33 612 795629 1 88. 3569280- 177- 276 C913 SC 0 7 3

33 641 795620 1 110 3568692* 210- 333 G913 SC 0 8 6
L 33 653 - 795589 1 128 3567807- 258- 401 G913 SC 0 9 6

33 629 795567 1 113 3568612- 192- 318 0913 SC 0 10 6
e

33 664 - 795957 1 165 3567112- 231- 414 0913 SC 0 11 6 4

33 670 - 795543 f 177 3566761- 236- 433 G913 SC 0 12 3 q
33 696 795534 1 155 3567302- 283- 457 G913 SC 0 13 6
33 718 - 795552 1 152 3568309- 223- 393 G913 SC 0 14 6
33 741 - 795568 1 152 3567829- 3C3- 473 C913 SC 0 15 6 I

i
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33 706 - 795581 1 152- 3567901- 247* 417 0913 SC 0 16 6
33 702 795599 1 116 3568606- 284- 413 0913 SC 0 17 6

[' 33 673 795603 1 1J7 3568327- 206- 359 G913 SC O 19 6
33 737 795603.1 110 3569033- 309- 431 G913 SC 0 18 6

L 23J'7t6' 799508'1 158 3567295- 302- 479 G913 SC 0 20 6*
'33 739 - 795496 l- 168 3573644 329 142 0913 SC 0 21 .6
33 682 795511 1- 155 3567178- 277- 450 G913 SC 0 22' 6

i -33 682 - 795477 1 140 3567255- 316- 472 G913 SC 0 J3 6' 33 700 - 795423'1 143 3567472- 311- 470 0913 SC 0 24 6,

33 Y28 - 795438;1 149 3567601- 316- 403 G913 SC 0 25 E
33 719 - 795398 1 -131 3567888- ' 333- 479 G913 SC 0 26 6
33 737 - 795371 1 137 3567904- 337- 490 0913 SC 0 27 6'
33 584 - 195612 1 02 3569179- 163- 260 0913 SC 0 28 6
33 566 - 795589.1 73 3568665- 222- 303 0913 SC 0 29 6
.33 544 - 795559 1 58 3568683- 236- 301 G913 SC 0 30 3
33 521 795539 1 76 3568199- 197- 282 G913 SC O' 31 6-

'

33'176 802302 1- 195 3561663- 10- 227 G914 SC 0 2 6
33 204'- 802300 1 186. 3561710- 71- 278 0914 SC 0 3 6
33 230 '802314 1 189 3562598- 9- 220 'G914 SC 0 4 6
33 259 802310 1' 189 3562573- 51- 262 G914 SC 0 5 6
33 289 - 802325 1 '189 3562678- 83- 293 G914 SC O 6 3
33 307 - 802297 1 186 3562644- 119- 327 0914 SC O 7 6

'J3 322 - 802270:1 192 3562789* 107- 321 G914 SC 0 8 6
33 318 - 802367,1 192 3562627- 117- 332 G914 SC 0 9 3
33 340 - 802390 t 210' 35f2557- 98- 333 G914 SC 0 10 1 1

33 351 - 802359 1' 210 3562536- 116- 350 0914 SC 0 11 6
- |33 366 - 802329'1 216 3562030- 168- 409 G914 SC O 12 6

33 383'- 802304'1 213' 3562541- 150- 388 0914 SC O 13 6 3-

33 397 - 802273 1 229 3562420- 135- 390 0914 SC O 14 1

33 338 - 802427 1 122 3563922- 231- 367 G914 SC 0 15 6
33 337 - 802462 1 116 3564351- 207- 336 0914 SC 0 16 6
33'341 - 802495 t' 116 3564411- 206- 336 G914 SC 0 17 6
33 351 - 802522 1 122 3564559- 187- 323 0914 SC 0 18 3
33 380 - 802522 1 122 3564774- 205- 341 G914 SC 0 19 6
33 406 - 802522 1 119 3505196- 208- 341 G914 SC O 20 6
33 437'- 802625 1 119 3565713- 199- 332 G914 SC O 21 6 .!33 463 - 802529 1 168 3585281 # 128- 315 G914 SC 0 22 6 i33 494 - 802525 1 229 3564092- 101- 356 0914 SC O 23 3

L'
33 514 - 802466 1 168 3565016- 224- 411 C914 SC O 25 6
33 513 - 802503 1 223 3564159* 139- 387 G914 SC O 24 6 j

'

33 530 802437 1 195 3564709- 192- 409 0914 SC 0 26 6
33 522 - 802400 1 155 3565300- 243- 417 G914 SC 0 27 6 i
33 514 802366 1 128 3565951- 253- 'J96 G914 SC O 28 6 I
33 525 - 802333 1 128' 3566249- 238- 381 0914 SC O 29 3

~

33 525 - 802293 1 128- 3566027- 260- 403 0914 SC O 30 6
33 514 - 802259 1 125 3566040* 253- 392 G914 SC O 31 6 '|
33 556 - 802437 1 238 3564029- 164- 429 G914 SC 0 32 6
33 579 - 802418 1 244 3564107- 168- 440 C914 SC 0 33 6 i
33 601 - 802396 1 280 3564131- 85- 398 G914 SC O 34 6 i
33 626 - 8023B0 1 283 3564334- 90- 406 G914 SC O 35 6 ,

33 655 - 802373 1 290 3564Ee7- 55- 378 G914 SC 0 36 6 |33 676 - 802347 1 293 3565410- 50- 366 G914 SC 0 37 6 ;

33 702 802343 1 241 3567256- 33- 301 0914 SC O 38 6
34 731'- 802347 1 265 3568788 155- 141 G914 SC 0 39 6

.

(i33 483 - 802555 1 213 3564000- 141- 379 G914 SC O 40 6
8 - 33 482 - 802591 1 238 3563691- 96- 362 G914 SC O 41 3

i33 CDB - 802620 1 232 3563606- 132- 390 0914 SC 0 42 6
33 =10 802646 1 219 3563882- 117- 362 0914 SC 0 43 6
33 450 - 802672 1 216 3563802- 107- 348 0914 SC 0 44 3 t33 479 802697 1 262 3563036- 71- 363 G914 SC O 45 6

-

33 488 - 802723 1 290 3562242- 89- 412 C914 SC O 46 6
33 492 - 802755 1 311 3561677- 86- 433 0914 SC O 47 6
33 496 - 802789 1 271 3562310- 150- 452 G914 SC 0 48 633 500 - 802822 1 277 3561697- 197- 507 G014 SC v 49 6
33 112 * 802849 1 229 3562255- 309- 564 0914 SC O SO 6
33 530 - 802891 1 329 3560837- 165- 532 G914 SC O 51 O
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'33 537 i 802925 1 326 3560647- 203- 567 C914 SC 0 52 6
i 33 543 - 802957 1 314 3561159* 198- 548 G914'SC 0 53 6't

33 548 '002991 1 277 356t943- 238- 548 G914 SC 0 54 6
33 429'- 802647 1 149 3565160- 148- 315 0914 SC 0 55 6
33 405 * 802619 1 134 3565391- 139- 289 G914 SC O 56 6
33.385 * 802597'i 134 3564938- 158- 307 G914 SC 0 57 3 ,

,

23 368 - 802558 1 122 3564509- 214- 350 0914 SC 0 58 6
33 163 - 802351 1. 149 3562144- 84- 250 G914 SC 0 60 0

802389 1 143 3562332- 106- 266 0914 SC 0 61 633 179 -

t02415 1: 128 3562673- 158- 301 G914 SC 0 62 3 .j33 207 *

33.180 - 802427.1' 113 3562820- 153- 279 C914 SC 0. 63 6
,><

33 155 x 402439 1 113 3562844- 116- 242 G914 SC 0 64 6
33'130 - bO2457 1 113 3562925- 74- 199 G914 SC 0 65 6 !
33 105 - 802475 1 101 3563129* 57- 169 C914 SC 0 66 6 '

133 82 - 802492 1- '98 3563439- 3- 112 G914 SC 0 67 6 ,

33 .45 - 802518 1 107 3563321 37- 82 0914 SC 0. C8 6
-83 41 -.802533 1 107 3562927 30- 89 G914 SC 0 69 3
33 'id 802526 1 104 3563078 73- 43 G914 SC 0 70 6

794859 1' 15 3568016* 458- 475 G915 SC 0 2 633 561 -

33 543 .794884 1 61 3566201- 474- 542 G915 SC 0 3 6
'

33 530 - 794916 1 101 3564649* 430- 602 0915 SC 0 4 6
33 516' 794949 1 94 3564249- 529- 635 0915 SC 0 5 3 r

,33 502' 794978 1 46 3564899- 596- 647 G915 SC 0 6 6
795016 1' 88 3563316- 597- 695 G915 SC 0 7 3.33 484 *

33 465 - 795043 1 98 3562917- 582- 691 G915 SC 0 8 6 *

33 441' '15061 1 76 3562789- 629- 714 0915 SC 0 9 6
#95073 1 104 3562192- 571- 687 G915 SC 0 10 3 ,33 418 -

33 389 - 195083 1 37 3563541- 604- 645 0915 SC 0 11 6 'r

33 372 - 795105 1 113 2561909- 509- 635 0915 SC 0 12 i i

33 348 - 795135 1 113 3561917- 475- 600 GS15 SC 0 13 6
- 33 320 -~795151 1 119 3561195- 489- 622 G915 SC 0 14 1

795146 1 110 3560839- 513- 636 G9t$ SC 0 15 6
| :33 291 -

L 33 260 * 795134 1 101 3560270- 555- 667 0915 SC 0 16 1

33 233 - 795126 t 88 3559660- 617- 716 0915 SC 0 17 3
33 207 795122 1 43 3560094- 89 9- 727 0915 SC 0 18 6

| 33 178 - 795123 1 37 3559474- 720- 761 0915 SC 0 19 6
! 33 365 - 795407 1 61 3564982- 351- 419 G915 SC 0 20 6

33 352 - 195471 1 98 3564556- 291- 390 G915 SC 0 21 3
33 331 795444 1 94 3563994- 300- 405 G915 SC 0 22 6
33 303 - 795423 1 88 3563823- 297- 396 G915 SC 0 23 6
33 288 - 795408 1 91 3563257- 323- 425 G915 SC 0 24 6
33 264 .795382 1 94 3562453- 362- 467 G915 SC 0 25 6

7: 33 243 - 795357 1 94 3562147- 364- 469 G915 SC 0 26 6
33 221-- 795333 1 94 3561001- 440- 546 G915 SC 0 27 6
33 200 - 795313 1 85 3560731- 475- 570 G915 SC 0 28 6 '

|

33 180 795292 1 82 3559914- 538- 630 0915 SC 0 29 6
. 33 158 795266 1 85 3558709- 618- 714 G915 SC 0 30 6
33 142 - 795249 1 76 3557995- 696- 781 G915 SC 0 31 6
33 133 - 795212 1 61 3557693- 761- 829 G915 SC 0 32 6
33 150 - 795176 1 76 3557572- 749- 834 C915 SC 0 33 6 1

33'149 - 795133 1 61 3557677- 784- 852 G915 SC 0 34 6 i

33 123 - 795121 1 91 3556119- 810- 912 G915 SC 0 36 6
? 33 95 - 795108 1 37 3556327- 921- 962 G915 SC 0 37 6

'

33 63 - 795102 1 73 3554815- 915- 996 G915 SC 0 38 6
33 35 - 795100 1 82 3553429- 986* 1078 0915 SC 0 39 6 1

795132 1 88 3553191- 997- 1085 G913 SC 0 40 6 |t 33 31 -

33 42 - 795163 1 101 3553616- 921- 1033 0915 SC 0 41 6 |
33 50 - 795195 1 113 3553975- 859- 985 0915 SC 0 42 6 ,

! 33 234 - 795390 1 91 3561643- dit- 513 G915 SC 0 43 6 )
,

,

! 33 209 - 79b390 1 94 3561048- 427- 532 G915 SC 0 44 b
33 184'- 795372 1 67 3560656- $17- 591 G915 SC 0 45 6 j

33 159 - 795354 1 64 3559492- 607- 678 G915 SC 0 46 6 J

33 133 - 795341 1 67 3558800* 631- 706 C915 SC 0 47 6 |
33 10'd - 7 9532 8 * 94 3557319- 657- 763 0915 SC 0 48 6 i

33 79 - 795331 1 107 3556196- 696- 815 G915 SC 0 49 6 |

33 63 795360 1 49 3557322- 739- 793 0915 SC 0 50 3
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b '33 49 795393 1 18 3557663- 700- 800 G915 SC 0 51 6
, 33 606 - 794827 1 91 3568280- 260- 362 0916 SC O 2 6|- 33 635 794829 1 98 3568917- 216- 325 G916 SC 0 3 6

.33 664 794029 1 94 3549697 - 188- 293- G916 SC O. 4 6
*

33 693 * 794825'i 101- 3570602- 119 '232 0916 SC 0 5 6
e

h 33 721 - 794827 1 82 5571582- 116- -208- G916 SC 0 6 633 747 - 791839 1 91 3572241- 58- 160. 0916 SC O 7 333 602 - 794818 1 101 3567835- 270- '382 0916 SC 0 8 633 625 -J7948DO 1 101 3568048- 201- 313 G916 SC 0 9 6-33 648 '79c782 1 91 3569849- 161- 263 G918 SC 0 10 6
-

33 673 - 794763 1 107 3570482- 84- 203 C916 SC 0 11 333 69s * 794744 1 94 3571529* 51- 157 G916 SC 0 12 633 724 - 794728 1 94 3572144- 26- 131 G916 SC 0 13 6
'

33 669 - 794724 1- 98 3570693- 87- 195 G916 SC 0 to 6'O 33 972 - 794687 1 98 3571005- 59- 168 G916 SC 0 15 633 666'* 794652.1 . 98 3571280- 24- 132 0916 SC 0 16 6
',

33 642 - 794640 t 104 3570844- 16- 131 G916 SC 0 17 3'

33 616 - 794627 1- 101 3570346- 39- 151 G916 SC O 18 633 589 - 794614 1- 101 3569837- $2- 164 C916 SC O 19 633 557 - 794599 1 101 3569029- 88- 201 G916 SC 0 20 3 <

33 526 - 794584 1 104 3567957- 143- 259 0916 SC 0 '21 633 499'- 794572 1 107 3567027- 190- 309 G916 SC 0 22 633 472 - 794558 1 113 3566072- 230- 355 G916.Sc 0 23 6
.33 445 .794546't 116 3565178- 273- 402 G9tA SC 0 24 6 !% '33 432 - 794536.1 119 3564468- 317- 449 0916 SC O 25 6.33 445.- 794568 1 125 3564638- 298- 437 G916 SC D '26 633 472 - 794597 1 107 3065938- 262- 381 G916 SC 0 27 6 '

33 489 - 794629 1- 110. 35b6324- 237- 360 G916 SC 0 28 633 499 - 794661 11 82 3567337- 235- 327 0916 SC 0 29 6
,

33 509 - 794691.1 94 3566846- 260- 366 G916 SC 0 30 6 i
,

33 527 - 794719 1 79 3567239- 293- 381 G916 SC 0 31 6'33 540 - 794749 1 43 3b67804- 366- 414 G916 SC 0 32 6 i33 553 - 794775 1 88 3567392- 285- 384 C916 SC O 33 6 '

33 567 - 794813 1 94 3567296- 295- '400- G916 SC O 34 633 548 * 794831 1 30 3567719- 423- 457 0917 SC O 2 633 520 - 794833 1- 21 3566938- 491- 515 0917 SC O 3 6 "

33 484 794836 1 85 3564350- 502- $96 G917 SC 0 4 3
-

33 461 - 794807 1 91 3564482- 440- 542 G917 SC 0 5 633 450 - 794776 1 104 3563745- 460- 576 G917 SC 0 6 6
,

,

j' 33 444 794730 1 104 3564308- 396- 512 G917 SC 0 7 6 t
-

J 33 430 s 794699 1 88 3564455- 408- 507 C917 SC 0 8 633 405 - 794682 1 67 3563783- 507- 582 G917 SC 0 9 6 i33 385 - 794658 1 94 3562794- 493- 599 G917 SC 0 10 633 362 - 794638 1 101 3562224- 500- 613 0917 SC O 11 633 333 - 794633 1 98 3562078- 485- 594 G917 SC O 12 6
|

| 33 307 - 794634 1 58 3561626- 617- 681 G917 SC O 13 6
i 33 286 * 794612 1 98 3560655- 562- 671 G917 SC 0 14 6
| -- 33 248 794605 1 101 1559849- 581- 694 C917 SC 0 15 6

-

i 33 216 - 794599 1 98 3559350- 597- 706 C917 SC O 16 6
| 33 192 - 794591 1 104 3558750- 605- 721 0917 SC O 17 6
| 33 171 794584 1 107 3558283- 614- 733 0917 SC O 18 3

-
"

i 33 159 - 794614 1 104 3557652- 669- 784 G917 SC 0 19 6W 33 160 - 794646 1 104 3557410- 695- 810 G917 SC O 20 6!* 33 168 .794677 1 104 3557492- 697- 813 G917 SC 0 21 6 '

i. 33 138 794682 1 98 3556661- 759- 868 G917 SC 0 22 6
-

1 33 111 794671 1 104 3555785- 790* 905 G917 SC 0 23 6
-

33 83 - 794663 1 101 3554911- 848- 960 G917 SC 0 24 6
'

' 33 55 794657 1 104 3554044- 886- 1002 G917 SC O 25 6
-

33 26 - 791652 1 110 3553329- 900- 1023 0917 SC 0 28 633 154 - 794724 1 101 3556820- 755- 667 G917 SC O 27 633 136 - 794758 1 104 3555748- 828- 943 G917 SC O 28 6|| 33 131 794787 1 110 3555509- J25- 948 C917 SC 0 29 3
-,

1, 33 108 794807 1 113 3554502- 886- 1012 0917 SC 0 30 6
-

33 93 - 794835 1 119 3553956- 901- 1034 G917 SC 0 31 6
. 33 54 - 794871 1 110 3553148- 956- 1088 G997 SC O 32 3M 33 45 - 794874 1 119 3552350- 995- 1128 G917 SC 0 33 6
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' - 33 '16 * 794877 1 119 3551395* 1051- 1183 G917 SC O 34 6
33 62 .794901 1 122 3552565- 980- 1924 0917 SC O 35 6

.5794934 1 125 3552305- 993* 1933 G917 SC O 36 633 54 -#

33 37 794966 1 110 3552114 '1044- 1166 0917 SC O 37 6
' '

'
. 33 10 794901 1 91 3552013* 1073- 1175 G917 SC O 38 6

33 482'- 704838 1 85 3564463- 462- 557 G317 SC 0 40 6
33 433 - 790840 1 85 3563568- 512- 607 G917 SC 0 41 6

794643 t' 85 3563344- 494- 589 G917 SC O 42 6- 33 404 -

33 375 794045 1 82 3562834- $14- 606 0917 SC 0 43 6
33 345 * 794848 1- 91 3562384- 490- 592 09t7 SC O 44 6 ;

!. 33 317 - 794851 1 .91 3561795- 509- 611 0917 SC 0 45 6
33 287 =~794853 1 85 3560045- 583- 678 0917 SC O 46 6

'' i 33 258 794854 1 113 3559862- 557- 682 0917 SC O 47 6
s : 33 230 - 794857.1 125 3558616- 604- 744 - 0917 SC O 48 6

33 200 794060 1 98 3550066- 703- 812 0917 SC O 49 6,

33 171 - 794862 1 101 3557979- 662- 774 0917 SC 0 50 6 ,

33 143 794065 1 104 3556797- 732- 848 0917 SC O 51 6
33 113 - 794868 1 110 3556034- 748- 871 0917 SC O 52 6
33 94 4 794870 1 116 3555265- 781- 910 G917 SC O 53 6
33 279 * 802993 1 192 3561111- 215- 429 0918 SC O 2 6'

802983 1 195 3560756- 203- 421 0918 SC 0 3 6- 33 251 -

' 33 226 + 802867 1 192 3560656* 188- 402 0918 SC 0 4 6 I^
33 203 802945 1 189 3560605- 171- 382 0918 SC O 5 6
33 179 802924 1 183 3560774- 141- 345 0918 SC O 6 6 .t
'33 150 - 802913 1 183 3560723- 105* 309 G918 SC 0 7 6

'

03 122 - 802913 1 177 3560686- 88- 286 G918 SC 0 8 6 !
33 95 802924 1 171 3560516- 88- 278 G918 SC O 9 6

'

33 62 802923 1 186 3560342- 9- 216 G918 SC 0 10 6 ,

33.' 33 - 802923 1 192 3560252 37- 178 G918 SC 0 11 6- 2

M 33 5 - 802930 1 201 3559797 58- 166 G918 SC 0 12 6
33 10 802894 1 201 3559770 49- 175 G918 SC 0 13 6'

'

33 13 - 802859 1 192 3560290 69- 145 G915 SC O to 6
, t

33 4 - 802828 1- 174 3560600 55- ,139 G9tB SC O 15 6
33 12 - 802796 1 168 3560942 60- 127 G918 SC O 16 6
33 12 - 802770 1 162 3561277 75* 106 0918 SC O 17 3
33 37 - 802787 1 158 3561025 5- 172 G91C SC O 18 6
33 82 802805 1 186 3560825 36- 171 G988 SC O 19 6
'33 87 - 802821 * 177 3560826- 26- 224 0918 SC O 20 6
33 100 - 802852 1 186 3560787- 20- 228 0918 SC O 21 6l' t

33 80 802881 1 189 3560427- 19- 230 G918 SC 0 22 6 *

33 115 802818 1 177 3560869- 62- 259 0918 SC O 23 6*

+

33 143 - 802829 1 165 3561234- 101- 285 G918 SC O 24 3
33'171 - 802824 1 171 3561361- 108- 299 G918 SC O 25 6
33 201 - 802822 1 162 3561382- 175- 355 G918 SC 0 26 6

802845 1 143 3301859- 216- 376 0918 SC O 27 633 224 -

33 244 802869 1 146 3561858- 23d- 398 C918 SC O 28 6
i

33 267 - 802891 1 152 3561816- 252- 422 G918 SC 0 29 6
|- 33 289 - 802916 1 152 3561882- 274- 444 G918 SC 0 30 6

33 312 802946 1 162 3561924- 274- 454 0918 SC O 31 3
L 33 229 - 802437 1 125 b662720- 192- 331 G9f8 SC O 32 6
1 33 246 802464 1 131 3562956- 174- 320 GV10 SC O 33 6
' 33 262 - 802493 1 125 3562984- 212- 352 G9\9 SC O 34 6

33 273 802524 1 119 3563134- 230- 363 G91t SC 0 35 3
802558 1 131 3563144- 193- 339 0918 SC 0 36 333 274 -

33 265 802592 1 134 3563182- 168- 317 G918 EC O 37 6
33.258 - 802624 1 134 3562888- 188- 337 0918 SC O 38 6
33 263 - 802657 1 137 3562884- 185- 338 0918 SC O 39 6
33 269 802686 1 140 3562945- 178- 334 0918 SC 0 40 3
33 280 - 802717 1 137 3562974- 199- 352 0918 SC O di 6

802781 1 134 3562984- 237- 386 G918 SC O 42 633 301 -

33 305 - 802815 1 143 3562815- 232- 392 G918 SC O 43 6-

33 309 - 602849 1 149 3562560- 243- 410 G918 SC 0 44 6
33 312 - 802884 1 155 3562445- 240- 413 C918 SC O 45 6

,

i *J3 312 - 802918 1 158 3562338* 242- 419 G998 SC 0 46 6
l' 331345 - 804315 1 398 3570998- 61- 505 G922 SC O 2 3
! 331289 - 804258 1 346 3570165- 227- 613 0922 SC 0 3 2
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R 331227 804361 1 394 3567232- 287- 726 0922 SC 0 4 3
-

331223 - 804451 1 375 3567154- ~ 348 - 766 0922 SC 0 5 6 |
'.

331296 - 804338 1 395 3569351* 153- 594 G922 SC 0 '6 6
p '.331211 804210 1 368 3567467 321- 732 G922 SC 0 7 3

*

~331129 * 804234 1 359 3565420- 441- 841 0922 SC 0 8 3; 1

!:i
331060 - 804207 1 348 3563671 554- 943 G922 SC 0 9 3

1

331200 4 804116 1 369 3566398* 410- 822 G322 SC 0 10 3
5 331125 804085 1 341 3565377- .495* 875 0922 SC 0 11 3 s331001 804051 1 323 3563247- 562- 933 0922 SC 0 12 3 ;

-

; '33 978 * 803942 1 300 3563265* 630- 965 G922.SC 0 13 3 i
r. 33 916 - 803889 1 310 3562164- .624- 970 G922 SC 0 14 3 :E 331042 - 803827 1 302 3564958- 543* 880 G922 SC 0 15 3 1331116 < 803779 1 300 3563789- 468- 8C3 0922 SC 0 16 3 j

a' '33- 'O - 803000 1 189 3501302 178- 33 G922 SC 0 17 3
331473 - 804258 ~1 345 3576972 196- 188 0922 SC 0 19 3
331479 - 8043C8 1 416 3576898 400- 64 G922 RC 0 20 3't

,- 331426 - 804275 1 389 3574048 105- 329 G922 SC 0 21 3 -

331251 804189 1 327 3569256- 324- 689 G922 SC 0 22 3
-

331465 - 804159 1 381 3574870 108- 317 G922 SC 0 23 6
331392 - 904170 1 390 3571935- 57- 492 G922 SC 0 24 6i 331324 804116 1 386. 3569439- 225- 655 0922 SC 0 .15 3-

'' .331207 - 804019'1 366 3566597- 409- 817 G922 SC 0 26 3
33 0 803000 1 189 3561451 193- 18 G922 SC 0 27 3
331087 - 803933 1 312 35G5319- 538- 886 '0923 SC 0 2 3 P|'
331159 803889 1 324 3566496- 483- 844 G923 SC 0 3 3

'-

331254 - 803922 1 349 3568034- 383- 772 GC23 SC 0 4 3
* r

331348 803990 1 3d1 3569818- 235- 660 G923 SC 0 5 3-

331426'- 804046 1 387 35722A5- 80- 512 0923 SC 0 6 3
331419 - 803934 1 352 3572521- 153- 545 0923 SC 0 ,7 3
331469 - 802973 1 386 3573904 22- 409 C923 SC 0 8 3 ,

331460 - 803803 1 370 3573146- 91- 504 0923 SC 0 9 3-

* ''331408 803833 1 353 3571714- 215- 609 0923 SC 0 10 3 ?
-

331320 - 803854 1 354 3569412- 321- 715 G023 SC 0 11 3
331215 803875 1 341- 3567498- 407- 788 G923 SC 0 12 3
331198 - 803769 1 280 3568811- 441- 753 G923 SC 0 13 3 ,
33 .O - 803000 1 1L19 3561237 172- 39 G923 SC 0 14 3
33 182 803767 1 263 3559317- 42- 336 G923 SC 0 15 3 ,

33 .79'- 803880 1 2 's t 3558606 53- 249 G923 SC 0 16 3
33 .20 - 803888 1 251 3558835 95- 185 G923 SC O' 17 3 ,

33 89 - 803956 1 259 355837C- 21- 310 C923 SC 0 18 3 I

33 181 - 803971 1 268 3557837-- 174- 473 G923 SC 0 19 3
33 277 - 203900 1 259 3558707- 246- 535 G923 SO O 20 31

33 375 - 803909 1 265 3558812- 352- 648 0923 hC 0 21 3
33 513 - 804140 1 295 3555707- 760* 1089 G923 EC 0. 23 3
33 432 - 804147 1 291 3555460- 686- 1010 G923 oC 0 24 3
33 328 - 804149 1 283 3555R40- 529- 845 G923 SC 0 25 3
33 255 - 804155 1 270 3556629- 390- 691 G923 SC 0 26 6
33 174 - 804146 1 258 3557492- 229- 517 C923 SC 0 27 3
33 188 804040 1 251 3558149- 205- 485 0923 fC 0 28 3
33 117 - 804031 1 255 3558367- 73- 357 0923 SC 0 29 6
33 17 - 804022 1 256 3558467 78- 207 G923 SC 0 30 3
33 20 - 804173 1 23G 3559785 126- 131 C923 SC 0 31 3
33 R2 - 804286 1 247 3558479- 38- 314 G923 SC 0 32 3
33 134 804338 1 257 3558108- 116- 402 G923 SC 0 33 3
33 E3 - 804374 1 262 3558802 72- 220 C923 SC 0 34 3

'
'

33 193 - 804450 1 262 3558007- 192- 484 0923 SC 0 35 3
33 83 - 804442 1 260 3558847 38- 252 3923 SC 0 36 6
33 173 - 804241 1 250 3557689- 233- 512 G923 SC C 37 6
33 392 - 804300 1 281 3555337- 674- 987 C923 SC 0 38 6
33 288 - 804252 1 268 3556015- 503- 802 G923 SC C 39 6
33 203 - 004354 1 258 3557374- 281- 569 G923 SC 0 40 6

'

33 296 - 804419 1 270 3556847- 425- 726 0923 SC 0 41 6
L 33 393 - 804392 1 285 3555532- 643- 961 G923 SC 0 42 3

33 542 - 804426 1 302 3555173- 832- 1169 Go23 SC 0 43 3
33 464 - 804290 1 299 3554941- 757- 1091 0923 SC 0 44 6
33 587 - 804221 1 292 3555647- 878- 1203 G923 SC 0 45 6
33 639 - 804340 1 317 3555579- 879- 1232 G923 SC 0 46 3
33 715 - 804460 1 327 3555844- 926- 1291 G923 SC 0 47 3
33 628 804450 1 317 3555266- 895- 1249 0923 SC 0 48 3
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3. DEFINITION OF DATA GRIDS FOR CHARLES' ION S'IUDY '
t

, .;

,

-

>

Introduction
<
,

A ' major objective of the Nuclear Regulatory Commission Charleston
study is to collect and examine sets of data on a common geographic
reference base. In this way the various data sets can te unif ormly ,

evaluated for completences and density of information content. The data 1

sets can then be used to assess the hypotheses that have been propcsed'

to explain the Charleston event and to v.ither identify the best
hypothesis or to develop a~ new verifiable explanation. Four grids are i

'

chosen to be compatible with available data and the relative resolution
- of different types of data,

m

Map Pro.iection Linst Refercnce location

The Universal Transverse Mercator (UIM) Projection (Zone 17) is
used to project the latitudes and longittxles to a plane surface on which
a uniform rectang'ilar grid can be defined. The choice of the Universal
Transverse Mercator Projection is based on the corren use of this system .

for referencing landsat data. FORTRAN subroutines for converting UIM >

(Zone 17) to latitude ai,d longitude and teck are given in Appendix A-6.
The reference-grid is a 128x128 point grid approximately centered on the
aftersbock zone of the 1886 Charlesten earthquake. The origin and

,

orientation of this grid are chosen to provide the minimum data over the
ocean, provide the best Landsat iriage coverage and to parallel the
regional structure. The 1.0 km grid reference point (1,1) is fixed at
the point (33.125 N, 81.25 W) and this point is defined as the origin in

L
this study. The reference axis and grid are rotated clockwise about
this point.52 degrees. 'Ihe relationship between the UIN projection and'

the rotated system is shown in figure A-3-1.

The locations in the rotated system are found by the following
steps:

1) transform geographic coordinates to UIM zone 17.
2) shift origin to grid point (1,1) at (N , E )p o
3) rotate axes clockwise 52 degrees to prataed coordinate sfstem.
4) find index of grid point closest to the data point

Computer programs to transform geographic coordinates to UIN zone
17 are included in Appendix I. The equations for step two, the
translation, and step three, the rotation, may be combined as follows: .

4

E' = (E-E )*Cos(A) - (N-N )* Sin (A)o o. ,

N' = (E-E )* Sin (A) + (N-N )*Cos(A)o o
where A is positive clockwiEe.

The new primed axes (N', E') represent a clonkwise rotation of the
old axes (N, E) about (N , E ).o n

.

A-3-1

,
_ . _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _



F ,' i
( .; '

(; !|

Qg
F ,

y::

I
(
{.

4
,

'

_i, #

'N Origin '

N'
Latitude .: 33.125*'

t Longitude : -81.250
L . !

L N' = 3664980 84>

E' = 476678.49
.

( - E
h

52'

E'
i.
h

F

Figure A-3-1. Relative location of rotated reference axis of grid.

|
'

.

1

|
,

N' e e e

g grid s. pacing
'

e e e

(E , N = E'o o
I'

i

i

I
'

,

B
1

Figure A-3-2. Location of grid point relative to stanple area. |
.

Y

A-3-?

_



gam- .;
. . .

o. ,

I

( '.
)

,

1

Orid Definitions
,,

Within each grid, a grid point represents data in a rectangular I

area centered over the. grid point and with sides equal to the grid
spacing.. F agure A-3-2 shows the relation of t.he area to the grid point.

Four grids are defined. Three are located by centering them on the
'3ference grid. Table I gives the dimensions' of the grid.s and the i

coordinates of the four corner points of each grid. The relative
locations of the grid points in each of the four grids are shown in

'

figure A-3-3.
<

The 64x64. point grid with dimensions of 256. km is centered on the |

reference grid. -In the primed or rotated system, the grid reference !

point (1,1) for the 64x64 point grid is located at N' = -62.5 km and E'
-[= -62.5 km.

The 128x128 point grid with 8 km grid interval and dimensions of
'

1024 km is .also centered on the reference grid. In the primed system,
' the grid reference . point (1,1) ' for the 128x128 point 8 km grid is ,

located at~ N' :. -444.5 km and E' = -444.5 km. ;

The landsat data have 4096x4096 points which can be divided into
64-512x512" point units for ecnvenient display. Each unit of 512x512
points will cover an area of side length 16 km or an area of 256 square
km. The pixels are rectified to the 128x128 point 1.0 km grid points -

such that each 1.0 km grid point ' will be surrounded by four areas of
16x16 pixels. The pixels are 31.25 r.eters apart and the origin is at
the point N' = -484.375 m. E' = -484.375 m.

The index (IX,IY) of the grid points closest to a specified
latitude and longitude coordinaste (or UIM coordinate position) can be
obtained from the following equations:

IY = 1 + Int [(N' 'A(I) + DY(I)/2.0)/DY(I)]
IX = 1 + Int [(E' - R(I) + DX(I)/2.0)/DX(I)]
(Int [ ] truncates fractional part of number)

|
| Where R(I) is the origin in the primed system of the Ith grid DX -

or DY is the grid point spacing of the Ith grid and in this study
DX(I) = DY(I).

1
l'

Table A-3-Ia Size of the four grids.

1

Grid No. PtsLs,i length (km) grid interval data

1 128 128 1.0 km grav., mag., elev.

l' 2 64 256 4.0 km grav., mag., elev.

3 128 1024 a.0 km elev., mag.
| 4 4096 128 .03125 larviat.t ,

1

A-3-3
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h ! . Table A-3-Ib Coordinates of corners of grids.

2 .

p 'E y N E La ti t.x__ie loruritude
'

!.'
Grid 1

1 1 3,664,980 476,678 33.1250 81.2500" ;
1 128- 3,564,903 554,867 32.2211 80.4177

4

128 1 3,743,170 576,756 33.8277 80.1705fl. 128 128 3,643,092 654,945 32.9168 79.3430,

t
"

iGrid 2
;[. 1 1 3,675,753 388,949 33.2167 82.1916

0[
,

1 64 3,477,173 544,095 31.4301 80.5360
64 l' 3,830,899 587,527 34.6180 80.0453
64' 64 3,632,320 742,674 32.8038 78.4084

'

Grid 3 I
r. 1 1 3,741,590 47,254 33.6190 87.9710

*

'

1 128 2,940,971 478,258 26.5908 81.2183 .;
128 1 4,367,102 653,365 39.4417 79.2178 '

"
128 128 3,566,483 1,278,877 31.9683 72.7695

'

,

Crid 4 *

1 1 3,665,064 475,999 33.12574 81.25729
1.4096 3,564,224 554,784 32.21497 80.41865

4096 1 3,743,850~ 576,839 33.83385- 80.16958 .

-4096 4096 3,643,009 655,624 32.91597 79.33577 !
.

'
I

,]
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COMPOSITE MAGNETIC ANOMALY MAP OF THE UNITED STATES |
'

, ,

"
PART A CONTERMINOUS UNITEDSTATES ;'

e4 ,

'L, Campiled under the dwecseen of
,

'

,

le6dere 26su |
o 1

UNITED 5 TATE 5 GEOLOGICAL 5URVEY
in cooperaton eth

THE SOCIETY OF EXPLORATION GEOPHYSICISTS ,

>

1/
% EDrTORLAL COMMITTEE

'

ts.dore 2.es. Chairman
a

JohnD Corties
GordonP Eaeon |' ''',

[ MeheeID Fuher
,

P.:chardH Godson
WitiamF Hanna
JamesR Neuser j

WiliamJ Hinae
James A Schmerir

,

i

. The accompanying magnetic. anomaly map of the conterminous ame of the survey, and an arbitrary aero datum.' (21 contour hnes at en interval

. United States and ediacent of f shore areas was compiled as a cooperative of 100 or 200 gammes were selected. (3) the map of the selected contour hnes .

'

cffort by the U.S| Geological Survey and the Suciety of Exploration was reduced to the 1:1.000.000 comp 61 anon scale. (4) the reduced map was
'

Geophysicists (Hinae,1976) The map is published in two sheets in color placed on an albers equal. area protection master base map of the contermin.
~

ous United States and offshore areas. (5) near the boundanes of ediacent sur.sh: wing magnettevomaly contours at an mterval of 200 gammes

L
(nantt;slasi with supplemental contours at an interval of 100 gammas on veys, contour hnes were usually )omed as smoothly as possible. and (6) where

an Albers equa!.crea pr wection at the scale ol l:2.500.000. The map may major decononuines of mimaly values eiusted, contoured NURE data were
|r
L , '' be c mpared irectly with the tectonte (U S. Geol. Survey and Am.used to gusde the connecong of contour knes. and (7) the map at the

Assoc.' Petroleum Geologists.1%11. Bouguer gravity anomaly (Arn 1:1.000.000 complanon scale was photographically reduced to the
r

Ge: phys. Union.1%41, basement rock (Bayley and Muehlberger, 12.500.000 pubbconon acale.
! 2

: 1968), cnd geologic (King and Beikman.1974) maps of the contermin. The NURE data. acquired dunne a 7. year penod for the coniermmous

,.- ; cus United States published by the U S Geological Survey in coopera. Unned States and refe enced to the IGRF. prouded a retable base net for con. ,

trolhng the comp 61 anon of individual surveys As anindependent check on the I1

. tionwith professionalsocieties
', . Hundreds of magnetic. data sources were used in the map compile. vahdity of the compdenon, profiles from the map were compared with a senes|

tiin. Most of them were total.tntensity seromagnetic. anomaly data; of north southaeromagnenetraversesof theU.S NavalOceanographicOfhee
*

cthers included total. intensity grour.d and shipborne magnetic anomaly (N DO) The traverses were flowa tn 1976 and 1977 and ware spaced opproiu-

data'and verticalintensity ground magnenc. anomaly data. Fhght al. mately one degree of longtude span across the contermmous United States

. tttudes, directionis, and spacings of aeromagnetic surveys ve ned widely. This compenson shows that the compiled data agree with the NOO data. aher

. n3 attempt we a made to analytically continue magnetic. anomaly data to
adiustment to the IGRF. to withm 100 gammas throughout the country Mag.

a ccmmon altitude The anoraaly data were teforenced to numerous mag. nene profiles for the 83W,90*W, and 119*W mendians compenng tota! mien.
sity magnene anomaly data obtamed from the NOO survey with those takennetic.ft:ld datums, however an attempt was made to adjust most ano.
from the compome U.S magnene anomaly map are shownin Figure 1 The

: moly data to a common megnetic. field datum On the basis of compen. magnenc proflies along each mendian are arbitranly displaced verscally to ef.sons with seromagnettc. anomaly date of the U.S NwalOceanographic
feet abettervisualcompenson.

; Office end the National Uranium Resource Evah.auon INURE) program Individual data sources used in the map compilation are shown on index
. el the Department of Energy, we inferred that the sero level of the com. maps These mden maps are keyed to the " Sources of Data" and "Spechce.

piled map is approximately 1,000 gammes higher than the sero lev *l of nons" (dirvenon, anneude, and specmg of traversest shown later m this pam.
dite based on the Internatior.at Geomagnetic Reference Fi=IJ (IGRF)

phlet. Index maps for the Atlanac Ocean. Gulf of Mexico, and Pacihe Ocean
Bec:use the quality of the map tu hmited by the diversity of data types,

are meluded.,

P ; ekta<cquisition specthcations ar d the compilation techn6 ques, it is
, strrngly recommended that the map be used only at the 1:2.500.000

' Excepoons IGRF 1965 0 not updated, was removed from total mtensity
data of toference B. Illmois reference E. Nebraska. reference A. Ohio. and re-

. publication scale or smaller scales of Interest in broad tegionalinvestige, ference 2. Oregon A held of 9 gammas per mine north and 3 2 gammas per
- tuns For more detalle d work at scaleslarger than the 1.2 $00.000publ6 mile east was removed from verocal mtensty data or reference F. South
. cation sca e.we recommend thatongmaldata sourcesbe used. Dakota Unknown reference helds were removed frorn verscal mrens tv data

. . Comp 4 anon involved the followmg steps (1) Magnene anomaly data of of reference H. Missoun. and reference 38, New Mexico it is not known

3 green survey were mspected and as necessary, were referenced to the IGRF whether a relerence held has been removed from the total mtensity or verucal- ;

1(Fabiano and Peddie.1969. Barraclough and Fabiano.1978L ada.sted for the miensity data of reference 26, New Mexaco I
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PROGRAM LISTING

Extends grids into areas of. limited coverage by increasing'

AB
the area used to compute the' weighted average,

'

,

. Conversion between Albers equal area projection and latitudeALBERS
'and longitude.

CLEAN . Identifies duplicate or very similar data points.

CLERR Identifies inconsistent data points.
:
!

LLUIN . Geographic coonlinates to UIN.
!

SNGGRID' Weighted average' gridding of single variable..
,

GRVGRID is a two variable version of SNGGRID.

UINLL' UIN to geographic coonlinates.

J
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PROGR AM AB (INPUT ,0UTPUT , TAPE 3, TAPE 7) .

DIMENSION W (132,132) , W2 (132,132) . ELEV (132,132) ,'
+

,

. ELEV2 (132,~ 132) , BA (132,132) ', B A2 (132,132) , I B (8) , I EL (8) , IWT (8}
^

'

C:
L C

C ***************************************************...
#~'

C' * . *
'C * PROGRAM "AB" *
C * *
C *

PROGRAM "AB" IN FILE AB(GP310GR) IS A VARI ABLE *
C *

RADIUS SMOOTHING OPERATOR FOR WEIGHTED POTENTI *
C *

AL DATA. 1HE RADIUS OF SMOOTHING IS INCREASED *
'

'
C *, n

. UNTIL IT CONTAINS AT LEAST 6 DATA POINTS WITHIN*
C * THE GRID USING THAT RADIUS, THE:VI.LUE IS RE- *

C' . * COMPUTED. THIS PROCESS IS REPEATED FOR EACH *

C * GRID POINT.THE PROGRAM ACCEPTS DATA FROM PROGRAM *
.'

C * "GRVGRID". EFFECTIVELY FILLING IN ANY AREAS OF * -i
'

C *
NO DATA AND SM00 THING' AREAS OF LIMITED DATA. * '

C. *
AREAS OF HIGH DATA DENSITY REMAIN UNCHANGED.' * ',

C' ***************************************************, ,

C
.

,

. .C *** RECOMMENDED COMMANDS TO RUN THIS PROGRAM ON THE i

C *** GEORGIA TECH CYBER B SYSTEM:
' C *** LGO,,, TAPE 3, TAPE 7

C *** WHERE *
C *** TAPE 3= DATA FILE
C'*** TAPE 7=0UTPUT FILE

MM-132
g NN=132
1 C *** INPUT
| READ (3, * , END= 10001) NPOINT,DX,0LAT,0LONG,M N.A. SCALE

..
'

| 2 READ (3, * , END= 10001) ((BA (I , J) , ELEV (I J) , W (I , J) , I- 1,
l's + M),J=1,N) ,

>

|c PRINT *,NPOINT,DX,0LAT,0LONG M,N.A. SCALE
10001 PRINT *, ' INPUT PAST END OF FILE' I

,

y, WSUM-0.0
C *** CONVERT TO WEIGHTED SUMS"

DO 10 I-1,M -

DO 10 J-1,N
,; BA(I J)=BA(I J) * W(I,J)

~ ELEV(I,J)=ELEV(I,J) * W(I,J) I

WSUMaWSUM+W (I , J) '

'

10 CONTINUE
C *** COMPUTE RADIUS FOR 6 DATA POINTS

DO 1000 I-1,132
DO 1000 J"1,132
IF(W(I,J) .GT.0.5) GO TO 901
SW-W(I J)
DO 700 IR=2,30

-

SW1-0
SW2-0
I END= I R * 2- 1
DO 600 IIR-1,IEND
INDX=I-IR+IIR

A-6-2
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IF(INDX.LT.1.0R.INDX.GT.132) GO TO 600 I
,

-JNDX1=J+IR-1 ,

JNDX2=J-Ih+1 -

*

IF(JNDK1.Gr.132) GO TO 599
SW1=W (INDX, JNDX1) + SW1

599 IF(JNDX2.LT.1) GO TO 600 "

SW2=W (INDX, JNDX2) + SW2

600 CONTINDE
SW-SW1+SW2+SW'

;

SW1=0' +

SW2=0
IEND=IR*2-3'

DO 602 'JJR=1.JEND ;
"

<

~INDX1=I+IR-1,

INDX2=I-IR+1 -

,
'

JNDX=J-IR+JJR+1
. IF(JNDX.LT.1.OR.JNDX.GT.132) GO TO 602
IF(INDX1;GT.132) GO TO 601
SW1=SW1+W (INDX1, JNDX)

601 IF(INDX2.LT.1) GO TO 602
SW2=SW2+W (INDX1, JNDX)

u 602 CONTINUE
SW-SW1+SW2+SW

IF(SW.GT.6)GO TO 701 ,

700 CONTINUE
| 701 IRAD-IR

C *** COMPUTE NEW WEIGHTED VALUES OF BOUGUER, ELEVATION

C ***- AND WEIGHTS'
,

ADIST= FLOAT (IR-1) /2.0
805 IMIN= MAX 0 (I-IR AD+ 1,1)
806 IMAX= MIN 0(I+IRAD-1,132)
807 JMIN=M AX0 (J-IR AD+ 1,1) 3

808 JMAX= MIN 0(J+IRAD-1,132)
DO 900 IR=IMIN,IMAX l
DO 900 JR=JMIN,JMAX
IF(IR,CQ.I. AND.JR.EQ.J) GO TO 875 |

DIST= (FLOAT ((I-IR) * (I-IR) + (J-JR) * (J-JR) ) ) l

WT2-1.0/ (1+DIST/ (ADIST*ADIST)) |
ELEV2 (1, J) =ELEV2 (I , J) +ELEV (IR , JR) *WT2
B A2 (I , J) = BA2 (I , J) +BA (IR. JR) *WT2
W2 (I , J) =W2 (I, J)+W (IR JR) *WT2
GO TO 900. c. .

875 ELEV2 (I , J) =ELEV2 (I , J) + ELEV (I , J)
LA2 (I , J) =B A2 (I , J) +BA (I , J)
W2 (I, J) =W2 (I, J) +W (I , J)

900 CONTINUE,

GO TO 1000
901 CONTINUE

W2 (I , J) =W (I , J)
I BA2 (I , J) =BA (I , J)

ELEV2 (I . J) = ELEV (1, J)
1000 CONTINUE

.i.
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w .Cf*** RECOMPUTE WEIGHTED AVERAGES
'

.a

'03 50 I-1,M

S,' .
D0'50 J-1;N-

.

IF (W2 (I, J)) $0,50,40.

~40 BA2 (I . J) =BA2 (I, J) /W2 (I, J)
,

ELEV2(I J)=ELEV2(I,J)/W2(I,J)
'50 ' CONTINUE '
i

f
. C **" THE FOLOWING WRITES GRIDDED VALUES IN TABLE FORM TO TAPE 7 1

E
~

.C *** 0UTPUT IN INTEGEh FORMAT FOR USE IN DISPLAY AND ANALYSIS |

'

REWIND 3 ''

' , ' WRITE (7, *) NPOINT,DX,0LAT,0LONG.M,N, A. SCALEt
;,

DO 2010'I-1',M '

DO 2010 J=1,N,8 '

ISTOP=8-
. IF(J.EQ.129) ISTOP=4-u.

DO 2020 K-1,ISTOP >

IB (K) = INT (BA2 (I' J+K-1) *10. ),

IEL (K) = INT (ELEV2 (I , J+K-1) *10. ) '
r

2020 IWT (K) = INT (W2 (I , J+K-1) *1000. ) !
WRITE (7.2000) (IB(K) IEL(K),IWT(K),K-1,ISTOP) '

2010 CONTINUE i

2000 FORMAT (24IS)
'' STOP'

<

END

i

t

f

i

.- ,

h

. j-

t
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C1 ALBERS |
C

'
-

,

C ALLin$ WILL TAKE LATITUDE AND LONGITUDE AS ' INPUT AhD OUTPUT 'I
'

- C' THE X AND Y VALUES FOR AN ALBERS EQUAL AREA PROJECTION
C: ;'

C*******fA*****************************************************************"
,

'$ ' PROGRAM ALBERT (INPUT.0UTPUT,XY, TAPE 5=lNPUT. TAPE 6=0VTPUT,
'

~~

+ TAPE 7=XY)
' '

10 00 31 l=31,32>

ALAT = l-1
ALONG = 96, l
CALL ALBERS (X,Y, ALAT. ALONG,1.0)
WRITE (7.20) AL AT. ALONG,X,Y

20, F ORiiAT 3X' ' L AT = ' ,1X, F8.2.2X,'LON =',1X FB.2.2X,'X= ', ;( ,

; +F 11. 2. 2 X , ' Y= ' , F 11. 2)
,,
'

C ALL ALBERS (X,Y, AL AT, ALONG -l .0)
WRITE (7.20) ALAT. ALONG,X,Y

' 31 CONTINUE
- 99 STOP'

END.
SUBROUTINE ALBERS (X,Y, ALAT, ALONG.SGN)s

'
C >

C ASSUMES 96 DEGREES WEST AND EQUATOR AS ORIGIN
C

AN + 0.602903500628 -

RSQ'= 1 509957717935E+14
p R0 = 12288033 68296
| RPD: = ATAN (1.0)/45 0
L EE = 6 768657997291054E-03

'

r

ARAD'= 6378206.4
REFLONG = 96.
SMALL = 1.0E-12

'

IF (SGNLLT.0) GO TO 30
'C*****************
C FORMULA USED TO COMPUTE CONSTANTS
C E = FIRST ECCENTRICITY (SQRT ( A* A-B AB) /A) FRON CLARKE, 1866

~C EE = E*E ( ( A * A-B*B) / A)
| C COSPHil = COS (29 5*RPD)
'| C COSPHl2 = COS (45 5*RPD) !

C' CSQ1 = COSPHi1*COSPHil
C CSQ2 = COSPH12*COSPHl2r

'

C SINPHl1 = SIN (29 5*RPD)
C' SINPHl2 = SIN (45 5*RPD)
C SSQ1 = SINPHi1*SINPHil ,

C SSQ2 = SINPH12*SINPH12
C AN = CSO.1/ (1.0 - EE*SSQ1) - CSQ2/ (1.0 - EE*SSQ2)

'

C SER1 = SINPHi l* (1.0 + EE*SSQl* (2./3. + EE*SSQ1* (3./5
C + + EE*SSQ1* (4./7. + EE*SSQl* (5./9. + EE*SSQ1*6./11.)))))
C. SER2 = SINPHl2* (1.0 + EE*SSQ2* (2./3. + EE*SSQ2* (3./5
C + + E E *SSQ2* (4./7. + E E *SSQ2* (5./9. + EE*SSQ2*6./11.)))))
C AN = AN/ (2.0* (1.0-EE) * (SER2 - SERI))
C RHOISQ = AR AD* ARAD*CSQ1/ (AN* AN* (1.0-EE*SSQ1))
C RSQ = RHOISQ + 2.0*AR AD* AR AD* (1.0-EE) *SER1/AN
C R0 = SQRT (ABS (R$Q))
C C2 = AR AD* AR AD* (1.0-E E) * (1.0+E E * (2./3. +E E * (3./5. +E E *

,

C + (4./7. +EE* (5./9. +EE*6./11.)))))

A-6-5
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g 200.REFLONG = 96 |

L. ' SINPHI = SIN (ALAT*RPD)
'

' i

SP2 = SINPHi*SINPHI,
1

[ SB. = S I NPH i * (1.0 + E E*SP2* (2./3. +E E *SP2* (3./5. +E E *SP2* I

+ (4 ' /7. +E E *SP2 * (5./9. +E E *SP2 *6./1.1.)))))F .

L RH0: e 2.0* ARAD*ARAD* (l'.0-EE) *SB/AN
RHO = 'SQRT (RSQ -RHO) ~g

THETA =. AN* (REFLONG - ALONG)
X = RHO * SIN (THETA *RPD)
Y = RO - RHO *COS (THETA *RPD)

E| GO TO 103 |
|L 30 TH ETA = ATAN (X/ (RO-Y)).

' ALONG = REFLONG'- THETA / (AN*RPD) ;

RHO .= (Y-RO) /COS (THETA) i

SB = (RSQ-RHO * RHO) * AN/ (2.0*ARAD*ARAD* (1.0-EE))
'

ALAT = SB-2.0*EE*SB*SB*SB/3 0
00 30 l=1,8

'

OLDLAT =ALAT.
A2 = EE*ALAT*ALAT
AL AT = SB/ () .0+A2* (2./3.+A2* (0.6+A2* (4./7.+A2*

+ (5./9. +A2*6./11.)))))
WR I T E .(6, *) 1.ALAT,0LDLAT
I F (ABS (ALAT-OLDLAT) .LT.SMALL) GO TO 60

50 CONTINUE' ' t

60 ALAT = ASIN (AL AT)/RPD
. 100 RETURN

''

LND

|
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L PROGR AM C LE AN (INPU T ,0UTPUT , TAPES , TAP E6, T APE 7)

|, DIMENSION' ALAMIN(8000) ALOMIN(8000), ALAT(8000), ALONG(8000),
:- +EL (8000) , BGUG (8000) , DDLON (8000) , DDLAT (8000)

L CHARACTER *14 SURV (8000) i

( 10 RE AD (5,101. END=20) ALAT (I) , ALAMIN (I) ~, ALONG (I) , ALOMIN (I) , EL (I) ,
Al ' +IBOUG, SURV (I)

,

,

101- FORMAT (3X , F3. 0, F4. 2,2X, F3. 0, F4. 2,3X , F7.1. 20X , IS ', A15)
,

BOUG(I)= FLOAT (IBOUG)/10.
3DLAT (I) =ALAT (1) +ALAMIN (I) /60.
DDLON (I) = AB S ( ALONG (I) ) + ALOMIN ( I) /60. .

o ~ I-I+1

GO TOL10 ,

20 ITOT1=I- ,

30 READ (6,101. END=40) ALAT (I) , ALAMIN (I) , ALONG (I) , ALOMIN (I) , :
+EL (I) , IBOUG, SURV (I)

'' - - BOUG(I)= FLOA'i(IBOUG) /10.
. DDLAT (I) =ALAT (1) +ALAMIN (I) /60.
DDLON (I) = ABS ( ALONG (I) ) + ALOMIN (I) /60. *

I=I+1
GO TO:30

40 'ITOT2=I-1
' WRITE (7,100) i

100 FORMAT ( ' -----------------0UTPUT OF CLEAN---------------- ' // /)
'

|

L ' WRITE (7, *) 'LAT LONG ELEV BOUGER SURVEY'

+J1 OR K ADIP'
.D0 60 J-2,ITOT1

.J1=J-1
D0.70 K=J,ITOT2

IF(AES(DDLAT(K)-DDLAT(J1)) .GT. 0018)co TO 70
IF(ABS (DDLON(K)-DDLON(J1)) .GT. 0018)GO TO 70

ADIF= BOUG(J1)-BOUG(K)
WRITE (7.102) ALAT (J1) , ALAMIN (J1) , ALONG (J1) , ALOMIN (J1) ,

,

EL (J1) , BOUG (J 1) , SURV (J1) , J 1, ADI F t+

WRITE (7.102) ALAT (K) , ALAMIN (K) , ALONG (K) . ALOMIN (K) , EL (K) ,
BOUG (K) , SURV (K) ,K, ADIF+

70 CONTINUE t

60 CONTINUE
; 102 . FORMAT (F3. 0.1X, FS . 2,3X, F3. 0,1X, F5. 2,3X, F6.1,3X, F6. 2. A14, I5,

+F6.2) ,

STOP
END
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ce *
' . C* PROGRAM CLERR *

C* -------------
|

'' C* THIS PROGRAM TESTS A PORTION OF A TOTAL DATA SET AGAINST * i
C* ITSELF (OR ANOTHER DATA SET AGAINST THE TOTAL DATA SET) I

*
i C* FOR CONSISTANCY. ?0!NTS NOT CONSISTANT WITH VALUES THAT * i
! C* ARE DETE'. MINED BY THE AUTOCORRELATION FUNCTION OF THE * ;

i C* DATA SET AND THE WEIGHTED VALUE OF THE EIGHT NEAREST !
*

i 'C* NEIGHBORS ARE THE PROGRAM OUTPUTS, *
iL C* *
i

. C*****************d*********************************************n |
[. C '

C
'

,'

PROC V' CLERR ( FILE 1, FILE 2,FILEOUT. TAPE 6= FILE 1, TAPE 7-FILE 2, {
.

+ TAPE 5=FILEOUT) 1

C

C FILE! CONTAINS THE TOTAL DATA SET (USED AS A STANDARD) h
C FILE 2 CONTAINS THE NEW DATA SET OR A PORTION OF FILE 1 {

'

C TO TEST TOR CONSISTANCY. FIRST CARD IN (15 FORMAT) 0 OR 1. FOR '

C PREDEFINED CA INTERNALLY COMPUTED AUTOCORRELATION PESRECTIVELY
,

C
[

DIMENSION ALAT(8000) ALONG(8000) .DAT(8000) . AU70(30) R(10), (
+ D (10) DLAT (10) , DLONG (10) , DLON (10) , W (10)

!
C

!|C
C READ IN THE P.FERENCE DATA IN D0D FORMAT !

C I
RPD = ATAN(1.0)/ 45.
I=1

,' 10 READ (6,101,1.ND=20) LAT,LATMN,LON,LONMN,IDATA i
L 101 FORMAT (3X,13,14,2x,13,14,3C;i,16)

[
L ALAT(I)= FLOAT (LAT) + FLOAT (L ATMN)/ 6000,

t

ALONG(I)= FLOAT (LON) + FLOAT (LONMN)/ 6000. ;
', DAT(I)= FLOAT (IDATA)/ 100.

L != I+1 |'
f

GOTO 10 '

20 ITST* I-1
4" C '

'

C READ IN THE FILE TO BE TESTED '

C - OPTAUT = 1 IF THIS IS GREATER THAN O THEN COPUTES AUTOCORRELATION
C FROM DATA ELSE IT USES PREDEFINED AUTOCORREL/. TION.

'-
'

C
LEAD (7,100,ENh30) OPTAUT ,

i100 FORMAT-(15) i
21 READ (7.101. END= 30) LAT , LATMN , LOh , LONMN , IDATA.

ALAT(I)'. FLOAT (LAT) + FLOAT (LATMN)/ 6000.
,

'

ALONG(I)= FLOAT (LON) + FLOAT (LONMN)/ 6000.
DAT(I)= FLOAT (IDATA)/ 100.
I= I+I

i
GOTO 21 1

H A-6-8.
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30 IEND = I-1 |

C !
C CALCULATE THE MEAN AND VARI ANCE OF THE TOTAL DATA SET 5

C !

SUMX-0.0 |
SUMXX=0.0 t

AVLAT= 0.0 !
AVLONG= 0.0 )
DO 35 != 1,IEND ;

AVLAT* AVLAT + ALAT(I) :

AVLONG= AVLONG * ALONG(!) !
SUMX= SUMX + DAT(1) !

,

SUMXX= SUMXX + DAT(I)*DAT(I) (
35 CONTINUE '

AMEAN= SUMX/ FLOAT (IEND) ;

VAR = (SUMXX/ FLOAT (IEND)) - AMEAN*AMEAN
OLAT* AVLAT/ FLOAT (IEND) !
OLON= AVLONG/ FLOAT (IEND) i
WRITE (5.77) VAR,0LAT,OLON, AMEAN,IEND 'i

77 FORMAT (6HVAR = ,F4.3/7HOLAT = ,F10.4/7HOLON = ,F10.4/ !
+8HAMEAN = ,F8.3/7HIEND = .16) j

C '

C CONVERT TO MAP DISTANCES IN KILOMETERS i

C !

DO 38 I= 1,IEND , !
CALL MAPS (ALAT(I) . ALONG(I),0LAT,0LON) ,

38 CONTINUE.
IF(OPTAUT.GT.0) 00 70 38
DO 39 I-1,30 -

11=1-1 [
39' AUTO (I) =COS (II * 90*RPD/15. ) *EXF (! ! *90*RPD/15. ) .

GO TO 89
C
C FIND THE AUTOCORRELATION FUNCTION OF THE DATA
C <

88 CALL AUTOCF (ALAT, ALONG AUTO,IEND, VAR. AMEAN DAT)
C !

'
C SORT IN CRDER OF LATITUDE
C

3

i 89 DO 103 I= 2,IEND
IS= I-1 '

' DO 90 J= I,IEND )

|. IF (ALAT(IS) .LE. ALAT(J)) GOTO 90 :

IS= J
.90 CONTINUE i

ALATS= ALAT(IS)
ALOhGS= ALONG(IS)

'
DATS= DAT(IS)

"
, IM1= I-1

ALAT(IS)* ALAT(IM1) ;

| ALONG(IS)= ALONG(IM1)
| DAT(IS)= DAT(IM1)
' ~ A-6-9

;



,
_ _ _ _ _ _ _ _ _ - _ _ _ _ _

L

!
,

t

i ALAT(IM1)= ALATS
ALONG(IM1)= ALONGS

i

!- DAT(IM1)= DATS
103 CONTINUEs.

L C

. C COMFUTE THE EXTRAPOLATED VALUE BY THE LISTANCE WE!GHTED
C SUM OF THE EIGHT NEAREST POINTS |-

> C
I C REWIND FILE 2

;

I C
i

REWIND 7 J

!' ISTOP= IEND-IFST |
i DO 200 !!= 1,ISTOP ,

READ (7.101. END=201) LAT, LATMN, LON, LONMN. IDATA i

TLAT= FLOAT (LAT) + FLOAT (LATMN)/ 6000. ;

TLONG= FLOAT (LON) + FLOAT (LONMN)/ 6000.'
TDAT= FLOAT (IDATA)/ 100. ;

CALL KAPS (TLAT.TLONG,0LAT.0LON)
C

C FING START INTEGER FOR THE SEARCH -

C :
DO 220 I= 1,IEND '

IF (TLAT .LF. ALAT(I)) GOTO 221
220 CONTINUE !

221 ISTART= I-4 !

IF (ISTART .LT.1) ISTART= 1 |
C

C COMMENCE SEARCH FOR EIGHT NEAREST POINTS {
C

'

IF (ISTART .GT. (IEND-9)) ISTART= IEND-9 i

JJ= 1 !

DO 250 J= 1.9
J1= J-1+ ISTART ,

| DLAT(JJ)= ALAT(J1) i
DLON(JJ)= ALONG(J1) |
R(JJ)= (TLAT - ALAT(J1))**2 + (TLONG - ALONG(J1))**2

| D(JJ)* DAT(J1)
IF (R(JJ) .LT. .01. AND. J .EQ. JJ) GOTO 250 :
JJ= JJ+1 !

| 250 CONTINUE :

| AMAXRR= 0.0 ;

! DO 260 Ka 1.8 !

IF (R(K) .GT. AMAXRR) AMAXRR= R (K)
260 CONTINUE

C
1

! KINt= 4 ':

Do 300 K= 1,IEND
,

KINC= KINC+1 '

K1= I-KINC '

L IF (K1 .LT. 1) GOTO 319
RTEST= (TLA*. - ALAT(K1))**2 + (TLONG - ALONG(K1)) **2 ,

IF (RTEST .GE. AMAXRR) GOTO 320

A-6-10 |
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DO 310 KKa 1,8 i

IT (R(KK) .LT. AMAXRR) 0010 310 ;

AKAXRR= RTEST
R(KK)= RTEST !
D(KK)= DAT(K1) |

DLAT(KK)= ALAT(K1)
DLON(KK)= ALONG(K1) !

GOTO 320
310 CONTINUE |

319 K1= K+KINC !

320 K2= K+KINC '

IF (K2 .GT. IEND) GOTO 329
RTEST= (TLAT - ALAT(K2))**2 + (TLONG - ALONG(K2))**2

'

IF (RTEST .GE. AKAXRR) GOTO 330
DO 340 KK= 1,8 |

IF (R(KK) .LT. AKAXRR) GOTO 340 i
AKAKRR= RTEST !

R(KK)* RTEST !

D(KK)= DAT(K2) -

'

DLAT(KK)= ALAT(K2)
DLON(KK)* ALONG(K2) .

GOTO 330 |
'

340 CONTINUE
329 K2= K1
330 ATM1= (TLAT - ALAT(K1)) **2 ,

ATM2= (TLAT - ALAT(K2))**2 !

IT (AKAXRR .LT ATM1 .AND. AMAXRR .LT. ATM2)GOTO 400 i

300 CONTINUE i

C |
C COMPUTE THE EXTRAPOLATED VALUE (SD)

'

C -

C
'

C FIRST COMPUTE WEIGHTS. THEN NORMALIZE
C

'

400 SWT= 0.0
DO 410 J= 1,8

,

W(J)= 1/(1.0 + R(J)/4.0)
SW1= SWT + W(J)

'

410 CONTINUE
DO 411 J-1,8 ,

W(J)= W(J)/SWT
411 CONTINUE

_

'
C

SD- 0.0
Sl= 0.0
S2= 0.0
S3- 0.0
DO 450 KI- 1,8

'

SD- SD + W(KI) *D(KI)
S1 - S1 + W(KI)*W(KI)*.09
S2= S2 + 2.0*W(KI) *AUT(R (KI) . AUT0)
DO 450 KII= 1,8

RR= (DLAT(KII) - DLAT (KI)) **2 + (DLON (KII) -DLON(KI)) **2
S3= S3 + W(KI) *W(KII) *AUT (RR. AUT0) )

450 CONTINUE A-6-11
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f
,

,

C'
S4*AUT(0..AUT0) - S2 + S3
IF (S4 .LE. 0.) S4 = 0. :

ERROP= SQRT(S1 + SA) |
IF (ABS (TDAT - SD) .LT. ERROR) GOTO 200 j

C

C APPROXIMATE LAT, AND LONG. - PRINT OUT BAD POINT. ]
C

WRITE (5,113) LAT.LATMN,LON LONMN |

113 FORMAT (1H .6HLAT =,12,1H IS,8H LON =,13 !H .I5) )
WRITE (5,112) TLAT,TLODG,TDAT ERROR.SD i

112 TORMAT (1H ,$HLAT ,T10.4,8H LONG =,F10.4,9H VALUE =, ;

+ T8.2.4H +/ ,F8.2,8H EST = ,F8.2) |
200 CONTINUE

C
C ;

201 STOP ;

END

C.

C
SUBROUTINE AUTOCF (X,Y, AUTO,IEND, VAR,AMEAN,DAT)

DIMENSION X(IEND),Y(IEND), AUTO (30),NUM(30),DAT(IEND), AM(30)
.

'

C

C EXPECT IKM SEPARATION FOR THE DATA AND COMPUTE THE
,

C AUTOCORRELATION OUT TO 30 KM.
C I

DO 100 != 2,IEND .

ISTOP= MIN 0(1+50,IEND) ,

Do 100 J= I,ISTOP
NX= SQRT ((X(I-1)-X(J)) **2 + (Y(I-1)-Y (J)) **2) + 1.5 i

IF (NX .GT. 30) NX-30' .

'
AUTO (NX)- AU10(NX)+ (DAT (I-1) * (DAT (J)))
NUM(NX)= NUM(NX) + 1 ,

t.M(NX) = AM(NX) +DAT (I-1) 4 DAT (J) |
100 CONTINUE i

C-
DO 200 I= 1,30

IF (NUM(I) .EQ. 0) GOTO 200
AUTO (!) = AUTO (I)/ FLOAT (NUM(I)) - (AM(I)/ FLOAT (2*NUM(I)))**2 -

'

200 CONTINUE
AUTO (1)* VAR [

'

C i
'

WRITE (5,105)
WRITE (5,106) (AUTO (I) , NUM (I) , != 1,30) '

105 FORMAT (1H1, ' AUTOCORRELATION FUNCTION USED')
106 FORMAT (1X,6HAUTO =,F10.2,5X,8HNUMBER ,I6)

C

,

A-6-12
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C SMOOTH THE AVT0 CORRELATION TUNCTION i
,

C
'

SAUT= AUTO (1) !
Do 300 != 2,29 !

SAUT2= AUTO (!) |

AUTO (I) = (TAUT *NUM (I- 1) + 2 * AUTO (I) *NUM (!) + AUTO (I + 1) *NUM (1 + 1)) / |
(NUM(I-1) * 2*NUM (1) + NUM (1+ 1))+ t

'

SAUT= SAUT2
300 CONTINUE I

WRITE (5,97) }
WRITE (5,106) (AUTO (!),NUM(I), !=1,30) ;

97 FORMAT (///' SMOOTHED AUTOCORRELATION TUNCTION ') i

C I

RETURN -

END !

C .

C !

TUNCTION A'JT(R AUTC) i

DIMENSION AUTO (30) |IR= : SQRT(R) + 1.0 ;

IF (IR .GT. 30) IR=30 |
AUT= AUTO (IR)
RETURN
END :

C !
C !

FUNCTION COLAT(P) :,

COLAT=.1.570796327 - P + (0.3393028E-2)* SIN (2.*P) i

COLAT= COLAT - (0.47996E-5) * SIN (4.*P) + (0.8469E-8)* SIN (6.*P) !
RETURN ;

.END
C |

C |

$UBROUTIF . MAPS (ALAT. ALONG.0LAT.0LONG) ;

CF = 0.0174532925 !
|-- PI =3.141592653 i
| AK '6688.3748 +

AL =0.63305171 I
ALAT = ALAT*CF '

| ALONG = (OLONG - ABS (ALONG))*CF ;

R = COLAT(ALAT)/2. ;

| Pa AK* (TAN (R) * *AL) |

|. X = R* SIN (AL*ALONG)
P30 = 0LAT*CF !

230 - COLAT(P30)

I'

R30 - AK* ((TAN (Z30/2.)) **AL)
Y = R30 - R*COS(AL*ALONG)

'

|- ALONG = x*0.072960*25.4
ALAT = Y*0.072960*25.4 -

RETURN
END

| i
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i PROGRAM SNGGRID(DATA 3. DATA 7, DATA 6, INPUT,0UTPUT TAPE 3= DATA 3,
+ TAPE 7-DATA 7 TAPE 6* DATA 6, TAPE 5= INPUT)

,

|
C

C TO GET THIS PROGRAMt/GET.SNGGRID/UN=GPLIBGR |
i

C, *************************************************************
l

C * *
)

C * SNGGRID *
i

C * *
|

> C * SNGGRID WILL CENERATE A NEW GRID OR UPDATE AND REPLACE * I

C * AN OLD GRID OF EQUALLY SPACED VALUES INTERPOLATED FRON *
!

C * RANDOMLY SPACED DATA. GRIDS FOR THE DATA AND WEIGHTS *
C * ARE GENERATED ON THE BASIS OF A DISTANCE WEIGHTED AVE- *

;

# IC *
RAGEOFDATAWITHNEIGHBORINGAREASDEFINEDBY4WghCRID* "- ef Y d % fs |C

C ************************************************************* :

C
C RECOMMENDED COMMANDS TO RUN THIS PROGRAM ON THE GEORGIA TECH CYBEE SYSTEM: !
C FTN5,I=SNGGRID.L=0 (70 COMPILE PROGRAM)
C LGO. TAPE 3 TAPE 7, TAPE 6, TAPE 5 |
C WHERE :
C TAPE 3 = FILE CONTAINING GRID FROM PREVIOUS RUN. THE FILE WILL BE *

C OVER WRITTEN BY NEW GRIDS. (SAVE BACKUP COPY BEFORE
'

C RUN OR CHECK OUTPUT CAREFULLY BEFORE REPLACING.)
'

C TAPE $ = INPUT FROM SCREEN
C TAPE 6 = CONTAINS LINE PRINTER LISTING OF GRID AND NEW DATA INSERTED
C TAPE 7 = FILE CONTAINING NEk DATA IN DOD FORi?AT i
C I

C PROGRAM SNGGRID INTERPOLATES BOUGUER ANOMALIES AND GRAVITY POINT :

C DEVIATION INTO A GRID WITH DIENSIONS M X N. M IS THE NUMBER !

C OF COLUMNS ON THE X HORIZONTAL SCALE AND N IS THE NUMBER OF !

C ROWS ON THE Y HORIZONTAL SCALE. TO CRANGE THE MAXIMUM *

C DIMENSIONS IT IS FECESSARY TO CHANGE THE VALUES IN THE DIMENSION -

C STATEMENT. THOSE IN THE VARIABLE DEFINITION STATEMENTS (MMa&NN=)
C MUST BE SET EQUAL TO THE DIMENSIONS IN THE DIMENSION STATEMENT,
C WHERE M IS THE FIRST NUMBEF IN PARENTHESES, AND N IS THE SECOND.
C,

DIMENS I ON W (132,132) , B A (132,132) , TW (4,4) ,7 (500)t ;

L MM=132 ;

l NN=132 ;
I DX=0 .

R AD= ATAN (1. ) /45. !
L C |
L C TAPE 3 CONTAINS GRIDDED VALUES FROM THE LAST RUN. IF TAPE 3
l' C IS EMPTY, THE PROGRAM GOES TO I, WHERE NEW DATA ARE READ.

C s

C THE FIRST CARD IMAGE OF TAPE 3 CONTAINS THE FCLLOWING INFORMATION
C IN FREE FIELD FORMAT: I

C NPOINT = # OF POINTS USED TO GENERATr. PREVIOUS GRID
L C DX = INCREMENT OF GRID IN KILOMETERS IN TME X DIRECTION
| C DY = INCREMENT OF GRID IN KILOMETERS IN THE Y DIRECTION
I C OLAT = LATITUDE OF ORIGIN OF GRID (SW CORNER WITH NO ROTATION)

'

L A-6-14
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C (DECIKAL DEGREES)
C OLONG = LONGITUDE OF ORIGIN OF GRID (SW CORNER WITH NO ROTATION)

|

C (DECIKAL DEGREES) |

C M - NUMBER OF COLUMNS (EAST-WEST DIRECTION) |e
:

C N = NUMBER OF ROWS (NORTH-SOUTH DIRECTION)
I

C A = ANGLE OF ROTATION ABOUT THE ORIGIN (POSITIVE CLOCKWISE)
|

- C SCALE = SCALE AT WHICH MAP IS TO BE PLOTTED
I

C DATA = M A N DATA POINTS IN FREE FIELD FORMAT
iREAD (3, *,END=10000) NPOINT.DX,DY,0LAT,0LONG.M,N. A. SCALE

10000 IF (EOF (3)) 1,2,1 |
|

|

2 READ (3,665,END=10001) AA !
Do 143 J-1,N i

DO 143 1-1.M,8, .

R EAD (3,666, END= 10001) (BA (I + K- 1. J) , K= 1,8) .

143 CONTINUE ;

READ (3,665,END=10001) AA ;

DO 144 J-1,N !

DO 144 I-1 M,8 !
R EAD (3,666, END- 10001) (W (I + K- 1. J) , K- 1,8) ;

144 COATINUE
10001 CONTINUE :

665 TORKAT(A30) '
i

666 FOR:iAT(8F10. 2) ,

'

C

C PRINTS VALUES FROM OLD GRID (OLD BOUG, OLD L'IS)
C FOR REVIEW AND REFERENCE. >

C PRINT *,'D0 YOU WISH A LINE PRINTER INTEGER PLOT 7 ENTER Y OR N' !
READ (5,*) IANS I
IF (IANS.EQ.N) GO TO 3 [

C
'

WRITE (6,102) NPOINT
102 F0tMAT (1H1, ' OLD GRID CONTAINS ' , I6, ' POINTS ' , //) t

103 FORMAT (1H1,'OLD BOUGUER ANOMALIES * 10',/)
WRITE (6,103) |
CALL PRGRID(BA,10. ,M,N,MM NN) *

10$ FORKAT(1H1, 'OLD WEIGHTS * 100' , /)
rWRITE (6,105)

CALL PRGRID(W,100...M,N.MM,NN)
*

3 Do 10 1-1,M
DO 10 J-1,N I

'BA(I, J) = BA(I .J) * W(1.J)
10 CONTINUE
1 WRITE (6,106)
106 FORKAT(1H1,' DATA INSERTED INTO GRID THIS PASS',/)
C

A-6-15
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C
THE F0 LOWING READS THE FIRST CARD OF THE NEW DATA FILE

C DX
= INCREMENT OF GRID IN KILOMETERS IN THE X DIRECTION.- C DY
= INCREMENT OF GRID IN FILOMETERS IN THE Y DIRECTIONC

OLAT = LATITUDE OF ORIGIN OF GRID (SW CORNER WITH NO ROTATION) IC (DECIKAL DEGREES)
jC

OLONG = LONGITUDE OF ORIGIN OF GRID (SW CORNER WITH NO ROTATION) JC (DECIKAL DEGREES)
!C

M = NUMBER OF COLUMNS (EAST-WEST DIRECTION) i
C

N = NUMBER OF ROWS (NORTH-SOUTH DIRECTION) i
C

A = ANGLE OF ROTATION ABOUT HTE ORIGIN (POSITIVE CLOCKWISE) fC SCALE = SCALE AT WHICH MAP IS TO BE PLOTTED t
C DATA = M X N DATA POINTS IN STANDARD DOD FORMAT

IF (DA.EQ.0)GO TO 132
R EAD (7, *) TDX , TDY , 70LAT , 70LONG , IM ,1N . TA . TSC A LE

iC TEST FOR CONSISTENCY '

IF(TDX.NE.DX)GO 10 131
I

IF(TOLAT.NE.0LAT)GO TO 131 !
IF(TOLONG.FE.0LONG)GO TO 131
IF(IM.NE.M)GC TO 131
IF(IN.NE.N)GO TO 131 '

IF(TA.NE. A)G0 TO 131 i
IF(TSCALE.NE. SCALE)GO TO 131 i

GO TO 133 t
!131 PRINT *,' GRID PAPAMEiERS APE NOT THE SAME AS ON THE -

+ PREVIOUS RUN. DO YOU WISH TO CONTINUE 7 (Y OR N)' t
READ (5,130)IANS

i130 FORMAT (A1) i
IF (I ANS. EQ.N) STOP

i*

GO TO 133
132 READ (7,*) DX,DY,0LAT,0LONG M.N.A. SCALE,

i C FIND THE NORTHING AND EASTING (TMOLAT.TMOLONG) 0F THE ORIGIN
C LONGITUDE AND ORIGIN LATITUDE (0LONG,0LAT),

133 DOLONG=0LONG
;'
'

i DOLAT=0LAT *

I C CMARLESTON GRIDS AP.E ZONE -17 i
I ZONE =-INT ((186-NINT(OLONG))/6)

C CHANGE ZONE TO CORRESPONDED TO AREA 0F MAP (KEEP NEGATIVE T0 i
C FIX)

CALL LLUTM(TMOLAT,TMOLONG,DOLAT,DOLONG -17) '

C PRINT *,'IMOLONG=',THOLONG.' TMOLAT=',TM0LAT,'DOLONG=',DOLONG,
C +'DOLAT=',DOLAT ,

C
'

C

**11 READ (7.107, END= 10003) ALAT, ALONG,80UG

- |! '-
!

|

A-6-16
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****** THE FOLLOWING LINES ARE FOR READING DATA $
I****** FROM SPECIAL TAPES TRAT CONTAIN DATA USED IN THE

****** 132 KM LENGTH CRARLLSTON, S.C. CRID. .

****** TO RUN THE ORIGINAL SNGGRID, COMMENT THESE LINES |
"**" FROM THE ORIGINAL LINES. [****** AND REMOVE THE

C* f

C* \
'

C* READ ERPI DATA (IN ALBERS PROJECTION) AND
C* C0!! VERT TO A NEW CHARLESTON GRID (IN TRANSVERSE MERCATOR ,

C* PROJECTION [,

READ (7 ,100) NCO LS . NROWS , KMIN KMAX , YMIN . YMAX , RNULL [

100 . FORMAT (215,5 (IX,E12.5)) |

YMET= YMIN -

*

C THIS ZER0ES THE ARRAY OF TEMPORARY VALUES
*

C
777 DO 390 != 1,397 :

T(I)= 0.0 |
390 CONTINUE i

t

C SET KMET BACK ONE X INCREMENT
KMET= KM1N - 4000. :

C LOOP TO READ IN THE 50 LINES OF A BLOCK.
C THERE ARE EIGHT VALUES PER LINE.

{iC '
DO 400 != 1.400,8

'READ (7.150,END=10003) T(I) .T(I+1),T(I+2) .T(I+3),
T (1+4) .T(!+5) T(I+6),T(I+7) ,+

150 FORMAT (8E10.4)
400 CONTINUE

: C LOOP OVER EACH BLOCK, TEST IF THE POINT IS IN THE GR18.
C t

DO 600 K= 1,396 i
'

KMET= KMET + 4000.
IF (T (R) .EQ. RNULL) GOTO 600

CALL ALBERS (KMET,YMET ALAT,ALONG,-1.) >

BOUG= T(K)
C WRITE (6, *) ALAT , ALONG, BOUG

10003 IF (EOF (7))12,4,12 -

107 TORMAT (26X. 2 F8. 3,6X , F6. 2)

L CC

C NEXT, COMPUTES X AND Y WHERE + WEST, + NORTH
C

4 DXX = ABS (ALONG)
'

| DYY = ALAT i

C WRITE (6.601)DYY
| 601 FORMAT (' DY Y a ' , F12. 4)

C

|
!

A-6-17
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C |
'

l C NEXT DETERMIN THE DISTANCE IN KILOMETERS BETWEEN (X,Y) ;

C + AND (OLONG, OLAT) FOR UTM PROJECTION
,

C I
CALL LLUTM(ANI .El,DYY,DKX,-17) |

C WRITE (6.502) AN1,TMOLAT I
602 FORMAT ( ' AN1= ' , F15. 4, ' TMO LAT= ' , F15. 4) I

Y= (AN1-TMOLAT) |
e

; 1J. X = (El-TMOLONG) ;'

C WRITE (6,500)X, Y
1

C500 FORKAT('A=',F30.3,'Y=',E15.6)
;"

C NEXT, ROTATE GRID BY (A) THE NEW AXIS IS ROATED (A) DEGREES. -

C (B) RADIANS CLOCKWISE FROM OLD AXIS ABOUT THE ORIGIN.
IF (A.EQ.0) GO TO 27 !

B A* RAD ;

XSAVEaK*COS(B)-Y* SIN (B) [
YSAVE=X*S IN 'it ) + Y * COS (B)

!
X=XSAVE
Y*YSAVE f

C "

C !

C 1HE FOLOWING PUTS OLAT, OLONG AT PT 3,3 0F GRID !

C I

27 X = K/(DX*1000.) + 3 {
Y = Y/(DY*IDOO.) + 3 <

C NEXT, INTERGERIZES y AND Y TO GIVE GRID COORDINATES [
IX*X

,

'

IY=Y I

C V?,ITE (6,501)IX,1 Y
.
.

501 FORMAT (' IX= ' ,15, ' I Y ' , I5) {
C '

C THE F0 LOWING DETERMINES IF A PT IS OUT OF RANGE ,

C IF IT IS, SKIP IT. "

C i

****** TO RUN THE ORIGINAL SNGGRID, CHANGE 600 70 11
****** IN THE NEXT TWO LINES. f

IF(I ABC(IX-M/2) .GT.M/2-2)GO TO 600 [
IF(I ABS (IY-N/2) .GT.N/2-2)GO TO J00

'

NPOINT = NPOINT + 1
C i

C THE FOLOWING WRITES THE OUTPUT, STARTING WITH
C THE VALUES READ FROM TAPE 5 ;

'
C

C WRITE (6,108) ALAT, ALONG,EOUG !
108 FORMAT (2FB.3,F6.2) '

CALL CALTW(TW,X, Y,DX,DY)
C WRITE (6,502) TW

A-6-18

>



n4
*e gr

$02 FORMAT (' TW= ' , F10. 3)
DO 20 I 1,4
DO 20 J-1,4'

s
IXI = IX-2+1'

JYJ = IY-2+J
W(IXI JYJ) = W(IXI,JYJ) + TW(1.J)
BAtlXI,JYJ) = BA(IXI.JYJ) + BOUG*TW(1.J)

, , gN -E 20 CONTINUE
** GO TO 11
****** TO RUN THE ORIGINAL SNGGRID, REMOVE "**" FROM
****** PREVIOUS LINE AND COMMENT THE NEXT TWO LINES.
600 CONTINUE,

C INCREMENT YMET TOR THE NEXT BLOCK
'

C
YMET= YMET + 4000.
GOTO 777

12 CONTINUE
DO 50 1-1,Ms

DO 50 J=1,N
IF (W (1, J)) $0,50,40

50
.

BA(1,J) = BA(I,J)/W(I,J)40
CONTINUE

C
C NEXT, CONTINUES TO WRIT! TO TAPE 6.
C (1) $ OF PTS IN NEW GRID
C (2) NEW BOUGER ANOMALIts TIMES 10
C (4) NEW WEIGHTS TIMES 100

'
C

'

WRITE (6,109) NPOINT ,

~ D9 FORMAT (1H1,'NEW GRID CONTAINS',16,' POINTS',/) i1,

WRITE (6,110) SCALE ;

110 FORMA!(1H1,'NEW ANAM0 LIES * SCALE',E11.4,/)
'

CALL PRGRID (BA. SCALE, h, N , MM.NN)t,

|' WRITE (6.112) SCALE ' '

112 FORMAT (1H1, 'NEW WEIGHTS * SCALE' ,F8.1,/)
,

CALL PRGRID(W,5CALE,M N.MM NN)
C
C THE FOLOWING WRITES GRIDDED VALUES IN TABLE FORM TO TAPE 3 ;

| C i
REWIND 3
WRITE (3,*) NPOINT DX,DY,0LAT,0LOMG.M,N, A. SCALE

WRITE (3,111) .

111' FORKAT('NEW ANOMALIES') |
DO 149 J-1,N s

iDO 149 I-1,M,8
WRITE (3,666) (B A (I+K- 1. J) , K-1,8) i

i
'

| 149 CONTINUE
| WRITE (3,113)

113 FORMAT ('NEW WEIGHTS')
*

Do 190 J=1,N
DO 190 I-1.M,8

|
WRITE (3,666) (W(I+K-1 J) ,K=1,8)

190 CONTINUE
STOP
D
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7 'y SUBROUTINE CALTW(TW,X,Y,DX,DV) I I'

C THIS SUBROUTINE ASSUMED THAT.THE WEIGHTS ARE COMPUTED AS
i

C IF IN A SQUARE GRID (DK=DY) . '
t',

-T'
(- A = 0.5

'DIMENSION TW(4,4)
i

f
[: SW = 0.0'

sIX = X- \'
.~

f 1 - :IY = Y Yo Ih- X = X-IX (j- t
y . y.Iy a
Do 10 IX=1,4- I
DO 10 IY=1,4- '

X2= (2. 0-IX4 X) * (2. 0-IE+X)
\ Y2= (2.0-IY+Y) * (2.0-IYa r) 1

,

RR=X2+Y2

{(TW (IX, I Y) =1. 0/ (RR/ (A*A) + 1. 0) '

10 SF=SW+TW(IX,1Y)
iDo 20 IX-1,4
iDO 20 IY-1,4 ht 20' TW(IX,1Y) = TH(IX,1Y)/SW'

'

RETURN
,

END -t~

C . !
'

SUBROUTINE PRGRID(A, SCALE.M,N.MN,NN)
;

DIMENSION K(32), A(MM,NN)
!

,

? Do 20 L-1,M,32 ;

L1 = L I

L2 = L + 31 ' ;

11 (L2.GT.M) L2=M i

. . _
DO 30 IJ-1,N '

: .N - J * N - IJ + 1>

' i6 DO 40 I=L1,L2 1
-

' N, . 40 K (I-L1+ 1) = SCALE *A (I , J)
{

'

i

l L3=L2-L1+1
:

30 ' WRITE (6.101) (K (I) , I-1. L3) !.-

'20 CONTINUE
,i : 101 FORMAT (IX, / ,32I4)

,

t RETURN
,

' '

F'!D i

i

I
h ;

, .,

;

P

s
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.. C ******* PLTX ******* |

'[ L\T C j

$ WHl1 GIVEN THE LATlTUDE AND LONGITUDE OF A P0lWT AS INPUT.<'

C PROGRAM PLTX WILL OUTPUT THE GRID INDICIES CORRESPONDING |
".M( TO THE POINT;iFOR EACH OF THE FOUR FRIDS DEFINED FOR THE'

C j

\ C CHARLESTON STUDY.
~h v PROGRAM PLTX(f NPUT.0VTPili, i. TAPES =lNPUT, TAPE 6=0VTPUT.

.

!
'b +T APE 7s xY) i

k 01MENSION lX (4) . IY (k)
'

WRITE (6.7)
7 FORMAT (' ENTER POINT IW DECEMAL DEGREES, (L AT. LON) ')

.

!,

k RE AD (5.*. END=99) AL AT. ALONG |
>

C ALL L ATT0X (AL AT. ALONG. AN. At. IX. IY)
\. 8 FORMAT ('0UTPUT OF L ATT0X') |

WRITE (7 9) j
'

FORMAT ('------------------------------------------')
9 '' WRITE (7.10)ALAT.ALONG !

i10 F ORMAT (' L AT ITUDE= ' . F 15 6. 8X , ' LONG lTUD E=' . 15 6)
' iWRITE (J.*) '

WRITE (7.30) 1
'

( 30 FORMAT (1X 'GR I D NO. ' .5X. ' X ' .8X. ' Y')
y.' y WRf TE (7.40) ,

~ b 40 FORMAT ('-----------------------------------------')s ,

~$q
.00 60 i=1.4

WRITE (7.61) 1.1X (I) lY (1) !^ V 61 F ORMAT (f X .12. 3X .18.1 X.18)
'

'
60 CONTINUE'

GOTO4 ;

'99 STOP ;

L '\ , ENll |
'

C
'

'
-

SUBRQUTINE L ATT0X (AL AT. ALONG. AN. AL. IX lY) |
DI ME NS I ON R (4) . DX (4) . I X (4) . I Y (4) )REAL,N.NP

l

IF (0LAT.NE .0.0) GO TO 10 i

C************* )

| C DEFINE CONSTANTS OF THE CHARLESTON GRID DEFINITIONS j
C OL AT= ORIGIN L ATlT'JDE. GLONG= OPIGt N LONGITUDE.t , * ,

f.Y
,. s C DX= GRID INCREMENT IN METERS, R= DISTANCE FROM ORIGIN IN METERS

\ C ANG= ANGLE OF GRID ROTATION. CLOCKWISE
'

0. . C************* 4

OLAT= 33 125 I'

OLONG= 81.25 1

r"' ,

DA1A DX/1000. 4000. 8000. 31.25/ l
,

N DATA R/0. 62500. 444500. 484 375/ I

RPD= AT AN (1.0) /45 I1

'

ANG=52*RPD

| ''
\

| 1

!
|
|

..
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CALL LLUTM(ON.0E.0L AT.0LONG.-17.)
WRITE (7.60) ON.0E

60 FORMAT (10H ORIGlu N=,F15 2.10H ORIGIN E=.F15 2),

10 CALL LLUTM (N.E. AL AT. ALONG. -17.)
WRITE (7.61) N.E',

61 FORMAT t'10H POINT N = F 15 2. loH POINT E =,F15 2)
N=N-ON

;

||AN=N

E=E-DE
AE=E

!

NP=E *5 I N (ANG) +N ACOS (ANG) !

E P= E *COS ( ANG) -N*S I N ( ANG) i

00 50 l = 1. 4 !
l Y (1) = l F I X (((NP+R (1)) +DX (1) /2) /DX (l)) +1 )
I X (i) = l F I X (((E P+R (1)) +0X (l) /2) /DX (l)) +1 '

50 CONTINUE '

RETURN
END

]'
C

SUBROUTINE LLUTM(ZN.ZE.ZL AT.ZLON. ZONE) [C********
C CONVERTS LATITUDE AND LONGITUDE IN DEGREES (C TO UTM NORTH AND EAST IN METERS j
C

|C********* !

(MPLICIT DOUBLE PRECISION (A-Y) !
DIMENSION NC0(8) .LC0(10)

C********* {
r

LAT=ZLAT
]LON=ZLON

AZONE=10NE
!

KZER0=.9936Do
!SEMA.J-6378206.4Doo

SEMIN=6356583.8Doo
ECC=8.2271854223003000-02 i

,

ECCSQ=6.7606579972910540-03 i

EPSQ=6.847849459150420-03 ;
<"

NCO(1)=6 3673996B91697820 06
NC0(21=-3 2502862417904790 04

'7 NC0(3)=13840483667167060 02
i

NCO(4)--7 3353P81306014290-01 '

NC0 (5) =4.2194134119829180-03 !
NCO(6)=-2 5292879423428080-05 '

NCO (7) =1 5560582852763890-07 ;
NCO(8) =-9 7384743747300200-10

:Lc0(i)=1.oooooooooooooooD 00
LCo (2) =-1 3537315994582110-02

.

'

LCO (3) =9 1629462168584310-05
, LCO(4)--3 0956626384124680 05
F LM (5) =4.1487165431946150-07

L Ct, (6) =- l .2684413978277760-07
LC0 (7) =2.158262546320965D-09
L Co (8) =-6.1739155842134170- 10
L C0 (9) = 1.190710620936894 D- 11
L Co (10) =- 3.1571842524841880- 12
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RPD= AT AN (1.) /LS.

.'
Pl=3 1kl59265358979300
FTPERM=).2808333333333300
SINSEC=4.8kB136B1109520-6
IF ( AZON E .G E .0) AZONE= (18600 - LON) / 600
IF (L AT.EQ.PHl) GO TO 2
PHl=LAT
ARG=LAT*RPD
COSPHl=DCOS (ARG)
C055Q=COSPhi ** 2
Sil:PHl=05 t N ( ARG)
SINSQ=$1NPHit*2
TANSQ=$1NSQ/COSSQ
TANPHl=$1NPHl/COSPHI
NUPHIK=KZERO * SEMAJ / DSQRT(IDO-ECCSQ * SINSQ)
F I L AT= ( ( ( ( ( ( (NC0 (8) *COS $Q+NC0 (7)) *COS$Q+NC0 (6)) *COSSQ+NC0 (5) )

+*COSSQ+NC0 (4)) *COS$Q+NC0 (3)) *COS$Q+NC0 (2) ) *COSPH i * S I NPH I
++NC0 (1) * ARG) *KZERO

2 CONTINUE

CENLON= (30-D ABS ( AZONE)) *600+300
P= (CENLON-LON) * RPD
PSCS=P*P*COSSQ
ESCS=EPSQ*COSSQ
F illP= ((400 * ESCS + 900) * ESCS + 500 - TANSQ) *30D0

* T ANSQ + 6002 * ESCS -33000 * EPSQ + 6100A6P= (TANSQ - 5800)
N= ((A6PtPSCS+F i l l P) *PSCS+360DO) *PSCS*T ANPHi *NUPHI K/720DC< f l L AT
FVP= (100 - TANSQ + ESCS) * 2000

* TANSQ + 7200 * ESCS-5800 * EPSQ +500B5F=(TANSQ - IBD0)
E-((B5F * PSCS.+ FVP) * PSCS + 12000) * P = COSPHI * NUPHlK/

+12000 + 50000000
ZN=SNGL (N)
ZE=SNGL (E)
RETURN
END

PROGRAM PXTL (L ATLON. lNPUT.0VTPUT.T APE 7=L ATLUN.T APE 5alNPUT,
+ TAPE 6=0VTPUT)

PRINT *,' ENTER GRID NUMBER ('.=128KM, 2*2f 6KM 3=1028KM.
1

G +4= LANDSAT). INDEX TO SE, INDEX TO NE'
RE AD (5.*) (GRIDN.X.Y;
IX=X-
lY = Y
IF (IGRIDN.GT.k. 0R.lGRIDN.LT.1.) GO TO 9
C ALL XTOL AT (AE AT, ALONG, AN. AE. l X. lY,16RIDN)

WR I T E (7 . *) ' - ----- -- - - - -- - - '
WRITE (7.45)

k5 F ORMAT ('0UTPUT OF XTOL AT')
WRITE (7 47)

4 7 F ORM AT (' ------- ------- ' )
WRITE (7,50) IGRI DN

A-6-23
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50 FORMAT ('GRIO NUMBER ='.13) !
,

. WR IT E (7.32) X. Y

|; , $2 FORMAT (t X= ' . F5 2.8X. 'Y= ' .FS.2) {'

<

WRITE (7.5k) AN. AE
!

'

f- 54 FORMAT ('NORTHING=' F l$.3.2X. 'E A$ TING =' .F l$.3) |WRI7E (7.56) AL AT ALONG ;

56 FORT nT ('L ATITUDE=' .F 15 7.3X. ' LONGITUDE =' .F 15 7) !
a D-

GO TO .:

;f9 STOPa-

END '
'

SUBROUTINE XTOL AT (AL AT ALONG. AN. AE. IX. IY. l)
,

DIMENSION R (4) .DX (4) ,

DATA R/0. 62500. 444500. 484 375/
>

DATA DX/1000. 4000. 8000. 31.25/
ON=3664980.84 :

'

OE=476678.49
RPD= AT AN (1.0) /45 i

'

o' A=-52*RPD
e' AN=F LO AT (1 Y- 1) *DX (I)-R (1) !

AE=F LO AT (1 X- 1) *DX (1)-R (') *

AES=AE ACOS (A) - AN* SIN (A)
AN=AE*$1N (A) + AN*COS (A)

j

AE = AES
|AN = AN + ON

AE = AE + OE
CALL UTMLL (AN. AE. AL AT. ALONG.17.) >RETURN '

END

' SUBROUTINE UTMLL (ZN.ZE ZL AT.ZLON. ZONE) !C*********

IMPLICIT DOUBLE PREcl$10N (A-Y) I

D1MENSION NCO(8) LCO(10)
C********* ,

N = ZN
AZONE = ZONE i

E = ZE *

LAT = ZLAT
,

LON = ZLON
KZER0=.9996D0
SEMAJ=6378206.4D00 ;

,

SEMIN-6356583.8000
',

ECC=8.227105422300300D-02 i

ECC5Q=6.768657997291054D-03
EP5Q=6.8147849459150420-03 :

.

NC0(1)=6 3673396891697820 06
NCO(2)e-3 2502862417904190 04
NC0(3 =1384048366716706D 02
NCO(4)=-7 3353881306014290 01
NCO (5) =4.219413411982918D-03

. NCO(6)=-2 529287342342808D-05 i

NCO (7) =1 5560582852765890-07
-

NCO(8)=-9 7384743747300200-10
LC0 (1) =1.000000000000000D 00

t
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!
LC0(2) -13537315994582110-02

!

i

LC0 (3) =9 16294621685Bk310-05 '

LC0(4)=-3 0956626384124680-05
:

LC0 (5) =4.1487165431946150-07
LC0 (6) =-1.2684413978277760-07 |
L C0 (7) =2.158262546320965D-09 !

tLCO (B) =-6.1739155842134170-10
LCo (9) =1.190710620936894511

,

,

LC0 (10) =-3 15718425248418BD-12 i
:

RPD= AT AN (1.) /45
!

Pl=3 14159265358979300,

FTPERM=3 2808333333333300
' ,

SINSF.C=4.84813681109520-6 [
IF (N.EQ F ILAT) GO TO 2 j

F|K=N/KZER0 i

ARG=F IK/NCO (1) !

COSPH l=DC05 ( ARG) ,

!
COS$Q=C0$PHl**2
S INPHI=DS IN ( ARG)

j
!

1 APPARG=ARG '

P ART = ( ( ( ( ( (N CO (B) * COS SQ+NCO (7)) *COSSQ+NCO (6)) *COS $Q+NCO (5) ) *
:

+COS$Q+NCO (4) ) *COS$Q+NCO (3) ) *COS $ Q+NCO (2) ) * COSPH I *S I N PH I
ARG= (F I K-P ART) /NCO (1)
COSPHl=DC05 ( ARG)
COS$Q=COSPHi**2

,

SINPH l=D$ lN ( ARG) (
t

IF (DABS (APP ARG- ARG) .GT.50-10) GO TO 1p'

SiNSQ=$INPHi**2
hUPH I K=KZ ERO*SE MAJ/DSQRT (100-E CCS(*S I NSQ)

;

l
TAN 5Q=5INSQ/COS$Q ;

TANPHl=$INPHI/COSPHI
E

PH I = A'tG/RPD
F l L AT = ( ( ( ( ( ( (NCO (B) *COS$Q+NCO (7)) *COS$Q+NCO (6)) *COS$Q+NCO (5) ) * !

+C0$$Q+N CO (4) ) *COS $Q+NCO (3) ) * COS SQ+NCO (2) ) * COSPH ! * S I NPH l+ i

+NCO (1) * AGR) *KZE RO t

2 CONTINUE :
,

Q=0 500-E*10 6
C**** Q ls NEGATIVE EAST OF CENTRAL MERIDIAN **** ;

QNK= (Q/NUPH I K) ** 2
,

!

t' ESCS=EPSQ*COS$Qp
' FVI = (ESCS+1DO) *SD11 i

F Vi l l = (( ( (E SCS+200) * (C0$$Q-S I NSQ) -E SCS-t'C S) *E PSQ+T ANSQ)
'

+*300+500)/240-24
.

E D6= ( (C055Q* 10700- S I NSQ* 16200) * E PSQ+ (200+T ANSQ- E PSQ+ E SCS)
|

+*k500*T ANSQ+6100) /7 200-361-

L AT= PH l - ( (D6*QNK-F Vi l l) *QNK+F V i l) *QNK*T ANPH l /8 PD

| '- C FIX=106 I

|| F X= (1 D0+T ANSQ+T ANSQ+ E SCS) /60- 18
E 5- ( (2 400*T ANSQ+28DO) *T ANSQ-200*E SCS+8DO*E PSQ+500) /1200-30
i ON= (30- AZON E) *600+ 300+ ( (E 5*QNK-F X) *QNK+ 106) *Q/

;

L + (COSPH I *RPD*NUPH I K) '
I ZLAT = LAT

ZLON = LON-
PRINT *,'ZLAT=',ZLAT.' ZLON='.ZLON,' ZN='.ZN ' ZE='.ZE ,

RETURN !

END

| A-6-25
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CHAPTER 1. INTRODUCTION

The remote reference tensor magnetotellurics (MT)
measursments described here were conducted by Michigan -

Technological University near Charleston, South Carolina during i

october and November of 1985. A real-time magnetotoilurics -

,

apparatus manufactured by Phoenix Geophysics of Willowdale, ;

Ontario, Canada was used to make deep soundings, which are to
be used by Law Engineering for investigation of deep crustal I

strr.cture related to earthquake activity near Charleston.
Figure 1.1 indicates the location of the twelve MT sites. ,

Principles of tensor MT and details of signal analysis '

including remote reference processing are provided in Chapter t

2. Information on the instrumentation and details of the
'

operating procedure are given in Chapter 3 while Chapter 4
presents material on system calibration. Recults of the survey
are presented in a separate data volume in the form of graphs :

and tables which are discussed in Chapter 5. Details of the
'

work near Charleston and discussion of the data obtained are i
contained in Chapter 6 along with a summary. ,

!

[
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1 ;

1
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1
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CHAPTER 2. PRINCIPL2S OF TENSOR MAGNETOTELLURICS

2.1 Overview

Tensor magnetotellurics (MT) uses natural time-varying
electric and magnetic' fields to determine the surface impedance j
of the earth. From the impedance at one or more sites, a !
resistivity cross section can be estimated which can reveal i

geologic structure. Thus, MT can be used for commercial !

geophysical exploration for petroleum, evaluating geothermal i

resources,. delineating ground water or exploring for minerals. ,

The Michigan Technological University MT system uses a computer
to analyze the data in real-time, producing high quality tables ;
and plots at the field site. Thus, early rissults may be used
to modify the survey plan. ;

The advantages of MT over conventional electrical
exploration are:

1. great depth of penetration, up to tens of kilometers,

2. high lateral resolution, !

3. no signal source needed. !

One disadvantage of MT is that relatively sophisticated
apparatus is needed, including a computer.

:

The Michigan Tech system analyzes seven signals: two
orthogonal local electric fields, three orthogonal local

,

| magnetic fields and two orthogone.1 remote magnetic fields. A .

! block diagram is shown in Figure 2.1 and a signal flow chart is j
shown in Figure 2.2. The signals are digitized with 16 bit
accuracy and processed by a Hewlett Packard 9845B computer, i

which computes auto and cross spectra of signal pairs.
Spectral computations from several successive data segments and !
are used to calculate tensor impedance, apparent resistivities, |

| tipper and other MT response characteristics. The accumulated
'

results may be viewed and plotted as the data are being
recorded. Real time analysis and display prevents acquisition
of bad data because of mistakes in equipment setup or other
possible problems. Figure 2.3 indicates field emplacement of |

j. the MT apparatus. |
1

After the sigr.al source is discussed in Section 2.2, the |
L basic equations used in analysis of MT signals are presented

and the significance of the results are briefly described in
Section 2.3. The basic physical principles of MT are discusse.d
in Keller and Frischknecht (1966), who present equations for |r

1

|
l
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h, thC.'re ponse of a flat layered earth. Interpretations of MT
| . responses over more complicated structures are discussed by
|' Vozoff,- 1972 and Ting and Hohman, 1981. Also, Kautfman andj Keller (1981) and Berdichevsky and Dmitriev (1976) discuss NT

'

p measurements for several different assumed models.
Section~ 2.4 discusses computation of the Fourier !

J coefficients, the impedance-tensor elements, and the process of 1

cascade decimation. |
,

2.2 Signal Source

i
.

MT signals below about 1 Hz are due to magnetic i'

l. micropulsations, which are. transient magnetic fields generated |

by motions of charged particles in the ionosphere. Above 1 Hz,|~

..the sources are spherics (atmospheric discharges), i.e., ,

lightning strokes from distant thunderstorms.

The interpretation of magnetotelluric responses assumes
vertically incident plane waves. This assumption is valid,

!: since even near-horizontal incidence waves are refracted to
'

. vertical within the earth, dus to the earth's high effective,

index of refraction. The electric and magnetic fields should
be measured far enough away from the source so that the surface
impedance is not dependent on the' source dista.1ce er source
geometry. In general, MT' signal sources are distant enough to
fulfill this criterion, the only exception being local
thunderstorms. The electric and magnetic fields of the
incident plane waves are used to. determine the earth's surface
impedance.

2.3 Definitions c' Quantities Presented

A. . Impedance Tensor, Apparent Resistivity and Phase |

Definitions I

The rurface scalar and tensor impedance and scalar and
tensor apparent resistivity are defined below. Knowing these |

quantities over a vide frequency band, one can interpret the,

[ resistivity stred.ure under the measurement site. Section 2.4
I

L contains examples of two theoretical apparent resistivity
( profiles over two-dimensional structures. The discussion here
l is based on Word, Smith and Bostick, 1970; Sims, 1969; Vozoff,

|
+1972; and Swift, 1971. The method of determining the impedance |

'

tensor from the measured data is discunned in Section 2.4. I'

.The horizontal components of the e:.ectric and magnetic !p
fields (E and H) are related by an impedance tensor, Z, with

.

components Z Z Z Z4

us na ns n-

|-
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Ex=EHxx g + 2 Hyxy

[' y = ' ZyxHx + ' ZyyHy

The positive X direction is commonly taken as north, the
L- tpositive Y direction is east and the positive Z direction is

[. downward. .>

i,

The MKS units here are: E, volts / meter; H, amps / meter; Z,
'

ohns. For an inhomogeneous earth, the components of Z are
functions of frequency'ard orientation. Z can bo thought.of as

.

a transfer function between two input channels, Hx and Hy, and |,

'two'' output channels, Ex and E. The manner of astimating they

elements of.. Z is a reasonably well-known problem of random
signal analysis. The specific method used by the Michican Tech
program-is discucaed in Section 2.4.

1
J

..

In the case of the homogeneous earth, Z,is independent of ;

orientation, 2xt. and Zyy are 0, Zry = ~Zyx , and Z has the value- ;
,

| >

Z = E /Hy = ~ ( j wpp) v2 (2.2)x

p = resistivity of homogeneous earth in ohn-meters

p = permeability of the medium in Henrys / meter. The
permeability .of most rocks is equal to that- of free

'

space, ' pc - = en x 10-7 H/m.

. w- = angular frequency = 2nf, radians per second''
,

j ='(-1)"' ;
-

4 For a homogeneous earth, H is orthogonel to E-and has a phase'

lag of 45". The skin depth in the earth is expressed by !
!

6 = (h} v2 3 5C (p/f)v2 meters (2.3)

and represents the depth at which the wave is attenuated to 1/e j

of its amplitude at the surface.
'

This homogeneous eartn case is used to define apparent
r'esistivity, p,

p, = h h|Z|2 (2.4) !or

'

customary geophysical electric and magnetic field units
are mv/km for electric fielo and gamma for magnetic field,

where .1 gamma = 10~8 Tesla. With these units, the apparent

'

B-1-8
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resistivity, Equation'2.4 becomes '

:

p, = hh ' | Z |8 (2.5) -

t

where .Z' = E /H |i j

1,j = X,Y or Y.X !

a with f = frequency in Hz

The' apparent resistivity for a homogeneous earth or' flat-
ilayered . earth 'is independent- of the orientation of- the

measurement axis. The variation of apparent resistivity and'
the- phase. of E to H with frequency for a layered ' earth is ;discussed in Keller and Frischknecht (1966), pages 214 to 227.

Apparent resistivity, defined by Equation 1.4, is usually ;
L called the scalar apparent resistivity, with phase equal to the

. phase difference of E and H. The tensor apparent resistivity
~

x y
is similarly defined as '

p, =:h|Z|' (2.6)y

I <i,j- = X or Y
h

j where the Z are defined in Equation 2.1. The phase of they

L tensor resistivity is defined as the phase of the. corresponding E

| -impedance element. These impedances are used to interpret the
L resistivity ; structure under the measurement site. 'The next

section^ contains examples of two theoretical rt.eponses over
i two-dimensional structures: (1) a fault between two blocks of

,

| .different resistivity; (2) a narrow vertical . conductor with
overburden.

i

L IL Polarization Modes Over a Two-Dimensional Earth
Structures such as faults, dikes or fold belts are

fr.quently the subject of geophysical investigation. In many,

| casos, suon structures are approximately two-dimensional,
meaning there is little or no variation along one hcrizontal
axis,-such as ulong the strike of a fault or along the axis of
a' fold bela. Using the tensor magnetotelluric method, it is

[ possible to determine the orientation of such structures by
! rotating the coordinate system to find minimum and maximum

apparent resistivities. 'If the axes of measurement are aligned-

,.

(' with. the structures, Z and Z are the impedance of the E-n n
h perpendicular and E-parallel modes of propagation,,

! .respectively, as in Figure 2.4. These modes are decoupled from
Teach'other. For a perfectly two-dimensional earth, components-

.
t ,,.

'. .!'

''
!A ,
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D |Z and Z are zero when the meesuring axes are aligned with
~

u n
|the'' structure. For geometry which is only approximately _two- t, s
dimensional,'Z and Z are considerably smaller than Z andu n n

i.In the event that the measurement axes are not aligned( Zn.-
'~ ith. the structure,- the impedances must be mathematically| w
rotated using'the formulas given later- -

i
di 1. Apparent Resistivity Over a Fanit

'The case'of a simple two-dimensional model of a fault or
contact _ consisting of adjacent blocks of different ;

resistivities- is shown in Figure 2.5. the E-perpendicular
. apparent resistivity is discontinuous across the fault while

',

the.'E-parallel value shows a smooth transition from the true
resistivity on'one side of the fault to the true resistivity of
Lthe other_ side (Swift, 1971).f. ,

' li .- Apparent Resistivities Over a Narrow Conductor
.

Figure 2.6 gives sample theoretical E-perpendicular and E- <

parallel profiles over a buried narrow vertical conductor. ,

The narrow conductor might be a reasonable model for a ,

+ lateral fault- filled with circulating fluids. The E-

, perpendicular enomaly is narrow, approximately the width of the'

conductor. Other models and field examples show that it is

very difficult to locate narrow structures with the E-

perpendicular , measurement, since the measurement station must.
,,

be nearly centered on the conductor in order to detect it.

Thus, if narrow conductors are naar an MT site, E-perpendicular
data may be more useful for constructing one-dimensional
layored earth models, while E-parallel data may be more useful

for locating structural changes. .

iii. Rotation of Axes to Find Orientation of Structure
The estimates of Z must be rotated mathematically to find

maximum and minimum values for Z and Z respectively. Forn n,

a two-dimensional structure, rotationpresents the principal

axes. The general rotation rule for the Z tensor is

( "2' ") sin (26)Z'n = ( " ") + (" ")cos(26) -

(2.7)

+Z") cin ( 26)
Z -Z Z +Z

Z'n " ( ) + ( )c t i .o , ,- ,

2 2

where the primes refer to r <. a t r. se rotated reference'

L frame and 6 is the an;1e o .;.u ' For the correct values

|
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o f 6', Z is maximized'andiZn is minimized, or vice versa.-> n,

[, The impedances 'for.E-parallel and- E-perpendicular modes of

[>< : propagation will be' equal to Z and 2n, or vice versa.
~ - n

[ It-is not necessary to rotate by increments and' check Zn
F and Z for extrema to. find The angle of the rotated- axes.n,

'may be. found'directly.by the following relationship (sims,
'

,.

D, 1969)f
M.

*
,

*+
46 ' = . tan-' (2.8)'2 2 2 i- (a +b ) - (c +d ),

.

where
.

&
Za [+ - 2,y = a-4 ;jb 2xy + Zyx = c + j d-

' Evaluating 4 in Equation 2.8 yields four angles 90 degrees
,

apart. Comparing | the resultant valuce of Zn for those
rotations, one can11dentify two directions,.180 degrees apart,-
-as the orientation of Z-mar and the other two directions as the

'

p orientation of Z-min. 'However, there is no way to tell whetherr

b$ Z-max or'Z-min corresponds to the geologicul strike at a site.
p Therefore, 'the vertical magnetic field is measured- '

L't 1 simultaneously with the horizontal magnetic. field and is used,
~

.
,

to' determine strike,
ig,

L'
| C. Skew and Ellipticity
|
', These quantities, calculated from Z, are used to describe

the degree to which the earth may be three-dimensicnal, that |
' '

'

is, the degree to which there.are conductivity variations along'

,

all three. axes. j

bl Skewness is defined as
e > '

,.

|

L< 'S = | Zxx+%YY! / | EXY ~ EYX | * (2*9)
P

?1 For noise-free data over a two-dimensional earth, the skewness
'

should'be zero since Zn and Zn would either be zero or would
cancel- each other. Skewness is independent of rotation angle i
(Kaufmann- and Keller, 1981). A large skewness signifies that

' structure at the site must be three dimensional in that
.

. frequency. range (Vozoff, 1972).],
p.

'

Ellipticity is defined as

E= (Zn(0) - Zyy(9) )/ (Zxy(0) - Zxy (0) ) (2.10)

L B-1-14
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|where the prises on the Z's and the dependence- on signify >

that the impedance tensor is rotated to angle For rotated.
,

' noise-free ~ data over a two-dimensional earth, ellipticit) '

chould be zero,'thus ellipticity is also an indicator of three
1

'
dimensionality.

!
D. Vertical MagnetAc Field and Tipper-

l
Jor.caser e resistivity structure consisting of anything' ,

y' cther thLn plane layers, the vertical compor.ent of the magnetic
|. field will be ,non-zero. A linear relationship is assumed

between the three components of magnetic field: '

p s

Hz=THx x + T H, (2.11)y

The constants T and T are a measure of the departure of the
x y

carth from a flat-layared configuration, that is, if they are

non-zero, the earth rust be represented by a two or three

dimensional model near that measurement site. The quantity

(T + T ) v2 is the: tipper magnitude; it represents the ratio2 2
'

x y
of vertical magnetic field total horizontal magnetic field. -

If the earth is two-dimensional at a measurement site,'

~

there will be no change of fields along the strike of the
o

structure; that is, if the strike direction is along the Y <

-

axis, ther'

BE BE BH BH BH
g=g=g=g=g=0 (2.12) .

x y x y

f
For the TE or E-para)lel mode, the vertical component of

magnetic field will be highly correlated to the associated

horizontal component of magnetic field which is perpendicular

to the strike of the structure. They are components of- the

same vector. The vertical component of magnetic field will be
uncorrelated with the magnetic field parallel to the structure.
The-latter is associated with the E-perpendicular mode.

|

Thus, if MT measurements are made over a two-dimensional |
'

structure of unknown strike, it is possible to determine the

strike by mathematically rotating the tipper to maximize one

component, say T and minimize T .x y

E. Interpretation of Tipper Data Based on a Simple Fault Model f

The linear relation assumed to exist between H , H and Hx y g
,

implies that there is a unique direction of tipper. In the

simple fault model discussed below, the tJp1tr points to more
|
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y. ' resistive material.
Consider- a model censisting of blocks of different ',,

resistivity p,and p,, shown in Figure 2.7. 'Let us assume that,, , ,

the telluric' current; flowing in the model, induced by magnetic
micropulsations, is of such low frequency that direct current

'

,-
,

principles may be applied.
'

A' uniform- current donalty of infinite width would give.' ,

rise to a magnetic field which is only horjeontal. The i

vertical- component o' magnetic field over the contact in the '

.model is an edge effect. Its direction pan be determined by
applying the right hand rule to currents flowing along the edge
of the conductor. Suppose this magnetic field is measured and

,
'

the; coordinate system !s rotated so that the positive X - i
direction. is aligned; with the horizontal' component of .ths ,

magnetic field (to the right in tha diagram). This' direction :;

is normally considared as the direction of tipper. _ The' tipper
points to the high' resistivity region. For the extremely low! '

frequency case we are considering, tipper phase would be zero,
s .that is, H and rotated H are in phase. Three-dimensional

.

*g x
g model calculations by Ting and-Hohman, 1981, also show that the

tipper points toward resistive material.
'

Tipper skew anc ellipticity may be defined.similar to the
impedance definition (Jupp and vozeff, 1976). Tipper skew is

2 |Im(T[*T ) |y
(2.13),

I T l' + I T l',x y

Tha imaginary part is used because it is zero for ra r e
phase difference between horizontal and vertical H componento,-

s

Tipper allipticity is

|T'x(0)]
(2.14)| T'y (0) |

by direct analogy from impedance. The primes again indicata
the rotated tipper. For a two-dimensional earth, the
ellipticity is also zero for rotated dhta. i,

^

F .' Effect of Conductive Seawater and Ssdiments
The presence of large conductive area is known to affect L

geomagnetic and magnetotelluric measurements. Electrical
currento- induced in the ocean by maaretic microptisations
generate a secondary magnetic field which has a vartical
component and a component perpendicular to the shoreline.

,
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These anomalous fields affect the magnetotelluric tipper and
the component of apparent resistivity associated with the
magnetic field perpendicular to the coast (p parallel).-

Bolndary conditions at the coast also affact the component ofg
electric field perpendicular to the coast (p perpendicular).- -

Thus, the coast effect perturbs all magnetotalluric quantities."

Thore are many examples of coast effect computatiens in

the geophysical literature, but most of them emphasize magnetic5

bi- field effects of interest to those conducting geomagnetic
variational studies. Recent computations by P. Wannamaker, at

- the University of Utah (personal communication, 1984) show that
for a realistic geologic model, the coast effect causes a
pertuxbation of at least several perciant at least one hundred
kilomaters from the coast.

I Field measurements in Oregon (Neuman at:d Hermance, 1985)
' have shown that conduct 5vc centinental shelf sediments must be

included in their model of the coast e,tfect.

In Gouth Carolina, we oxpect at higher frequencies that
magnetotelParic measurements will detect enly the leaal:; one-
dimension structure of conductive coautal nadiments. At lower
frequencies the MT xenponsie will contain a combination of the
northwest trending coastal sedinants, seawater, and continental
aholf effects.

2.4 Signal Analysis and Remote Reference Proctacing

A. The Use of Auto and Cross Spactra to Estimate Tensor
Elements

- This selection discussas the ostimation of the MT
impedance tensor elements. Tha estimation of tipper elements
is mathematically identical.

The components of the impedance tensor, 2, may be
estimated from n independent data sets; that is, n successive
tima serien. There is more chan one pocsible way tn calculate
each component of Z. Pour solutions are meinametically correct

t H
% for Z, two for Z and two for Z , which minimize noise on the

electric and magnetic channels, respectively. These estimates
are averaged and the coordinate system is rotated to find

maximum and minimum impedances. The results are expressed as
rotated tensor apparent resistivities and phases. The
following description of the statistical tecnniques follows
Simo, 1969, and the mathematical argument applies to the

problem of finding the transfer furetion of a system with two

inputs and one outout. ,

3-1-19
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f Suppose; th'at1.there are n consecutive measurements of. E,. ;Ux,x

sand Hg atla given frequercy:and'.one wishes to estimate the
.

' , ,Lelements Zi and E y. - The' estimates are found by' minitaizing ig

{ '' f'the sum,of;the" squarer.sof the difforences between'the .;observed

. j Ex and the: Ex predicted'.from the values'of-Hx and H ; - that'' is, iy

* to'mi.nimize the quarM ty. IM '

'

;

n3 ..

,xv y,) (E*x, - Z'xx 'x, - Z'xYH'y,) (2.15)
,

... .

i{=1
H H. (E -ZH -Z

QX
t= x ny

><
,

4 ' where'* !ndicates-complex conjugate.
'

i

The. Z which' minimize,':his. quantity is found by settirig . to: J
'

'
.u,

zero ths.. derivatives .of f with respect to the~ real and
<

g[ imaginary partslof Exx, then adding the two.' resulting " equations |,

Mr ^togethor.:andLdividing byitwo.' This manipulation yicids ',
79 !

.< .

.'n' n
'"n .

H ,3*x (2.16)H ,H'xt. + ZH'x,E , _ = . Z
^ yg xYx,

f similarly,. setting to zero the derivatives of with respect to i

3~ <the real-and1 imaginary part of Zxy yields >

.
,n n n

".f. ' > + Z y {1Hy,H'
(r.17){ E ,H'yg. = Zxx { Hx,H'y,

s

xx
s1-t= . 1-1- - -

<

Two more equations relating,Zxx and Z to Cros'5 and auto j
xYq

productstof. field' quantities are also given by Sims, 1969f t

n n n J
L

-$s 1 E ,E'x, = 2xx 2 Hx E*x, + 2xy { Hy E'x, (2.18) i
|s x g

n V (= 1 1-1 i=1
w 1

" : ': $
.

n n J.

' n
' { E E'y, = Zxx { Hx E*y, +Zxy { Hy,E*y, ( 2 .19 ) .

i, I, q
t=1 i=1 i=1 .

.c . uw
'These , auto .nd cress products cuch as and" .;

a:: e - auto and cross power density spectra. The k'

j summation over data segments will be abbreviated with tiie
'M expectation or averaging notation, thus,

.g ~ 0. .

{.uk-[ 1 - (Hy,E*y,) ' E < HyE*y> (2.20)

Y: .
',

2r
, , \[ #

,

,L , . If( B.1 1g'

.

,

-



. - _ . . . . .. -. . -. - .. - - - . _ _ _ _ _

,

There are various methods for determining these quantitles fro:n
7 a digitized' time series, our analynis program calculates'

selected discrete Fourier transform coefficients, then computes
'

the above products and suas over many time segments. The'

. Fourier coefficients can be computed for 40 frequo cies ' spaced
equally on a logarithmic axis ovar six decades of frequency.,

h' The cross and auto spectra sums at the 40 frequencies are ;

stored .in the computer memory and on tape and are updated as
new data are acquired. These "crossp~'er" files ~ are
permanently- aval)able on tape for updated calculations of
~ impedances, appar6nt resistivities, phases,-tipper, etc., and
'can be'used as a source to reprocess the data in the event that'

one wants to-compare, say, rotated to unrotated data. .

? B. Magnetic Field and Electric Field Reference Procarsing
i, ,

The four equations for Z and Z above give six possiblexx xy

solutions.for each unknown. Sims, 1969, shows that two of the

[ six solutions are unstable on physical grounds, and of the four
l' 'rmmaining, two:are biased down by noise en the magnetic channel

and two are biased up by noise on tne electric channel. For
example, one fsra ofIestimate for Z that biases Z up due to [XY XY
noise on E is I

x

L, CxE'r> ( ErE*y> -(Hx E'y> ( ErE*r>c-
*Y ~'

( Hx *x> < HyE*y> (H E'y> (H E*r>E -
x y

,

!

L The' bias is due to the last term in the numerator, which is the
li autopower of E . .one form of Z which is bir. sed down by noise ix ry

in H is "

|.O '
!

l' (H H'y>(H h'r> - (E H'y> (H H'y>u x r x x
~ XY ~ ( H H'x > ( H M'y > - (H H*y> (H H*y>x y g x'W'

L The down fard bias is due to the autopower of Hy which appears

Q4 .in the denominator. The second' term in each of the brackets of ;

%g 2'.21 and 2.22 is termed the reference field. If Equation 2.21 ,

ph ~ in - used, the impedance is.said to be computed wi"h electric
'

4y field reference. If Equation 2.22 is used, the processing is
,

;M 'said'to be magnetic field reference processing. -

'

3[ '

[ Or.r programs allow a choics of electric or nagnetic field
# $1: ' reference and two choican of magnetic field refer.:;nce are i
&y'
y;[w)Ni5,: +
W,} *

$ i ,pd ' B-1-20
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[" v..possible,. local or. remote. Magnetic field reference is usually

used . because orthogonal , magnetic fields' are frequently'

statistically more. independent of one another than'the electric |

fields. The impedances obtained by' electric and magnetic field'
,

'

processing ~can.5e compared to estimate th noise o'r bias in the"'

data. Thus, by comparing the impedances. computed. with
different referonce fie1.ds, one can identify noisy data.

,

C. Principle of Noise Pias Reduction Using Remote Reference |'

Data'4

,

It was seen 'in the previous section that in one-station'

:MT, noise in a channel causes the eastimate to be biased up or'

down depending on which algebraic solution is used. Remote
, reference systems use uhe remote signals in the tinsor >

'
'

: estimates. .BScause' noise in the remote reference.- channel is

presumed to be uncorrelated with noise in the le.::al channels,l' ,

*

*the bias in the tensor element estimates should be'

b significantly reduced.
*

f

!. The Jffect of noise can be demonstrated mathematically. +

! .,, Lat. the- Fourier coefficients included in an auto spectral I

?| average be' A...A...A, and let each coefficient be
3 i n

where the subscripts s
[' contaminated with noise: Ai=A,+Ain ,

i

p, | and n' refer to' signal and noise. Assume that the noise has ;
, -

i. ; n
i.e. k kA I K= 0 then,h{ zero mean, g ,

~ substituting the expression for A, into (AA*> gives 3

f' (A,A*,:+ 2A,Ain + A Adin) (2.23)i i g

In the average, both A,A*i, and A A*in will always be
i in

will be small, since we also assume thatpositive, .and A,Aini

in'and A, are uncorre a e . Thus, ( AA*> is biased upward by jltdA i

noise and a tensor estimate will be biased up if the auto
;;;.

B spectral' . term appears in the numerator and down if the auto

[ .

spectral term appears in the denominator.

|! .In remote reference NT, auto spectrel terms are replaced )

with cross spsctra of parallel signals, that is AA* is replaced 'l92 f
with (A A*2) where 1 and 2 denote the local and remote stations, j

'

'
i

f//p respectively. This term can also be expanded as signal plus
,

2; noise:.
w;,

.
,

|[( < f ( ( A ,+A ,,) ( A*2i+A~2n} ) " < ( A h 2s+'\A 2s+A A 2s+A A 2n> (2.24)i i ls in m
"- nL a,

The base and remote noise nre assumed to be uicorrelated
~

.

6 ..

,,
,

\ ' ,

.
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]g wnile the. base and remote signal are assumed to be identical, j

b( , A thus, all terns but the first become.very small, leaving a oood"

''

estimate of ( AA * > . The equations for tesnor element j

estimation for remote reference MT are identical to those for j
s

single station MT'except~that the complex conjugate terms are l

from the remote reference station. ), >

:

Gamble, 1979, summarizes the equations used to calcu;.ste '' ?

MT impedance with remote' reference magnetic fields. '

Exx = ((E H*n>(H H*y,> - (E H*ya>(H H'x,> ) /Dx y x y
,

(< E H',> (H H',> - (E H*n> (H N*yx)) /Df try . -'

x g x g

z , - < < Ep,> < Hpy,> - < Egy,> < ap,> > /D (2.2s> ty

'

z - < < zy,> < HxH ,> - < Eyn x,> < a H ,> > / oyy x
f

D I' (H H'x,)(HyH'y,> - (HxH*y,> <HyH*xR>x ;

Gamble points out that choosing either remote magnetic !

ifield or electric field for. the reference field gives
mathematically correct results for.Z estimates. The remote

# ,

reference- signal appears in both 'the numerator and the j
,' ~ denominator of the Z estimates. Thus one "does not need a

precise. knowledge of the gains or phase shifts in the l...
',q ' remote references." Geologic considerations suggest the use of

the magnetic channel:~ magnetic signals are less. effected by i

local changes' earth racistivity, thus remote magnetic fields .;",

are likely to contain less correlated noise than the remote L

electric fields. Gamble's paper given examples showing dramtic !

N improvement in data quality which is possible using remote
?reference magnetic channels. The MTU remote reference system

; used remote magnetic fields as the reference field.'

7
^

Figure 2.8 shows a data set containing impedances computed
using two different reference fields, local H and remote H.
There is good agreement between the two curves which indicates, ,

that the remote reference was of limited importance at this

site. One other computation, local E, has been made for this

/

l(
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' RUN1 ' CHSTOH-CHSc/CHSb/
j SATE 1; .DEC 04.1985

;y , ,

j F hC) . Crosspowers - MT Reference is 4 * Rem H Reierer.ce .}
g, .

!

( mmmmmme

. F8 St ac k s Wtavg F8 St ac k s Wtavg F8 St ac k s Wtavg F# St ac k s Wtavg |
f
r

,' ? 1' 24 . 3 7. 11 24 .37 21 288 .23 31 18 .57 !
'

2' 24 .36 12 24 .29 22 288 .22 32 18 .58 ;
'

'36- .33 13 36 .31 23 144 .24 33 9. .69'

',34' -36 .41 14 36 .35 24 144 .24 34 9 .70 ;

5- 24 .38 15 24 .47 20 72 .28 35 3 .81 |
-

,

;f 6 24 .57 16 24 .38 26 72 .29 36 3 .49 a

'

7 .7 24 ' 26 17 24 .23 27 18 .69 37 8 0.88
.

8- 24' . 31 - 18 '24 .26 28 18 .58 38 8 8.88

W 9'. J24 .28 19 532 .28 29 18 .72 39 8 8.88- ,

18- 24 . 38 28 532 .26 38 18 .54 48- 8 8.88
,

RPPRRENT RESISTIVITY RHOxv=C RH0yx = 3 Site CHSTON-CH5a ;
.

: t:- | |. < .
.

: | :. .
,

..........~......................)....................t.......................................k.....!.3..',......i.......' a .3 ..
* '

f
'
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L 3- 1 2 -1 -2 -3 ,

|' LOGf18) FREQ - ( HERTZ.)- ,
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-

i-
' -188 .
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figure 2.8 Example of remote H reference fiold processing.
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1 CUN!! CHST0H-CHSevCHSb/
1 SATE 1. DEC 04-1995

Final' Crosspowers - MT Referer te is 3 = Loc H Reference

Fe St ac k s Wtavg F0 St ac k s Wtavg F# St ac k s let avg Fe St ac k s Wtavg |
:

1 24' .37 11' 24 .37 21 208 .23 31 18 57.

2- 24 .36 12 24 .29 22 200' .22 32 18 .58 i
e 3 36 .33 13 36 .31 23 144 .24 33 9 .69

''

4 36 .41 14, 36 .35 24 144 . 24 34 9 .76 1

5 24 .30 15 24 47 25 72 .29 35 3 .8)
6 24 .57 16 24 .30 26 72 .29 36 3 .49
7' 24 .26 17 24 .23 27 18 .69 37 0- 0.00

'a 24 .31 18 24 .26 28 18 .50 38 0 0.00
9 24 .28 19 532 .20 29 18 .72- 39 0 0.08 ,

it 24 .38 28 532 .26 30 18 .54 4e e 0.00 |

PFPRRENT RESI5*1VITY RHoxy-t RH O yx =1 Site CHSTON-CH5t.,

i : :
. ,

: :.

: :,

g g ..................................}...............................................................,.3.3........>....... ,

j i t 9 Cc !
! rEl iw <

a: -

: -fs :
'

; p ; m

,

: " ;- :.

:.a .. :
. .

.
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-
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[..
-
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-
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' '
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LOC (13) FREQ (HERTZ)
PNRSC OF' 3MPCDANCE TCNBC2 xy-t yx-3 Site CHSTON-CHSa18e .

: : :.
: : : : :
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-i.e

,
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:

Figure 2.9 Example of local H reference field processing.
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site and'those results agree closely with the two curves' shown j

although' 'there was more scatter in the computed impedances as jg
.

.

j* might be expected. |
l

1: D. Calculation of Standard Deviations -]

The assumptions involved in error analysis of HT data are
discussed by Gamble, Goubau and Clark, 1979. They assume that

.Ieach data segment analysed is statistically independent of /

other segments and that the noise on each chtnnel is 1
'

statistically stationary. They show that the variance of a

given impedance elenent Z , is given by ;
u3

''

z var (Z ) = (Ini'>(I A 1'>3 (2.26) .

>

g 2

where

n, = the differences between the measured and predicted I
values. of E for the coordinate I (X or Y). (A
different . variance could be defined for the

'

differences between H measured and H predicted.

'
'

A*j = Ar or Ay where 2.27

A*x = Hg(HyH'y> - Hy( HyH'x>

A*y = Hy(HxH'x> - Hr(HxH'y>
-

= Number of independent observations, i.e. the numberN"
,

of data segments

| D|' =(HxH'x>(HyH'y> - ( HxH*r> ( HyH'x> (2.28)

The variance of the tipper coefficients is defined in a i

methematically similar manner. )
1

The variance of apparent resistivity, phase, etc. are
determined from the impedance variances by application of the I

standard equations for propagation of errors. Sample

expressions are given in Gamble et al., 1979.

E. Calculation of Fourier coefficients'

The MrU MT analysis progran has a high frequency routine

for signals above 1 Hz and a low frequency routine for signals
o

B-1-25
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'below.1'Hz.' For'the high range, signals are low-pass filtured.

'I by anti-aliasing circuits in the digitizer, then sixth andY eighth ' harmonic discrete Fourier transform coefficients are
calculated for each 32 point, time segment, as described below.

;- 'For Lths low range,-it is desirable to calculate- coefficients
more, Hor: less simultaneously for as many frequencies as- <

possible, Hso the procedure of cascada decimation which. is i

Ldescribed later is used. !
. !

'A time series, f(T), is transformed into~ complex Fourier
' '

j frequency; coefficients F(W) using the discrete Fourier. i

transform-(DFT): I
'

l
| N-1 l'

' F(W) .= f (T) e-2em (2.29) |
,

'N = number'of time series data (numerical time) [
T = index of time series datar that is, f(T) =

f (1) . . . f(T) . . . f (N)ce
'ms

W = index of component (numerical frequency) 4
.

i = (-1)"*
7

LL Neither the actual times of the digitized data nor the actual -

L frequencies of the Fourier components appear in the
'

computation. They are.related to each other by: ;

L At~ --sampling interval (sec) !{ '

I -Nat = total time of signal '

h

N t = frequency of coefficient W,

3. W is allowed to nave any value. F(W=O) is the average value.
Values of W greater than N/2 are repetitions of lower
frequencies, and are not needed. Since our analysis programs
use only the sixth and eighth harmonics (W=6 and 8), it is
. quito efficient toc alculate them directly from the above
formula (the more complicated fast Fourier transform routine is

{ not'used). '

The Fourier coefficients for the 22 output frequencies of
the 11 low bands in the low range are calculated as follows:

1. The signals are digitized in contiguous segments 32 points
long.

2. Sixth' and eighth harmonic DFT coefficients are calculated
for one segment.

D-1-26
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3. The data are digitally low-pass filtered with a- five-point j
convolution. filter andLdecimated by two (overy second peint

'is skipped)."

. 4. 32' data from the.next time segment are processed as above.

2 .

After they have been decimated they are concatenated (added i

and to end)?with the first set of decimated data.
,

- 5. . This string is analyzed.ss in setp 2 above. ;

1

'6. The process proceeds- as above with successive cascada j.j- ,

|'dec.imation and DFT analysis.

The. above' procedure was designed specifically for. MT y

signal. analysis on m'small computer by. Wight, Bostick and smith :,

'

,(1977).- The advantages of ths. procedure are:
,

1. The : fractional bandwidth of the sixth and eighth harmonic ,

calculationsL are-~ ' appropriate for MT. No averaging over

adjacent bands .is needed as in other methods which use
longer strings of data.

2.- . calculation of only even harmonics makes it unnecessary to*

'remove' linear trends in the segments.

3. Very' little information is lost. Af ter 'the next stage of

decimation, the new sixth and eighth harmonics calculated

are' the ' fourth and third harmonics of the original data
'

.

set.

4. Real-time computation is possible.

,

e

>

i

i

*/ '

.i:

f:
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g . CHAPTER 3. INSTRUMENTATION
s

3.1' System Soecifications
, ,

i| The geophysical- apparatus used for conducting our
'

. magnetotelluric resistivity measurements was manufactured by
Phoenix Geophysics. The integrated- system includes all

"
.,.

apparatus from the electric and magnetic field sensors to the,

$ digital computer recording station. Also, calibration and
'

e troubleshooting equipment is included. A compact description
i is given -below and detailed calibration information is

presented in chapter 4.
'

~ Figure 2.2 showed a detailed signal flow diagram of the'

L magnetotelluric signals and Figure 2.3 indicated field,

emplacement of the sensors. The north-south and east-west
magnetic signals are received via two 1.8 m long mu-metal core

[ coils. The vertical magnetic field is detecteo 'by a 200 turn,
'

| 10 meter. diameter air-core loop. An extremely low noise 1
,

f chopper preamplifier, mounted at the end of each coil, is used 1

to amplify the magnetic signals. The telluric signals arei
t raceived by non-polarizing electrodes separated by a distance a,

whish is typically 100 m. Remote reference signals are
'

provided by a second. pair of coils and a second sensor '

processor.

Amplification and filtering of the input signals is t
i, provided by a sensor processor at each location. The input

- ;

circuits are diodeprotected, and have a gain switch to allow 20
dB' extra gain for low s!gnal levels. To combat the effects of
high power lirie interference, cascaded 50 and 180 Hz notch

,

filtere are included in each telluric and magnetic amplifier .'

' board. Using this scheme, the notches each exhibit an
attenuation of at least 40 dB with a Q of 2. The signals are
presented to the communications cable by isolated push-pull

. drivers to prevent unwanted pickup and possible ground loops.
The communication cable outputs are then fed through a shielded
RF filter to the digitizer.

At the recording station, located at least 100 m away from'

the sensor array, the signals are passed through anti-aliasing
E filters. Three two-pole active filters are used, and by -+ programmable parameter adjustent, a six-pole low pass- butterworth tilter is formed with an appropriate cutoff above,

i the passband'. After multiplexing, 16 bit A/D conversion is
- provided over a 110 volt range, and the digital signals are fed
into a Hewlett-Packard 9845B computer. The digitizer is
controlled by the computer through the input / output (I/0)interface. The digitizer can also be controlled manually for
testing with switches on the front panel. All equipment in the
recording station ispowered from e portable 800 watt gasoline

y., powered generator.
,

in '
|);\'
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. 3.2 Procedures and Precautigmg ,

i
A., Site Selection,. Installation and operation t

,.

In choosing a site, we wish to have as little cultural
. noise present as possible, such as power line interference,
mining operations,.- logging, etc. AC digital voltn.ater

|'
. measurements ~taken from the telluric inputs at each station '

' gave a good indication of the amount of pwoer line itnerference
L present. often anything over 10 mV results in large standard

deviations for. resistivities ~ by the amplitude of natural"

signals on any particular day also influences the data quality.

The de electrode resistance and dc voltage for each
station's orientation are also measured at each site. DC

' resistance readings above 100K ohms can result from. poor earth-
sensor contact. This is of ten the case in dry, sandy soil (a,

situation not too common in the present survey). Also, the
contact resistance can be reduced by suing a conductive paste
in the bottom of each hole. The paste is a saturated solution
of potassium chloride in ' water mixed with microscopic spheres ,

of silica known as Cab-0-Sil. The paste contacts as much of :

the bottom of the electrode hole as possible, yet the silica
moisture necessary to increase the contactgranules retain ~

Typically electrode resistances on the order of severalarea.
thousand ohms were encountered in the Charleston area. ,

i

After assessing the multimeter measurements, the site is
surveyed to place the sensors in the north-south and east-west
directions. The vertical magnetic sensor is spread out in a

;; circle.
1

The recording truck is located some distance away from the
electrodes. Typically, one person makes final checks at the

|
site to ensure a proper equipment configuration and verify|

system operation by monitoring panel meters on the sencorAfter this check the operation of the main operatinprocessor.
gprogram is begun. The operating program is highly

interactive: the operator can control or override many of the
analysis program functions. The program can simulate an analog
stripchart recorder, displaying the signals on the built-in
printer. In this mode, the operator can diagnose abnormal
signals, or decide to proceed with normal data acquisition.
Once the program is analysing data, several data plots can be
displayed on the CRT or can be printed. Since the CRT plots

are updated continuously as new data are obtained, the results
can be viewed immediately. Sites exhibiting high signal levels
and low interference are usually completed quickly, whereas
noisy sites require more time to gather enough records to
improve data quality. In some instances of excessive noise or
very. Weak natural signals the improvement in data quality is
limited.

At the noisier sites, an experienced operator can improve
the quality of the data by adjusting the acceptance threshold
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for data and turning off data acquisition ofr frequency bands
where sufficient high quality data have been obtained. By

'

adjusting the threshold, data can be acquired on bands where
signals are particularly noisy or weak.

In addition to the above operating procedures, there are
other-considerations. For example, if the electric field lines
vibrate, the earth's magnetic field will generate false
electric field signals. Thus, the ' site installation crew
generally anchors the electric field lines with clumps of sod
every few feet to reduce novament.

Finally, it is of utmost importance to keep all equipment
in good working order. Regular maintenance, such as cleaning i

'

the ever-accumulating amount of dust and dirt on the field
|equipment, changing moisture dessicants, recharging batteries, ;

and maintaining good connections wherever a mechanical electric
contact is made, is essential. This assures better data
quality, and longer equipment lifetime.

\

l

i-

,

l
|

|
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CHAPTER 4. CALIBRATION AND VERIFICATION OF i

s.

PROPER SYSTEM OPERATION
,

$' This chapter presents the procedure for calibrating the
.magnetotalluric equipment and- compares data obtained by our
system with those obtained by other MT systems. The equipment
is usually calibrated before each field project.4

4.1 Calibration Procedure Overview
<

Before the system can be utilized for recording, it is
calibrated using an external reference. The coils are drivena
by internal calibration windings, while the telluric inputs are 1

driven directly. All calibration signals are generated by an
HP 3325 function generator under control of the computer ;

calibration software. Af ter a sufficient number of records
have been taken, the calibration data are then transferred to
the main operating program. Usually, this is done at a site
where MT data will be tar.en immediately afterwards.

The MT system manufacturer, Phoenix Geophysics, has
provided a system calibration program, MTC-A4. The program
provides an excellent graphical display of the system transfer
function at 40 measurement frequencies.

The program can be operated in several modes. The program
segments have the following functions:

1. Operate a programmable signal generator and calculate
system transfer functions for

a. amplifiers alone.

b. amplifiers plus magnetic sensors.

2. Use the results of 1 to calculate transfer functions
of each magnetic sensor in units of av out per gamma in. These
results are written to sensor files.

l

3. Use the results of la to create a system amplifier
gain file.

4. Plot results and print tables of 2 and 3 above.

Examples of the transfer function plots are shown later.

The program can repeat measurements at each frequency,
under operator control, until the standard deviations of the
calibration constants obtained meet the operators satisfaction.
It is usually possible to obtain standard deviations under one
percent.

After the above measurements are complete, the program
' divides the results of the calibrations with and without'

magnetic sensors to determine sensor sensitivities. Table 4.1

" B --l - 3 1
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MT C at tilTHOUT. Senacrs ( x 1 ;. Freq 1. ( 2$$ H: St act j a 29i

C al Job: GAltlS Ott 10,10 _,,,a tv.CTY t ELH Dat e: JUL 25 1.L i t

e , C H Ati REAL ?.S D !!1 A G 'SD AMFLITULE FHA!E.

1 -134 927 . 0 $ ?. -101.394 . 0 3 ', 210.999 -151.2i+ +
_,

2 -193.210 ; . 0 9 ?. -?1.332 . 0 2 '. 21!.450 -15!.14
3 -190.50? + . 0 9 ?; -104.493 : . 0 5 '; 217.215 -151.';5,

:4 -5139.997 . 7 5 ?; -26646.492 1. 4 5 *. 27137.697 -100.?2,,
,,

\; 5 .-34fT.725 : . 2 0 ?. -24339.602 : . 3 3 ?; 24535.3S? .a ! .1 1

.. flT C al HITHOUT Senacri ( 41; Fre; 2 ( 2 '. 6 > H: Stacks = 25
' C al Job: GAItii OH 10.10 ,,__ Fu CTY C. RLH Date:JUL 25 1915 ,

1

O C H Att FEAL *5D I tt AG !.S D AMPLITUDE FHAiE.

s

1 -1S3.703 . 01 *. -26.TOS : . 0 2:. 1S5.635 -171.T3+
,

2 -194.220 .03:; -21.112 + . 0 5 ?. 195.364 -173.30
3 -15$.062 . 0 2 ?. -31.595 .04'; 190.697 -170.46+

,
'4 +1647.229 : 4. 3 8:; -26547.260 1 2. 6 0 *; 26 5 9 8. 31 '$ -Si.45

.

. 3 6 ?; -23432.0115 +4232.381 . + . 5 0 '; 23S6) 303 -79.i6+

M T '" a l HITHOUT Sensors (x1) Freq 2 ( 216 ) H: St acks= 25
, C al Job: GA!115 OH 10,10 ,,,_ Fy CTY 0 RLW Date1JUL 25 1995
1,

| CHAH. FEAL ?."i D IMPG !.S D AMPLITUDE PHASE

1 -133.657 + . 01 ?; -26.65? + . 0 95; 135.581 -171.74,

2 -194.165 3 . O l '. 21.029 3 . 0 7 ?; 195.300 -173.82
'

-

3 -1S8.021 + . 01 *. -31.542 + . 0 7 ?; 190.64S -170.41_

4 +121?.272 5.14 ?. -24535.642
L 5 +4161.T12

,,

. 91 ?; -23152.740
_

1.00; 24565.91S -37.16+ +
,

,,

. 2 0 !. 23523.503 -79.51+

HT C al HITHOUT iensors ( x t '> Freq 3 ( 144 ) H: St a:k J = 25
~ C al Job: CA!!is OH 10.10 By CTY & PLH D at e: JUL 15 1985

CHAN FEAL ; i.D IMAG '.S D AMPLITUDE FHA!E
1-

| 1 +15.602 . 0 ? ?. +49.724 + .06; 51.162 +T2.24
; . 2 +21.373 + . 0 5 *; +43.675 . 0 9 '. 53.160 +66.29+

| 3 +15.559 - 05 ?; +48.053 I . 0 3 ?; 50.510 +72.06 '

' ~

S 5 *. -1??S.509 7 . 3 9 *. 6735.212 -164.6?4 -6496.151
5 -6882.268 [ 1 1 '. -2227.314 3 . 0 7 '. ?233.163 -li2.0i

. . ~

f1T C al ll!THOUT Sensors (x1) Frea 4 ( 108 ' Hg St act a m 25
C al Job: GAINS OH 10,10 _,,, By CTY FLH D at e : JUL 25 1PS5

CHAtt FEAL *SD 1 HAG *SD ANPLITUDE PHA!E. .

1 -273.684 . 0 3 ?; -26.160 ; . 0 5 '; 274.9'' -174.54+

2 -2S6.4SI + . 0 4 ?. -13.868 . 0 5:. IS6.616 -177.2*+

3 -275.232 [ . 0 3 '/. -27.155 [ . 0 5 !. 276.615 -!?4.37
4 +31932.0S2 . ! ! !. -13430.138 + 44. 3686?.064 -29.??+

,

| 5 +29093.384 + . 0 5 ). -16??S.530 .12?; 33584.3T9 -2 ?. ??,

Table 4.1 (a). Sample printed output of calibration program.
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MT'C6) HITH0VT' Sensors (x1) Freq 5 ( T2 > H: $tkcksa 25
Ck1' Job: GAltis 0:4 10.10 _ IV CTY t R Lla D at e: JUL 25 1935

C Hati RE A'. !;3 D IMAG *SD AMPLITUDE PHASE.,

., p
'

1 -239.385 + . . 0 3 *: +T.074 . 0 4 '. 23*.471 +178.60
2 -297.287 . 0 3 ?. +33.T03 1 . 0 4 ?. 299.191 +173.53

'

3 -2?3.509 . 0 3:; +10.?TO 1 . 0 4 ?. 294.014 +177.$6
1. 30!: 351TS.!3T -10.69| .4 +34567.327 . 6 6 !. -652i.740 ++

l. 5 +32426.46? I .12' -7110.192 7. ' . 3 9 '; 33211.955 -12.49 .

,

- _ ,

t' MT C al til T HOU T ienaces ix1) Frea 6 s $4 > H: itackia 25
C al Jot: GAltit Ott 10.10 _ Ep CTY u F Lil rate 1 JUL 25 1935

CHAti EEAL *;$ D IMAG .SD AMPLITUDE PHASE

1 +16.993
,,

. 1 3 *. -120.940 . 0T* 122.131 -82.00 ,+

2 +10.467 : .14*. -125.215 . 05:; 125.653 -$5.21
.06; 123.222 -32.06. 10 '; -122.0423. +17.013 '++

'4 -4595.232 7 9. 7 6 *; +6710.263 7 6. 23:; 8132.883 +124.40 t

5 -4210.020 3 3. 4 6!; +4553.299 3 .75% 6201.360 +132.76

MT Chl HITHOUT Sensors <x1) Freq T ( 36 ) H: St ack s= 25 '-

Cal Jot: CAltis CH 10.10 _ Ev CTY t RL t4 D at e: JUL 25 1998 :

CHAH PEAL :;3 D IMAG :;S D AMPLITUDE PSMSE
--

1 -162.360 . 0 3 ?. +2?2.134 + . 08:: 233.566 +125.05 ,,,-

. 0 T *; 296.397 +122.06+ . 0 3 ', +251.1742 -157.343 +

3 -165.219 7 . 0 2 '. +2?4.756 7 . 0 T': 287.067 +125.14
4 -3727.1$1 3 . 10 *; -37567.66T 3 .10!; 37752.106 -95.6T

.0$% 36808.383 -90.155 -96.503 . 0 3 '. -36909.256 '+

MT C al HITHOUT iensors (x1) Freq $ < 27 ) H: ?thcks= 25
C hi Jet: G A l tii Ott 10.10 _ Ep CTY 8 RLH Date:JUL 25 1?95

1
i

| CHAti REAL !;1 D IMAG !;iD AMPLITUDE PHA$E

| 1 -319.257 + . 04? 335.526 -162.08. 0 ?!; -10'3.214+
'

L 2 -336.339 + . 0 3 '- -99.220 7 . 0 5 *. 350.T17 -163.57.

3 -320.259 7 . 0 2 !. -105.531 7 . 0 5 ?; 337.190 -161.76
'

4 +46433.$32 I .23?; -5276.602 7 . 0 2 ?: 46T32.729 -6.43
5 + 4.3 3 20. 0 21 3 . 0 4 !; -2276.T63

"

.05% 43379.310 -3.01+

MT C al HITHOUT Sensors (x1) Freq 9 s li ) H: St ac k s = 25
C hi Job: GAlt43 OH 10,10 _,,,,, E v C T Y t RLH Date:JUL 25 1935

C H Att FEGL !;S D INAG %$D AMPLITUDE PHAEE
r-
F

. 0 8 *. 352.007 +159.24. 0 2 '. +124.T61i ! -329.156 ++

| 2 -333.064 7 . 0 3 !. +155.434 I . 0 T *. 367.543 +154.??
i 3 -331.420 7 . 0 2 !. +133.297 I . 0 T '. 357.40$ +15S.10

4 +40735.700 7 .51. -27713.291 7 5 4 !. 49268.394 -34.23
5 +37?43.613 [ . 0 5 !. -25751.598 [ . 10 !. 45773.393 -34.23

I

L

Table t.1 (b). Sample printed output of calibration program.
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M ' is.a sample of the printed output of this program.g

* The program then combines the results of the previous
operations into'a calibration data file that can be read by the
main MT analysis program. The channel transfer functions are
extrapolated to the lowest frequencies and tables and plots:are '

made of. system transfer functions. Figure 4.1 is a sample of
- the plot output from this program.

All of the magnetic channel gains determined by the above
procedure are within a few percent of one another, as are the
electric channel gains. This good agreement indicates the

a - precision with which the separate amplifiers are constructed. !- Figure 4.2 shows the normal operating configuration for the E i

channels and Figuru 4.3 indicates calibration of the E
'

channels. Similar figures apply to the magnetic channels. -

Calibration. data obtained in the above procedure are on
file'at'MTU and can be supplied on request. Further details

,

and the use of the calibration factors can also be supplied. i

4.2 Performance Comoared to Three Other MT Systems,

Besides absolute calibration performed on our MT systems, ,

it is useful to compare the results with those obtained from
other tensor MT systems. Our equipment was compared with
others 'in testing done in August. of 1984. As part of a

,

National Science Foundation sponsored study, four MT systems
were operated and compared at six sites in various types of

,

terrains. The participating institutions were: Michigan
Technological ' University, University of Utah, University of

| Oregon. and Centro de Investigacion Cientifica y Educacion
'

Superior de Ensenada (CICESE, Baja California, Mexico). Each
; group occupied each site for a twelve to twenty-four hour

period. The results at ona of the sites are shown in Figure
L 4.4. We consider the agreement to be excellent.
1

!- It is worth mentioning that all four MT systems were'

L engineered separately and differ significantly in hardware and
I software details such as electrode lengths, type of magnetic
L field sensors, and signal processing algorithms, etc. It is
| also worth mentioning that the MTU system operates at higher.t.

L frequencies and is more portable than any of the other MT
L systems.
u

I~

i
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PHOENIX GEOPHYSICS' '

k MT-SYSTEM CRL FILE I
'

.1

l'

A
'

1

|SYSTEH CALIERATION FILE Date Made: AUG 04 19$5

H-Chan Hi Pass: .0031 H: E-Chan Hi Pass .035 H:
,

'

HC Cal: SCT */24/65 Ey JCR RLW HC- File: HC- t
,

.C al ' Progr am: NTC-64 Revision: AUG 18 1983

Digittzer: D204

Digiti:er Channel Sensor Ecx Sensor
i

Ch anne l 1 < Hxt > SE217 none
Ch anne 1 2 ( Hy1-) SE217 none
Ch ann 1 3 ( H: 1 ) SE217 none

. Channel 4 ( Ext ) SE217 none
^iChannel' 5 ( Ey1 ) SE217 none

1000 EXTRAPOLATION FOR CHRNNEL 1 ( Hxt )"

+

H2 FREQ GAIN - 36.0000
CORNER FREQ - .0045

l-
|*

-

''

N 100 -

g' <- EXTR;POLATED

o.
vs
o _

" f (~
E / /; -
o

-e
o
A 10

'

-

m :, .
: : ::

,: i i ii,

I! !! :i ii
:: :: :: ::
a t : ::-

: : :: : ::
'

: : :: : ::
: : :: . : ::

i i !! !! !!
!

40 35 i

( Frequency Number
i

F1 ure 4.1. Sample transfer function plot for channel 1, H6 x
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E Channel Line_ -
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& & Muu Digitizer L t o HP. 984 5

-

Notch Anti Alias
Filters -

Filter -

to
9

H
:

Time Ikwaain:w
e v (t) : e (t) = vme(t)se e vme(t)a (ndt) D c (ndt)e

e e

Frequency Domain:
Yse(ss) A (m) = Vme(m)e

Vme(m) D = C (m)e e

Total System Equation:
Vse(m) A (m) D = C (m)e e e

NOTf5: indicates convolution

A (t) is the impulse response of the electric field channel and a (t) = DtT' A (s).
The discrete Fourier transform (DFT) q iantities, V

,

(m) etc. are understood to represent.V (a e,) where w, is the fundamental frecuency of the transformation.
dt is the time between samples and n is the sample nnmber

.

.

Figure 4.2. Normal operating confia;urauon for E channel..
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-- - Filter

_

_

w .

9

Y Reference
w Channel

: Amplifier

e -

G
F

_

.

e (ndt)se(t) 6 (ndt) Dg(t) K a (t) = vse(t)Time Domain: y =cv
ee

r (ndt)v (t) G er(t) er(t) 6 (ndt) D =c= v y
rg r

me(m) D = C (a)Frequency Domain: V (m) A (m) = Vme(m) Vg e e e

V (m) G =Ver(m) Ver(m) D = C (m)
,

g r r r

C (m) C (m). A (m)Solution for Gain V (m) A (m) D =

E * * * * *
D =DFactor: =

O (' *
V (m) G D = C (m) r rg r r r

,

Figure ?,.3 Calibration of E channels.
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CHAPTER 5. FINAL PLOTS AND TAELES

While the MT system is accumulating data, a considerabla I,

L amount of information is available. Any of the quantities
,

| discussed in Chapter 2 can be displayed on the computer scresn '

[ or printed. When the work at a particular site is finished, a !-

I complete set of plots and tables can be generated. We discuss 4

L here' the type of information which is presented in the- data |

volume accompanying this report. The data format used as a '

sample in this chapter includes high range and low range data,
which covers the frequency range 1 to 0.00055 Hz. With the
exception of the strip chart discussed in the following
section, all of the information discussed below is tabulated
for each site and bound in the data volume which accompanies
this report.

5.1 Strip Chart Output *

'The' printer of the HP9845 can be programmed to simulate a
strip chart recorder. The strip chart mode can be selected in '

the initial stages of recording, but not while data are being
analyzed. Figure 5.1 is a sample of strip chart output showing
typical MT signals. The header identifies the individual
channels and gives the gain (the top number) and offset of the
chart record (the bottom number). The units are in digitizer
counts where 232,768 = *5 volts. Channels 8 to 10 are not used
in our equipment while H and H are the remote magneticr2 y
reference channels.

The amplitude and range settings are for display purposes
only 'and are not used by the analysis programs. The display
also lists the time and the site name at one minute intervals.
The plotting is done in bursts from a buffer, so no data are
lost during the printing of the headers or the times. The r

sample traces exhibit characteristics of typical strong MTi

| signals. There is a dominant frequency of about 1 1/3 cycles
per minute present in the plots. The incident magnetic field

,

produces signals on the H and H channels that are veryx y

similar for the local and remote channels. The electric field
signals Ex and E are very similar indicating a dominanty
electric field which is about 45 degrees from one of the
principal directions (N-S or E-W). The original E and Hyix3

fields have a similar form indicating the Rho X-Y impedance
relationship which is computed by the program. Similar
statements hold regarding E and H .yi xi

5.2 Header Page and Operator Log

The first page of the data output gives site-specific
information from the operator log record en the field tape as
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Figure 5.1 Chart recorder output produced by HP 9845 graphics. The first number in
each header represents the range of the chart. The record number indicates
the offset.
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| .shown in the left-half of Figure 5.2. Most of this information
i is for site identification and to provide the interpreter with
| details pertinent to the particular site such as preamplifier
I gain settings, calibration files used, and the processing used.
| The third line from the bottom left of the header page |indicates mathematical rotation of the data. All the data

tabulated in the data volume have been rotated to the principali

I axis direction. Thus, in all cases Rho-max is plotted,
: tabulated and labelled as Rho-xy and Rho-min is plotted,

tabulated and labelled as Rho-yx.

The middle. portion of the header page lists the electrode
resistance, de offset voltages,a nd broadband ac interference
voltages measured at the sensor processor electrodes by the i
field crew at the site. This information is not used by the jprogram but is printed as a convenience for assessing problems !

at a site.
.

5.3 Accarent Resistivity and Phase of Rho-max and Rho-min

These apparent resistivities are calculated. from the
tensor impedance estimates. They are plotted on the left-half
of Figure 5.3 and tabulated on the right-half of Figure 5.3. |The error bars plotted are plus and minus one standard,

I deviation. The standard deviations are tabulated as a percent i

of each resistivity estimate in the right-half of Figure 5.3.

The phases of the rotated resistivitis,s are presented |

below the resistivity plots. For a uniform earth, all the data
for Rho-xy are located at 45 degrees and for Rho-yx at -135 |
degrees. For a flat layered earth, the first set of. phases I

would be entirely between 0 and 90 degrees and the second set
entirely between -90 and -180 degrees. Note that 40
frequencies are tabulated and for each the number of data
records stacked to perform the impedance computation is given.

Smoothed apparent resistivities are plotted on the left-
,

half of Figure 5.4 and tabulated on the right-half of that t

figure. The smoothing routine makes it easier to interpret !
noisy MT data in terms of flat 1:yers. The routine weighs each
apparent resistivity datum according to its error bars, its
deviation from a smooth curve and whether or not it lies on a
slope of less than plus or minus 45 degrees compared to
adjacent points. The smoothing routine is generally very

| useful in eliminating small fluctuations in the sounding curves
| due to the random nature of the MT signals. The smoothed

resistivity curve presented in Figure 5.4 is based upon remote
H reference processing. Often the high frequency points at 72

| Hz and 288 Hz are clearly displaced from their proper position
. by power line interference or can be seen in Figure 5. 3. In

'
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covere: . cases, we have edited out these " flyers" and others
'

'cince they are clearly in error. The data which have been
removed are indicated by zeros in the data table.

'

5.4 Bostick One-Dimensional Inversion
,

_This commonly 'used computation converts appareit'

resistivity data .to a continuous. resistivity versus dep;h
function. The computation is an approximate method of ,

'

converting apparent resistivity and phase data to a- continuous
function of interpreted resistivity versus depth. Bostick, 1

Smith and Boehl_(1977) show that data at each frequency may be ]
converted to . interpreted true resistivities and depth as !

follows: j
l

1. Apparent resistivity and frequency are combined ~ to !

find.the depth.

D = : (p, / wp) W = 319 (p, / f) v2
|2. .The resistivity at that depth is found from the value

and slope of the apparent resistivity curve, according to |
Bostick's formula |-

P dlogp 3
1 ~ dlog |

'O " Ps dlogp
l + dlogy s

where

p = interpreted true resistivity

p, = apparent resistivity
w = angular frequency

This formula is determined from the two layer model
calculations based upon two extreme cases: 1) a perfectly
conductive second layer, 2) a perfectly insulating second
layer.

Since small random errors in apparent resistivity have a
relatively large effect on slope calculation, and since phase
data tend to be smoother than apparent resistivity data,

Bostick recommends using phase data to compute the derivative

in the above equation. It is possible to use phase data
because of a theoram which states that if a system transfer

i function is of the type called minimum phase, then the

L
amplitude and phase of that transfer function are related by a

Hilbert transform. The electromagnetic impedance of a layered *
,

earth is a minimum phase transfer function. Bostick presents a
;

1 relation. between phase and apparent resistivity which is a

| B-1-45
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. linear first order approximation of the Hilbert transform-
,

d (logp,)
= (8 (w)/4 5'-1)'d(logw)

where is the phase in degroos. Thus, a phase which is always
45 degrees: gives a zero slope for the apparent ' resistivity ;

', curve. The three equations given above are those used in the ;

Phoenix Bostick 1-D inversion subroutine. It is normal for.the.
phases of Rho-yx to be in the third quadrant, near -135 t

,l degrees. These phases must be moved to the first quadrant by
adding 180 degrees before being used in the above formula. The
Bostick inversion based upon the remote'H reference apparent'
resistivity is shown on the bottom left-half of Figure 5.4, and

'
the values-of interpreted resistivity and depth are tabulated ;

on the -right. (The reader should substitute the term j
" interpreted Rho" for "true Rho" in the headings of these
tabulations.) In cases where-the Rho-xy and Rho-yx values are
, significantly different the Bostick 1-d interpretations are
' invalid.

'

5.5 Tipper Magnitude and Phase
;

Sample plots and tables of these quantities are found in
the left-half of Figure 5.5. Tipper magnitude is defined in, ,

Chapter 2. .The tipper phase is the phase of the complex number
T, rotated to its maximum value; it represents the phase ofx
the vertical component of magnetic field with respect to the
(maximum) horizontal component of magnetic field. These
quantities are tabulated on the right-half of the figure.

5.6 Skew, Ellipticity, Tipper Strike and Impedance Strike

Tipper strike, aus used in our analysis program, is defined
as the direction of Ty (Equation 2.11) when Tx is rotated to a
maximum. Tipper direction is found by subtracting 90 degrees
from the tipper strike value. Impedance strike as used in our

j program should be more correctly termed principal axes or impeda-
nce maximum direction. These quantities are plotted on the left-
half of Figure 5.6. For a two-dimensional earth, such as that
shown in Figure 2.5, R-max is either perpendicular or parallel to
the strike of the geologic structure. For the same earth model,
the tipper should be at right angles to the strike. Thus, for

,

good data over a two-dimensional earth, R-max and the tipper
should be either parallel or orthogonal. If the earth is appro-
ximately flat layered or isotropic at a station, the tipper
should be weak, and the direction of R-max would be undefined.
This effect would give high data scatter in the plot of impedance
and tipper orientations. The data in Figure 5.6 show good agree-
ment between T strike and Z strike. The data plotted on the left
of Figure 5.6 are tabulated on the right-side of that figure.
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L 5.7 E, H and Ordinary Coherencies ,

,,

These _ quantities, plotted in the left-half of Figure 5.7

and tabulated on the right-half of the figure, are the most

fundamental indicators of data quality. For examplo, the

first, which' should most correctly be termed "E E-predicted

coherency", is a test of how well the impedance estimate

multiplied' by the observed magnetic field predicts the observed
electric field. E E-predicted coherency is defined by Swift

(1967) as

coh (E ',E ) E +E[, E . / ( E g. P.V2.g g*,.V2)P J

i i i i ,

where i = X or Y, E[ = Z Hix y + ZHiy y
;

'

Pand E E*i' = Z H E*i+ + Z H E'i.i ix x iy y
u

and the Z x and Z are the Z estimates.i iy

The H and tipper predicted coherencies are defined

similarly. The predicted coherencies would be almost unity for
'

excellent data. Predicted coherencies below 0.7 are regarded

as poor data. The cutoff for data rejection may range from 0.7
to 0.95' depending on accuracy needed, field strength, and time

L available for a given site. The data for this station were

| quite good with only those points between 1 Hz and 10 Hz being
'

of lower quality.

5.8 Amplitude Spectra, E and H

Figure 5.8 shows the telluric and magnetic signal

; amplitude spectra. These quantities are generally omitted from
the accompanying data volume but are shown here to indicate the
general characteristics of the signals recorded. Note that the

weakest signal strength is found in the so-called " dead band"
;

| which is typically from 10 Hz to 0.1 Hz. Also, the depression

| near 100 seconds is probably indicative of two different source
' mechanisms.

|

.

*
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CHAPTER 6. CHARLESTON, SOUTH CAROLINA FIELD AREA
,

'
6.1 Introduction

The NT measurements were carried out along two-

perpendicular lines within 100 miles of Charleston, South
Carolina. The purpose of the survey was to obtain deep
geophysical data that might elucidate the source mechanisms of
earthquakes in the Charleston area, the most famous of which
occurred'in 1886.

The find area has been the subject of a large nubmer of
geophysical investigations, summarized in Rankin 1977 and Gohn,
1983. MT was selected as a tool that could compliment these
measurements to provide deep coastal data related to the
transition from brittle to ductile crust.

6.2 conduct of Survav

The survey was carried out between October 27 and November
9, 1985. .The MTU staff consisted of principal investigators
James Rogers and Charles Young and assistants Mark Kitchen and
Steve Ruotsala. Sidney Brandwein from Law Engineering was
present from October 29 to November 2.

Initial selection of sites was carried out by personnel
from Law Engineering. They selected eight sites in a line
parallel to the coast and four sites in a line perpendicular to
the coast. The lines crossed approximately at Summerville.
The sites were assigned a priority and an order in which they
were to be occupied. Each was given a name based on a nearby
town or geographical feature. The sites and their three letter
codes are shown on the map of Figure 1.1. The survey commenced
with calibration measurements at the Edisto River Site (EDO).
It was discovered that one of the remote reference
magnetometers was not functioning. It was necessary to
commence data acquisition without remote reeference (the local
magnetometers were used as signal reference). A replacement
magnetometer was obtained from Phoenix Geophysics in Denver.
While the magnetometer was in transit, two other soundings were
made without remote reference (Frances Marion South and
Ridgeville). The remaining soundings were conducted with the
remote reference magnetometers.

In order to obtain data at the longest possible period of
1,800 ceconds, it was necessary to record for a minimum of six
hours.

6.3 General Accearance of Data
The characteristics of the apparent resistivity data

described are common to many sites, although considerable
variation is present,

1. The high frequency assymptote is approximately 10 ohm-m,
.

1

B -1 - 5 2
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' representing near surface sediments. Rho-max and Rho-min are
4

nearly equal in this frequency range.

2. Apparent'resistivities fron. 8 .Hz to about 0.2Hz are lower, 1

l2 to 3 ohm-a, representing deeper sediments.

3. Below about 0.2 Hz, the apparent resistivities rise,

,
presumably due to resistive basement, perhaps oceanic coastal

! material, also Rho-max and Rho-min diverge at these i

I

-frequencies.
1

6.4 Summarv |
|

The contents of this report and the accompanying data ,

volume constitute the principal items produced on this project. |
The nonrotated impedance data which have been fully tabulated

'

in the data volume allow interpreters to rotate the data as i

desired and to thus compara measured results with any two
dimensional models of interest. The plotted data shown in the
data volume have been rotated frequency by frequency to the
principal axis and tabulated so modeling could also be done
using these data without the need to rotate to the principal
axis. The one dimensional Bostick inversion provided gives
guidance for an initial estimate of appropria*:e two dimensional
model.

,

i

I

l'
;

1

|
| 1

| \

\ |

|

,
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MAGNFIUTELLURIC 3)U!OI!GS IN THE CHARLESION, SOUIH CAIOLI!A ARIA j

|u' |

| $
,. ,

Y
C.T. Young , M.R. KitchenII, J.C. PogersIII, J.C. Mareshal and S. BrandweinI

i

i

ArsrRACT ;
;

Magnetote11 uric soundings in the Charleston, South Carolina area i

have oeen interpreted to reveal (a) conductive upper layers !

corresponding to coastal sedinents, (b) a thick resistive layer,
(c) a conductive bottom half space. The resistive layer is |
between 5 and 18 km thick and corresponds to a non-reflection |

sone in CCCORP dc.ta. The bottom half space corresponds to deep :

00 CORP reflectors thought to be sedinents. A buried thinning of i

th6 resistive layer to the north is interpreted as the deep boundarf ;
of the South Georgia rift.

!

!

Magnetotelluric' (MT) profiling was conducted near Charleston, South :

Carolina to investigate deep crustal structure and to provide parameters for i

.an integrated geophysical nodel of the area. These soundings were carried out :
:

by Michigan Technological University as a subcontract for Law Environmental
Services, for the Nuclear Regulatory Conmission. This paper presents one t

dimensional nodels of the Mr soundings and conpares them to other geophysical
data, j

P!ftSICAL SETTI!G t

,

l
,

| The study area is' situated on the energed part of the Atlantic Coastal ;

i- Plain near Charleston, South Carolina. The Atlantic Coastal Plain is an '

eastward-thickening wedge of gently seaward dipping unoormolidated and
*

t
' semiconsolidated sedimentary rocks. These sedimentary rocks taper against the ,

crystalline rocks of the Appalochian Orogenic Belt and thicken to note than ;

one kilometer near the coast in southeast S>uth Carolina [1].
*

|
'
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Test holes (CCil,CCt2,CC43) about 25 km southeast of Sunsterville have
penetrated 750-775 meters of Nrtiary and Upper Cretaceous sediments and a
basalt la3er below the sedi::ents [2]. CC43 passed through 257 meters of the
basalt and bottomed at 1031 m in 121 meters of terrestrial red beds.
Interpretations of seismic refraction data (3) suggest that CC63 bottomed
within 100 meters of the crystalline baserent cf pre-Mesozoic age.

The geology below the Atlantic Coastal Plain has been interpreted from
rock fragments found in the conglomeritic red beds of CCl3 and from
geophysical studies in the area. Three major rock provinces have been
identified: the Northern Province, the Central Province, and the Southern
Province [4). The !brthern Province is near the Fall Line in Georgia and
South Carolina and is an extension of the Appalachian Piednont below the
Coastal Plain rocks. The Soutnern Province is located in southeast Georgia
and Florida, and consists of undeformed Paleozoic sedimentary rocks that are
underlain by felsic volcanic rocks and granitic plutonic rocks of Paloosoic or
Proterozoic age. The Southern Provinco is thought to be part of the African
Craton that was attached to the ! brth American continent during the closing of
the proto-Atlantic. The Northern and Southern Provinces are separated by the
Central Province, which is a wide unexposed basin containing lower Mesozoic
continental rocks and associated mafic igneous rocks. This basin caprises a
large continuous rift system conposed of many individual basins known as the
South Georgia Rift [5). This rift trends east-northeast and is a possible
extension of the rift associated with the opening of the Gulf of Mexioo. The
basin and the flanking crystalline rocks are intruded by north-trending and
northwest-trending diabase dikes. The area is also intruded by mafic and
granitic plutons. The dikes and plutons are visible on gravity and magnetic
anomaly maps. The meizoseismal area of the 1886 Charleston earthquake is
located within the South Georgia Rift where dikes of different trends overlap.
The basenant below the Central Province is poorly understood because of the
thickness of the overlying basin rocks.

PRINCIPLES OF THE 1%GNDICTELLURIC MDn00

A qualitative description of the magnetotelluric method is presented here
to illustrate the significance of the survey data. Sunnaries of principles
and exanples of MT surveys are given in [6] and [7) .

The MT method utilizer natural transient electric and magnetic fields to
determine the surface electromacretic inpedance of the earth. These fields
are generated by the flow of charged particles in the ionosphere and to
distant lightning storne. The electromagnetic Lga%ce expresses an assumed
linear relationshp between the applied magnetic field and tw resulting
electric field. The observation depth of a given measurement is dependent
upon the frequency of the detected signal and upon the subsurface resistivity.
Iow frequency electromagnetic waves penetrate nere deeply than high frequency
waves. Waves of a given frequency penetrate deeper into resistive rocks than
into conductive rocks. The inpedance is usually expressed as apparent
resistivity and plotted as a function period. These plots resemble a highly

. snoothed electrical log with an axis of frex:Juency rather than depth. The
structures giving rise to these curves are determined by conparison of the
data with synthetic data conputed from rodels.

1

*

B-3-2

-_-_________ - _--_ - _-___ - - _ - - _ __



i

!
<

I

!

For this survey we e mleyed rc. te reference :ecording; that is we !m
recorded two horizontal conpanente of electric fieM and three orthogonal i

conponents of mgnetic field at the survey station, and siruitaneously
recorded two componets of reference m;netic field at a station a few hundred
meters away. The referenco field was used to itprove the signal to noise
ratio. Coincident signals were considered to be correct and non-coincident
signals were assured to be noise. This procedure reduces noise due to circuit !

. noise or local ground vibration.
'

The horizontal electric and magnetic fields are used to detemine the
inpe3ance tensor, which is usually mathematically rotated to the principal l
axis. The direction of principal axis (1.<pedance axinum) and the ration of !

the maxinum to mininum irpedance express the electrical fabric at the
measurenent site. |

'

The vertical conponent of the magnetic field is used to define a magnetic
field transfer function, which is also used to reveal the electric fabric of i

the area. If the earth consists only of flat layers, there will be only !

uniform currents, but if there is a more conplicated structure, electric i

current will concentrate in conductors. The magnetic field of a concentrated I

current curls around the current, as described by the right hand rule, and
thus a horizontal current concentration will have a vertical magnetic field !

cecponent on either r,ide of it. The ratio cf the vertical magnetic field to !

horizontal magnetic field conponents, known as the magnetic transfer function, ,

is a tensor consisting of phasors. The axes of this tensor can be *

mathematically rotated to maximize one coqx>nent, thus iinding the direction .

perpendicular to the orientation of the current concentration. We will
display the direction and magnitude of the maximited rotated transfer j

function, with the real and imaginary parts rotated separately. .

FIELD P N M

Twelve stations were occupied along two lines crossing at Sumnerville,
South Carolina, One line, A-A', on Figure 1 was approxitately parallel to the ,

coast running NC-Si and the other, B-B', was approximately perpendicular,
rrunning !M-SE. The figure also indicates the epicenters of earthquakes [8]

and COCORP lines [9]. |

The recorded time series were analyzed in the field to obtain inpedances, j
apparent resistivities, magnetic field transfer functions and other related
quantities. The irpedances were used to corpute layered nodels at each site,
which are discussed below.

RESULTS

Figure 2 presents apparent resistivity curves for each site. The data I
'

have been rotated at each site to obtain :.axinum and mininum values.
Typically, at a given site, the maxinum and minirum resistivities are nearly ,

identical at short periods, indicating a locally flat layered earth. !

The apparent resistivities generally drop at interrediate periods, rise
at longer periods and drop at the longest periods. This sequence reflects the

B-3-3



_ . -- - . . - . . . - . - . = _ - . _ . _ . - _ _ - - . - - -

s

- 33*30'1 i i i i ,

B'
'""

er .
ono

33'15'- -p g %. !,

~

\# ..v
,,, % a M X %

o senedonme 33*00' \
_ -

cocon9in s 4
40 to

>, y ,'"' ,

( l's ca.n..e..
a... B -

o s..a ...a.,. 32 45'-_ - -

;

o sonu !
!

A c== !! ! 1 | p

80*45' 80*30' 80*15' 80*00 79*45' 79*30' |Figure 1 Location of stations (dots) and station identification 1

(three letter oodes). A-A' and 8-B' are the profiles used for :
I cross-sections in Figure 3. Rooent earthquakes [8] are indicated by ;

open circles and C000RP profiles are indicated by dashed lines. The
t

heavy dashed line indicates a boundary determined by the Mr survey, (and is discussed later. j

!

variat!.on of resistivity with depth. The maximan and mininum aprent |
resistivity curves diverge with increasing period, indicating tat the earth
should be nodeled in tw or three dimensions at these frequencies.

One dimensional nodelling assumes that the earth is flat layered at each
,

site. To approximate this condition, the apparent resistivity curves are
forced to a single effective apparent resistivity curve at each site by !

conputing the average of the maxinum and mininum inpedances. Forood one |dimensional nodelling is used to obtain starting models for tw or three
dimensional models, and for preliminary interpretation. We found nodels
matching the effective resistivity and effective inpedance phase and present !

I them in Figure 3. The cross section also shows the hypooenters of earthquakes
| [8] and the 0000RP lines [9).
1

.

,

t

,

B-3-4

,

, _ _ , _ , _ _ , . _ _ , _ . . . _ - . _ _ . _ , _ . . , _.- .._._ , . _ _ . _ _ ,, . . . _



.__ _ _ _ _ _ . _ _ _ _ . _ . . . _ . _ . _ . .. .

i
t

?

t

Aim

: /.- :
.r. . .

...... t
** 1

-

y ,,

. *# {
*

d' |[ ,, gpg
A.....

j', [* rus,

'' |

|I,c ..... - WTH

l pw w m e.oooi i t ., /c .. .. ;
.

,' i- ,. '

.. ,- '.Y, . . ""% ;
. . . . ' . . , . , , ;

,, - . . ,
,

- som '4.. - 33 |

- cHe
-EDo

: J. . . . , l-
.-

.. asp . .

.. ..
,

...... ,

m." [
*

'C"' o

,- ms - - unsmus ;-

t-

, , , |......

eo so so 7s so ;

Ficnite 2. Apparent resist.ivity curves for all sites. 'ne upper curve at gach i

sitie is RhcHnas (solid line) and the lower curve is Rho-mia. Each curve is in !

its correct geographical position. The scale of all the curves is identical ,

and is preented for the upper left curve only. ;
.

.iES o _ . '' g ", % . . , .

"*
** w. ..

. _ '. _; ;, .,

. .- .-; -- , ,t- *-

!*. ..

!* '" i- ..*- ,

. .
. .

. . , ,
.,,,

\ ~ , , _ " *
[ m .._ ... . . ,,, ,

| i
. . , , _$._ - - -

,

;

.---r., . . ;...
, "'
'

-

,.
. - _ _

l , , _..

,'
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effective inpedance at each site. The triangles at the top of the sections r
'

indicate the sounding locations. Layers are labelled with their interpreted
resistivity in ohm-e. COOORP profiles are indicated at the top of each

'4

profile. a. NE-SW profile, A-A'. The approxicate hypocenters of the
earthquakes reported by (7) are indicated by circles on cross section, b.

,

!W-SE profile, S B'. ,
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The nodels show four layers. The top layer is noderately condactive (12

to 312 ohnMn) with thickness ranging from 200 to 400 m. Se second layer is
conductive (1 to 4 olutMn) with thickness ranging from 200 to 400 m. These tw
layers correspond to coastal sodinants. 21s is underinin by a high
resistivity layer (3000-20000 o}vrMn) which is very thick (5 to 18 km). These
high resistivities are typical of continental igneous rock, especially dry
granite. Below this thick resistive layer, the model consists of an,

:.nfinitely drtp half-spnoe which is maderately conductive (77 to 373 ohnHn),
he top of the resistive layer is approximately the same as the depth of
mapetic bodies in the area [10). The bottom of the resistive laywr sh:ui a
step offset, and is shallower to the northwest and northest. 2s offset is
indicated by dashed line on the nap of Figure 1. Se resistive layer
corres m 5s to a region of no seismic reflections on the 0000RP profiles.
Both tw electrical and seismic properties of the resistive layer are
consistent with granite or other i peous littology, where there are no
extensive boundaries to reflect anergy.

Conpared to the C00*P profiles, the deep interface in t.he E cross
section corresponds to the transition from the reflection-free mons above 5
seconds to a zone of gently dipping discontinuous reflectors below. The
presence of reflectors and the noderate resistivities of the bottom half spnoe
are consistent with sedimentary lithology. Both COCORP and M data indicate a
general gentle southward dip.

In addition to layered models, E data can also reveal inhonogeneities
and structural grain by anisotropy diagrams and transfer function maps.
Figure 4 illustrates polar inpedance diagrans to indicate the anisotropy of
the impedance tensor. Data from t w frequencies are displayed, T = 85 see and
455 sec. These frequencies have a depth of penetration appropriate to
regional studies. At aach station, t w polar diagrams are presented at each
frequency. The polar figure drawn with solid lines indicates anisotropy of
the diagonal i M u term, Exy. mis cpantity represents the electric field
in thw x direction generated by a napetic field at right angles to it (the y
direction). If the earth is isotropic (no electrical fabric and no nearby
inhonogeneties), Exy should plot as a circle. Similarly, the polar diagram,
drawn with a dashed line, represents Exx, the electric field in the x
direction due to a ma petic field in the x direction. For an isotropic earth
with no inhonogeneties, Exx should be zero. S e Exy polar plot makes a peanut
shape for a tw dimensional earth, *

|
I
,
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|

with its long axis indicating the principal axis of anisotropy, and 2xx should
go to zero along the principal axis. Zxx polar diagrans that are not zero
along the principal axes indicate a three dimensional earth. 'Ihe data in
Figure 4 indicate that the principal axes at most sites are parallel to the
Atlantic sea coast (E9f) at both 85 see and 455 sec, and that the degree of
three dimensionality is small. The ordy exceptions are site N4x, which was
near an aluminum refinery that generated significant negnetic field
interference, and at site PMS, where the recording was terminated due to an
electrical storm.

These inpedance orientations are consistent with either large scale
electrical anisotropy in the thick resistive layer shown in Figure 3 or with a )
two-dimensional structure approximately parallel to the sea coast. i

|
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directions are plotted with the directions reversed according to !
conventiore and thus should point towards conductors. The dota :

indicate station locations. The solid lines indicates the real :
conponent of map etic transfer function and the dashed line !
(shorter) indicates the imaginary cGr- --'t. Data for station CHS ;

istentimeslargerthanthegraphicaEv~ aloe. !
.

As described earlier, the transfer function relating the vertical !
magnetic field to the horizontal field reveals concentrations of current in !

'the crust. These transfer functions, also termed induction vectors, are
presented in Figure 5 for a period of 85 seconds. The dot indicates the
station locations, the solid line indicates the direction and magnitude of the i
maxirmam of real part of the transfer functions while the dashed line indicates i

the maxinum of tw imaginary part of the transfer function. The directions ;

are plotted reversed, so that the lines point toward the current !

concentrations. Transfer functions are not reported for stations near !
population concentrations, because the data quality was poor there, presumably ,

due to interference. The induction vectors shown in Figure 5 generally point ,

toward the coast, except for station CBS which was probably affected by t

currents induced in power transmission lines or pipelines. ;

C0K21JSICES

Mapetote11 uric soundings have been interpreted by layered nodels and
interpreted as profiles. The resulting cross-sections indicate a sequence of
conductive sediments, overlying a thick resistive layer interpreted as igneous
rock. The bottom half space is conductive which is interpreted as sedimentary ,

rock. The MT interpretation is in agreement with (D00RP cross sections and
magnetic data. The MP data identify the presence of deep sediments under the :

entire survey area, and indicate a step offset in the depth to the sediments '

to the northeast and northwest which could be the deep flank of the South
Georgia Rift.

,

Inpedance anisotropy and other indicators of two and three dimensionality
indicate that higher order nodels are desired to account for some data
characteristics.
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Comparison of one-dimensional MT models to COCORF profiles. COCORP profiles
I, 2 and 3 are shown ( from Shilt, et al., in Rankin, USGS,1977) (these
profiles are plotted on Figure I). Four layer one-dimenrional MT models
from Figure 3 are overlain on the COCORF cross-sections. The four layers
represent moderately conductive rock (diagonal lines), conductive rock
(solid heavy shading), resistive rock (light shading) and deep moderately,

' conductive rock (no shading, separated by heavy dark line). Motice that the
deep boundary from resistive to conductive rock coincides with the seismic
transition from a reflection free zone to a zone of gently dipping parallel
re flec tor s. Both the MT and the seismic results are consistent with a
transition from granites (high resistivity and reflection free) to sediments
(cosdoctive and layered). Note that the dire of the NT boundary and the
layered reflectors agree.
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This report presents two dimensional models calculated to match
magnetote11 uric (MT) data obtained along profiles parallel and
perpendicular to the seacoast near Charleston, South Carolina. |

It is assumed that the reader is f amiliar with the general :
principles of the MT method, the geologic setting, the general i

Ifield procedure, and the results of the survey reported by
Young and Rogers (1985) and Young et al (1986).

,

one dimensional modeling of MT data is appropriate in cases I

where the apparent resistivities of orthogonal apparent )
resistivity curves are nearly identical. This is the case in l

the Charleston data sat for periods less than one second, i

representing a penetration depth of about one kilometer. For |

longer period data, the curves diverge and higher dimensional ;

podeling is desired. For some cases, a two dimensional model
may be approximated by a series of side by side one dimensional i
models, e.g. Young et al (1986). This example utilized the
geometric average of the _ maximum and minimum apparent i

resistivity at each site, as suggested by Berdichevsky and i

Dmitriev (1976). Unfortunately, this approach can be !
t

misleading, as illustrated in a computational example
(Hermance, 1983), which illustrates that for an elongated [
sedimentary basin with an offset, the maximum resistivity curve ;

at each site provides a more accurate representation of the !

host structure. The two dimensional models presented here for f

the Charleston data set agree with Hermance's assertion, and .

I
agree with the one dimensional models determined for the
maximum resistivity curve at each site. Two dimensional models
fitting a given data set are not unique. The non-uniqueness is
not as severe as in gravity modeling, because the depth .

penetration of MT is clearly controlled by the frequency of |

l observation. We present here models which fit the data set as '

well as possible and are constrained by our knowledge of
probable geology. It was not possible within the time ,

constraints of the project to explore other models which fit :
!the data as well as the model presented.
'

We used the two dimensional MT modeling algorithm described by
Ku, Hsieh, and Lim (1973). It uses transmission surface
analogy to the MT wave, and solves the resulting matrix by
Gaussian elimination. We have tested the program on flat

j layered models and on simple fault models. ;

The model represents the earth as a 50 by 30 two dimensional
grid. The operator specifies the dimensions of the horizontal

|
and vertical grid elements, the resistivity at the nodes,

I frequencies to be used in the computation and runs the program
for both modes an a batch job. The program computes and prints
apparent resistivity and phase above eacn grid element. The
operator compares the output with the field data and changes
the program to produce a new output which he expects to be in
better agreement with the field data and computes a new model

l response, and so forth, We computed about 50 models, and
present the results of the best fitting one. ,

l
,
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Models were created for profiles oriented parallel and
perpendicular to the seacoast. For each profile, apparent
resistivities were computed for electric field orientations
parallel to and perpendicular to the profile line.
Computations were carried out at periods of 5.33, 14.22, 42.7,
113.6, 344 and 909 seconds, corresponding to the periods
computed by. the Phoenix MT system. The profile perpendicular
to the seacoast will be discussed first. The model is
presented in Figure 1. The main features of the section are:

1. wedges of conductive seawater, sea sediments and older !
sediments within the upper 5 km, all thickening to the
SE, underlain by

2. a 65 km thick resistive layer, underlain by

3. a moderately conductive layer, extending from a depth
of 65 km to 190 km, underlain by

4. a conductive bottom half space.

The agreement of model and data is indicated in Figure 2, parts ,

a to c. The match between model and data for the maximum
resistivity curve is quite good, often within ten percent. The
maximum resistivity curves are oriented parallel to the
structure and are termed the E-parallel or TE (transverse ;
electric) mode. This mode is sensitive to regional structure
rather than local effects. The match between the model and '

data for the minimum resistivity curve is not as good. A :
considerable amount of experimentation yielded a number of !

slightly different curves and models, non of which produced a
better fit. These curves represent an orientation of 6

measurement axis perpendicular to the structure and are termed
the E perpendicular or TM (transverse magnetic) mode. This ,

mode is sensitive to local rather than regional structure and i

the quality of fit is less important to the gross geological i
interpretation. |

The model for the line runnir.g parallel to the coast is shown
in Figure 3. The comparisons of model to data are shown in
Figure 4 parts a, b and c. This model is much simpler, since
it runs parallel to the strike of major geological features.

1

Its only structure is a trough in the sediments penetrating ;
into the resistive basement in the center of the model. The '

deeper layered model is identical to the line perpendicular to ,

the seacoast. The agreement of data and model is not as good *

for this line. Complete agreement could be acheived only at .

the longest periods. At some periods, the model and data
'

differ by a factor of three or four. The reader is reminded ,

that the known structure cannot be represented by a cross
section along this line, since the structure strikes along the

,

line.,

These models agree with inferences from geologic studies which
require the ocean and both new and old sediments. The two
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dimensional models indicate that the resistive rocks are about
65 km thick. C0 CORP data show a reflection-free zone about 15

; km thick underlain by reflectors. Magnetic data indicate !

I magnetised *wodies in the top of the reflection-free resistive !

l sone. All these properties suggest that igneous rock lies j
1 beneath the coastal sediments. The reflectors below 15 km in i

j the COCORP data which are both layered and resistive may be i
sedimentary rock. It so, they must be untractured and have low :

porosity to. maintain high resistivity. Examples would be well }
cemented sandstones, or untractured limestones. >
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SUMMARY

The southeastern United States is considered a'relatively
stable and aseismic region within the North American Plate.
Small earthquakes in the southeastern United States are
concentrated in a few small areas, such as southeastern
Tennessee and the Charleston, South Carolina area. One
exception is the 1886 Charleston earthquake which is the
largest recorded earthquake in the southeast. The cause of
intraplate earthquakes is still an unresolved problem in
tectonics. This study tries to find the relationship between
the stress induced by topography and density variations within
'the lithosphere and intraplate seismicity in southeastern
Tennessee and the Charleston area.

An elastic lithosphere overlying an inviscid fluid
asthenosphere is modeled in three-dimensions and a Fourier
transform solution for stresses and displacements induced. by
surface and internal loads is developed. Several simple
surface loads are tested using this model. The derived three-
dimensional solution for a surface harmonic load is virtually
consistent with the two-dimensional analytic solution
'( Artemt j ev et al., 1972). This three-dimensional Fourier
transform technique has been applied to the Southern
Appalachians and the Coastal Plain-continental margin centered
at Charleston, South Carolina. The magnitude of the local
stress, which is induced by topography and lithospheric density
variation, is on the order of tens of MPa. The local stresses
could be modified and amplified by the superposition of
regional tectonic stresses. The calculated local stress field
is well correlated with the seismicity in the Southern
Appalachians, but not in the Charleston region. We propose
that most earthquakes in . eastern Tennessee are associated with
density inhomogeneity in the crust and changing surface
topography. The Coastal Plain area may belong to a dif ferent
stress regime in which the state of stress may be described by
the combination of local and regional stress field.
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i ' INTRODUCTION ' i'

q
< .

The southeastern United States is a relatively stable tectonic region inside the
North American Plate. The present physiographic features were emplaced during
the' Tertiary when the Atlantic opened. Since then, this area has not experienced .

major tectonic activity. The region is almost aseismic with few significant
earthquakes. Small' earthquakes (magnitudes less than 4.0) in the southeastern
United States are confined to a few restricted regions, such as the Valley and Ridge
and the Blue Ridge provinces of eastern Tennessee, western North Carolina and the
Summerville Charleston, South Carolina area (Bollinger,1973). However, there was
one major earthquake-the 1886 Charleston earthquake of an estimated magnitude of '

6.8 to 7.1' (Bollinger et al.,1977), which is the largest recorded. event in the>

southeastern United States. It caused about 60 deaths and extensive damage to the ,

city of Charleston (Rankin,1977).
Since the advent of plate tectonics theory, plate boundary seismicity has been

relatively well understood. Observations indicate that about 90 percent of the
seismic activity around the world is plate boundary related. The spatial distribution
of earthquakes and their focal mechanisms are controlled by the nature of the plate
boundary (Sykes,1%7; Isacks et al.,1%B). The remaining 10 percent are intraplate
earthquakes, occurring 'away from plate boundaries within the lithospheric plates,
which are thought to be relatively stable. Although intraplate earthquakes are less

| frequent than plate b'oundary earthquakes,large magnitude events in populated areas
I inside the continental plates present a significant hazard. The most disastrous losses
L caused by an intraplate earthquake occurred in 1556 in Shensi, China, in which ;

) 830,000 people died. China has a high density of intraplate earthquakes. Between
L 1901 and 1976,579 earthquakes of magnitude 6 or greater have occurred. Among
'

them, six earthquakes had a magnitude greater than or equal to 8 (Lee et al.,1978).
Intraplate earthquakes have also occurred in South America, Europe,

Australia (Lomnitz,1974; Illies,.1975; Mendiguren and Richter,1978). In western
.

Australia, there were four recorded intraplate events with magnitudes >6.0 between
1967 and 1983 (Dewey,1983). Eastern Australia is also a seismically active region.
A recent large event was the 1983 Tasman Sea earthquake (Mb=6.0, Denham,1985).
Several earthquakes of magnitude around 6.0 occurred in the Rhine Graben (West

Germany). The 1904 Oslo, Norway earthquake of magnitude 6.0 is the largest
recorded event in Fennoscandinavia.

Reports of earthquakes felt in the eastern and central United States could
extend back about 300 years. Since the beginning of the last century, two events with
magnitudes of about 7.0 have occurred in the St. Lawrence River region and one
event with the same magnitude occurred off Cape Ann, Massachusetts. In 1811 and
1812, New Madrid, Me touri had 4 large earthquakes. Their magnitudes were
calculated to be 7.1 to 7.4 according to an intensity based estime. tion (Nuttli,1973).

Hadley and Devine (1974) presented a seismic frequency map of the eastern
and central United States (Fig.11). There are two major high frequency bands
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tending northeast, the Appalachian mountains and New Madrid Ohio River. And
there are other two high frequency bands perpendicular to the Appalachians: the i
Boston Ottawa seismic zone and the Charleston, South Carolina seismic zone. The
map indicates that in the southeastern United States the area of highest earthquakea

~ :
frequency is Charleston and its vicinity,

t

1

11 THE HYPOTHESES OF INTRAPLATE EARTHQUAKE MECHANISMS {>,.

Understanding ' of tectonic processes at plate boundaries has improved
3

tremendously during the past 20 years, but advances in understanding intraplate i

tectonics have been much slower. The causes of the intraplate earthquakes are 1

among the unresolved problems in tectonics.
In situstress measurements (Sbar and Sykes,1973; Zoback and Zoback,1980)

show that, in 'most places on the continent, horizontal stress is dominant, and 4

horizontal compression is most common. Sbar and Sykes (1973) found that in -

eastern and central North America and in western Europe (north of the Alps),,.the ,

greatest principal (compressive) stress from in situ measurements and earthquake. ;
,

,

focal " mechanisms trends generally along the direction of plate motion. They ,

deduced that the plate driving force is the energy source of intraplate seismicity.
Since 'intraplate earthquakes are concentrated in very restricted areas, the

inference that the plate driving forces are the main sources of intraplate seismicity
has been questioned, even though the plate boundary : tresses may reach up to tens

l',
of MPa (Bott and Kusznir,1984). Sykes (1978), among many others, suggested that
the intraplate earthquakes reactivate and follow pre-existing zones of weakness.

[ Many intraplate earthquakes are correlated with active rift zones, for example,
the East African Rift and the Rio Grande rift in North America. Some earthquakes -

in eastern North America seem to follow inactive rifts. Erving and McGinnis (1975) -

L proposed that the New Madrid seismic zone is associated with a buried Precambrian
p rift (the Reelfoot rift) which is beneath the Mississippi Embayment. This ancient rift

has ' influenced the geological history as well as the contemporary tectonics of this L

area. It has controlled sedimentary basin deposits and the location of river systems,
and caused localized episodes of reactivation of the old rift structure, which probably
resulted in the New Madrid earthquakes (Braile et al.,1982 and 1986).

The Ottawa Bonnechere Graben is another example of an ancient rift
associated seismicity. The southeast-to cast trending fault system is one of the failed
arms of a Ridge Ridge Ridge type triple junction centered near Montreal (Rankin,
1976), which developed during the Precambrian period and was reactivated since
then. The highly active Boston Ottawa seismic zone is parallel to the graben and
past its northeastern edge.

The sutures developed during the closing of oceans may produce another type
of zone of weakness for intraplate seismicity (Sykes,1978). For example, the eastern
United States seismicity seems to follow the Appalachian orogenic belt, which was
formed during the closing of the Proto Atlantic Ocean. However, one unresolved
problem is that the earthquake epicenters are concentrated in a few restricted
regions such as southeastern Tennessee and western North Carolina (Bollinger,1973)
and are not distributed uniformly throughout the entire Appalachian mountain belt.
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Some seismically active zones, such as the Georgia South Carolina seismic zone are
perpendicular to the trend of the Appalachians.

Kane (1977) found that extensive gravity highs and magnetic anomalies are 1
near the epicenters of some major eastern North American earthquakes such as' j
Charleston, South Carolina, and New Madrid, Missouri, although the immediate i

surroundings of these anomalies are relatively free of seismicity. He suggested that
these anomalies are . caused by mafic and ultramafic intrusions, which are

|

4

serpentinized and have low strength, it has been proposed (Campbell,1978 among i

others) that the regional stress may be concentrated locally because of such zones of 1

weaknessi The intraplate events near plutons may be explained by the weakness of
i

the plutonic intruded area; stresses are amplified in the vicinity, and earthquakes

may be triggered (Long,1976; Long and Champion,197]in the eastern United States
; Sykes,1978),

Barosh (1986) proposed that many earthquakes
are associated with vertical crustal movement. For example, the Charleston seismic
region may be associated with coastal subsidence and the seismicity in the Southern
Appalachians may be related to crustal uplift.,

The structural framework of the southeastern United States is rather
,

complicated. There may be.a diversity of earthquake causes in relation to particular
events. A single hypothesis may not explain all these earthquakes,

,

The objective of this study is to examine the hypothesis that local seismicity in
. some areas of the Southeast (i.e., southeastern Tennessee and Charleston) is

,

associated with concentration of stress induced by local loading. In some areas, local ;

stress is mainly due to surface topography and density variations in the lithosphere.
| In the Southeast, the relief may cause a surface load on the order of tens of MPa.

The crustal thickness changes laterally. Geophysical data indicate that the depth of
the Moho varies from 50 km beneath the high mountains of the Southerni

! ' Appalachians' to less than 20 km at the continental margin These changes in.

| elevation and crustal thickness could induce stresses on the order of 100 MPa. The
purpose of this study is to verify whether locally induced stress concentration '

correlates with seismicity. The principal stresses will be calculated and compared
e

L with the earthquake focal mechanisms and with the principal stress" direction '

! determined by in-situ measurements. If the computed stress field corresponds in
|. direction to the stress field measured and inferred from earthquake focal mechanism
| studies, the hypothesis that local stresses trigger the seismicity will be supported.

| I.2 SOURCES OF STRESS IN THE LITHOSPHERE
,

'

( Geolopcal data show that mountain chains have remained as elevated terrain
for 10' to 10 years. The stresses induced by a topographic lead can reach up to 100!

L MPa and these stresses must be balanced by stresses within the lithospbere. The
observed stress distribution based on in situ stress measurements, earthquake focal.

^

mechanisms and geological studies (Zoback and Zoback,1980: Sykes,1978, among
others) indicate that the stress state of the plate interior consistently agrees with the
direction of plate boundary forces. In situ measurement data show that the'

horizontal stress level at shallow depth (several hundred meters) is on the order of
tens of MPa (Sbar and Sykes,1973). Various sources have been invoked to explain

| this level of stress in the lithosphere.
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PLATE TECTONIC STRESS |

Stress induced at a plate boundary could be transmitted a great distance by I

!the clastic lithosphere which acts as a stress guide. Beneath diverging plate
boundaries, where the lithosphere is thin, hot asthenospheric material rises and mid j

oceanic ridges are elevated because of the lower density of the asthenosphere. A |
- ridge push force is produced by the gravitational sliding of the lithospheric plate )
away. from the crest. The lithospheric plates spread away from the ridge at an I_

Javerage velocity of a few centimeters per year. Extensional stress will dominate in
the plate near the crest of the ridge, while compressional stress will dominate the ,

interior of the plate at greater distances from the ocean ridges (McKenzie,1972: Sbar '

and Sykes,1973). . .

In subduction zones, there are density variations because of the temperature
-difference between the subducted lithosphere and the surrounding mantle. The .

' subducted plate is colder and denser than the mantle. This results in a' slab pull ,

. force on the subducted plate. The compressional ridge push forces could be on toe,

order of 20 to 30 MPa and the tensional slab pull forces could reach 50 MPa (Bott ;,.

and Kusznir,1984).
_

Transform faults offer a resistance to plate motion. The magnitude of forces :
associated with transform faults is not well determined, but rock strength '

experiments (Byerlee,1978, for instance) suggest that the maximum shear acting on
the faults is on the order of tens of MPa. t

rif the lithospheric plates are coupled to the asthenospheric convection flow,
'

the viscous shear exerted at the base of the lithosphere should be approximately
proportional to the viscosity of the asthenosphere and to the velocity of the plate !

relative to the asthenosphere. Several authors have suggested that the lithospheric
plates are driven by edge forces rather than by mantle drag, and that the viscous
shear on the base of the lithospheric plate will be in opposition to the plate motion
(Bott and Kusznir,1984; Richardson et al.,1979).

MEMBRANE STRESS

The geoid is approximately an ellipsoid and its curvature varies with latitude.
When a lithospheric plate moves in latitude, it deforms in order to adjust to the'

varying curvature. If a plate migrates away from the equator, as the curvature
d* creases, the edge of the plate will be in tension and'the interior in compression,
and vice versa for motion toward the equator. This so called membrane stress could
reach up to 100 MPa (Turcotte,1974). Turcotte and Oxburgh (1976) suggested that
rifting in East Africa was induced by the membrane stress.

THERMAL STRESS

Temperature changes within the lithosphere cause thermal expansion and
contraction and thermo elastic deformation that can lead to stress concentration
inside the lithosphere. The main sources of lithospheric heat flow are heat the
mantle and from the decay of radioactive material in the crust. Thermal stress due
to cooling of oceanic lithosphere could reach up to 100 MPa (Bott and Kusznir,
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,1984) but thermal effects may have less effect on the stress field in the continents
because the continental crust is much thicker and older than the oceanic crust.

TOPOGRAPHY INDUCED STRESS

The topography at the earth's surface, density inhomogeneities inside the
' lithosphere and changes in crustal thickness cause stress in lithospheric plates. The .

Airy isostatic compensation hypothesis is that the earth's crust is floating on a denser i

underlying layer (the mantle), The mass excess on the earth's surface must be
balanced by a mass deficiency at the crust-mantle boundary, so that the hydrostatic ,

equilibrium is maintained. To maintain the mountains, stresses on the order of tens
of MPa are required (Artyushkov,1973 and 1974).

FLEXURAL STRESS
>

1sostatic compensation can not be achieved locally because the topography
contains short as well as long wavelength features. In tectonically active regions,,

mountain building is faster than isostatic adjustment. The uncompensated loading
will. cause a flexure in the elastic lithosphere. The extreme variation in crustal
thickness occurring at continental' margins is also expected to create concentration of

' bending stress. The' flexural stress has been estimated up to 500 MPa (Bott and
Kusznir,1984).

Bott and Dean (1972) suggested that stresses may be divided into two classes:
the renewable stresses, which may restore the strain' energy after it has been released
by' earthquakes; and the non renewable stresses, which do not restore the strain
energy dissipated during ea'thquakes. The ' ridge push, slab pull and

L topography induced stresses are renewable. The lithospheric-flexure, plate boundary
shear, thermal and membrane stresses are non renewable.

|

L 13 REVIEW OF STRESS CALCULATIONS '

\-

I- Previous calculations of the local stress field which is induced by topography
and density variations have been based mainly on a forward method; assuming the
earth's rheology and geological structures, the stress for the given load can be,

computed.
A frequently cited solution for crustal stress calculation is given by Jeffreys

(1929). It is a model of an elastic slab over a heavy fluid with a surface harmome
load. He found that the greatest stress difference in a thin crust will be about three

!- times larger than the given load and will occur at the base of the slab. If the
thickness of the slab is much larger than the wavelength of the load, the slab may be
modeled as an elastic half space. For this case an analytic solution has been derived.

Based on Jeffreys' work, Artem'jev et al. (1972) assumed that the elastic
lithosphere is floating over the asthenosphere, which is treated as an inviscid fluid.
They discussed how horizontal normal stress and shear stress vary as a function of

.

the wavelength of surface harmonic loads and showed that horizontal normal stress
could be 8 times greater than the given load and that shear stress could be 1.4 times'-

C-5

. - _ _ _ _



. . .

.

_ greater than the magnitude of the load for certain wavelengths. Their results suggest
that a'100 mGal isostatic anomaly could induce shear stress great enough to cause an
earthquake. They found a correlation between isostatic disturbances and ,
carthquakes in the Crimea and Caucasas areas (USSR). |

Isostatic compensation requires only a balance of vertical force while
mechanical equilibrium requires not only vertical force but also horizontal force and

'

all moments to be in balance. Arryushkov (1973 and 1974) considered the <

lithosphere as an elastic slab floating on the asthenosphere and proposed a method |
to evaluate average deviatoric stresses inside the crust induced by lateral density
inhomogeneities and variations in crustal thickness, lie estimated that lithospheric

;L stress could be on the order of 100 MPa. i.

JThe elastic flexural stress in a thin plate caused by an ice sheet was studied by
Walcott (1970). Lambeck and Nakiboglu (1980) and Lago and Cazenave (1981) j

studied the non clastic lithospheric flexural stress related to bathymetry and gravity. J
They found that the flexural stress could be unreasonably large (1000 MPa in some, ,

situations). One way to reduce the large stress is to assume a complex rheology of
the lithosphere.

Mareschal and Kuang (1986) derived a two dimensional Fourier transform
solution for a layered elastic slab over an inviscid fluid. The loads were derived '

'Ifrom the topography and a downward continued Bouguer anomaly could be applied
at the surface or within the lithosphere. The analysis was applied to the Southern !

Appalachians and the Rio Grande Rift zone. The magnitude of those stresses is
comparable to that of regional tectonic stresses. The topography and density
heterogeneities within the lithosphere induce stresses that correlate with the
seismicity of southeastern Tennessee and with the forces that act on the tectonic
provinces near the Rio Grande Rift.

Some authors consider the earth's lithosphere to be a non clastic material: ,

several viscous and viscoelastic solutions have been derived (Lago and Cazenave, '

1981; Turcotte and Oxburgh,1976). Assuming the lithosphere is a layered, viscous
Newtonian fluid, Fleitout and Froidevaux (1982,1983) applied the Fourier transform
technique to the Navier Stokes equation and the continuity equation. Having
calculated velocities and stresses, they found that the mean horizontal stress may be
as great as 60 MPa, which is comparable to the ridge push. Their study also
indicates that horizontal stress does not depend on the crust being clastic or
visco elastic. .

,

I Finite element methods (e.g., Bott and Dean, 1972), Hankel transform
'

L methods (Thomson Haskell matrix methods) applied for an inclined surface load i

(Kuo,1%9), conformal mapping metbods (e.g., Savage and Swolf,1986) and other
techniques have been used to solve the differential equations of elasticity and to '

compute the surface load induced stress field for different geometries.

L
Most available solutions for a stress field induced by variations in density are

two dimensional, in which a state of " plane strain" is assumed. This assumption
does not correctly represent the physical situation. Two dimensional solutions may
give the general behavior and the magnitude of the stresses but they are inadequate

| to determine the orientation of three dimensional principal stresses, which are very
| important in the cases of the local stress field interaction with the rtgional field, e.g.
i- in the Southern Appalachians.
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inviscid fluid asthenosphere will be investigated and a Fourier transform solution of
the stress Seld induced by surface loads and internal loads will be developed. -|
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CHAPTER II
'

I PHYSICAL MODEL AND MATHEMATICAL EQUATIONS ;

111 ASSUMPTIONS ;

The correlation between the pattern of intraplate stresses and the direction of !
plate boundary forces suggests that the lithosphere acts as a thin clastic shell in

; which the stresses could be transmitted over long distances. The lithosphere has a :'

much . higher viscosity than the asthenosphere. .In many cases the ' viscous '

deformation of the upper crust is not detectable even on a geological time scale.
Stresses 'can be maintained in the crust for long ' periods of times without being :

dissipated by non clastic deformations. The existence of many Precambrian or
Paleozoic mountain chains suggests that the continental crust can sustain stress levels !#of 10 to 100 MPa for more than 10 years. If the crust behaved viscously, old features '

such as the Appalachians would have dissipated under application of gravitational
body force. Continental lithospheric plates are able to rebound clastically after the -

removal of an ice sheet from the surface (e.g., Walcott,1972). The oceanic |
lithosphere shows its elastic behavior under the load of bathymetry (Lago and '

Cazenave,1981). . Some calculations suggest that the crust is rigid enough to be
considered as an clastic medium. For example, Watts and Cochran's (1974) ,

calculation of flexure in the Hawaiian Emperor seamont chain indicates that the
lithosphere is rigid enough to support the surface load for at least 10' years. [

-

In this study the basic assumption of the physical model for calculating '

lithospheric stresses is that for a time scale of less than 10' years, which is :
significantly less than the age of topographic loads, the earth's lithosphere behaves as .

an elastic riab floating over the asthenosphere. The elastic slab may be divided into
many horizontal layers;in each layer the density and elastic parameters are constant.

Secondly, this study assumes that the asthenosphere is an inviscid fluid rather
than a viscous fluid. The deformation in the asthenosphere is instantly completed as

L the loads are applied. After the North American Pleistocene ice sheet melted 10.000
years ago, the lithosphere has been uplifted in response to the removal of the load.'

The rebound history was recorded in raised beaches and determined by dating the
ancient beaches. Those post glacial rebound data indicate that the relaxation time of
the asthenosphere is on the order 10,000 years (Haskell,1935 and 1936; Walcott,

,
l 1972). Compared with the duration of mountain building, this relaxation time is very

'.

short.' Therefore, it is reasonable to assume that for the compuntion of stresses in
the lithosphere, the response of the asthenosphere to loading is virtually

' instantaneous.

|' The viscous shear is affected by the mantle viscosity, the pattern of convection
L beneath the lithospheric plates and the coupling D the lithosphere to mantle

convection cells. Those factors, however, are not well determined. Schubert and
',

Yuen (1978, among others) suggest that viscous shear will be on the order of a few
MPa. Such small shear applied at the base of the lithospheric plate may have a
small effect on the stress field near the base of the lithosphere, the effect of viscous
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shear in the crust is small compared to the magnitude of the local stress, which is on
'

the order of tens of MPa. Because the viscous shear beneath the lithosphere is j

uncertain, it will be neglected in the computicg model. The asthenosphere is asually s

'. considered to coincide with the low velocity zone and is assumed to be slightly [
lighter than the overlying lithosphere mantle. The thickness of lithosphere varies ,

from'100 to 200 km in continental areas and from 50 to 100 km beneath the oceans. !

In the southeastern United States, the boundary of the lithosphere and asthenosphere
can barely be recognized from seismic data. In this study we assume that the density |
of the asthenosphere is 3.10 g/cm#and that the average thickness of the lithosphere is '

100 km in the Southern Appalachians. ;

The model will include the effects of surface and internal loads. The surface.

topography or the bathymetry and the shallow, low density sediments induce a .

loading P (force per unit area) determined by the equation:
1

~ P = Apgh ;
tm

where 'Ap is the density contrast, g is the acceleration of gravity and H is the i

thickness of the anomaly feature.
Density variations, such as crustal thickening or thinning, within the ,

lithosphere are treated as internal loads. These loads are assumed to be-

concentrated on a very thin layer of mass excess and to act at the interface between
layers. Such an assumption permits the application of linear boundary conditions. It *

'

.will have no significant effect on the computed stress fields except inside the density
|

anomalies, t

II.2 PHYSICAL MODEL AND BASIC EQUATIONS
v

|' The elastic ~ lithospheric slab model consists of n 1 horizontal clastic layers
| above an 'inviscid fluid which is noted as the n th layer (see Fig. 21). The depth to

the top of the i th layer is h' (h' = 0); ha = H is the thickness of the elastic
,

lithosphere. In the 1 th layer the density and the Lame's parameters are p', A', and 8,L
respectively.

The governing equation for stress in layered elastic lithosphere is the equation; .

[ of equilibrium:'

!
I

j' VTa -[p (21)
!

where [ is the acceleration of gravity, T is stress tensor and a is the density,

in Cartesian coordinates, the stress tensor has six independent components.
In each layer, the stress is linearly related to strain by Hooke's law for an isotropic
medium:

:
;
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T = .n(V'U)I + p( V U + V U') (22)

' where U is the displacement vector, V U'in the transpose of the matrix V U,

lIis the identity tensor, A and y are Lame's parameters. >

The boundary conditions corresponding to the ' proposed model and
assumptions are as follows:

At the free surface,2 = h' = 0, the shear stress vanishes and the vertical
normal stress is equal to the surface loads P' including the effect of displacement: -

E

T'=T'=0 (23)a g
.

T,' = p'g U,' ~ P' (24)

At each interface : = h8. the shear stress and the displacement must be +
5

continuous. The change in the normal stress across the interface must be equal to
the internal load:

,

Di a ys+2 (25)

T,' = T,'* ' (2 6) .

T ' = T '* ' (2 7)g g

T,''' - T,' = {p** ' ~ p')g U| ~ P (2 8)

where P' is the internal load at the interface z = h'.
At the base of the lithosphere (z = h"= H), shear stresses T and T vanisho y

and the vertical normal stress T equals the load induc.ed by the displacement at theo
boundary.

~ T,"*' = (p" ~ p"'')g U,"'' (2 9)

T," = T " = 0 (2 10)g

Using Eq. 2 2, Eq. 21 can be written for a homogeneous medium in terms of
displacement:

c-10
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O'(A + p)V(V 0) + pv'U = ~p., ,

| ;
!

r

L The total stress field may be separated into two parts: the hydrostatic stress '

and deviatoric stress. The hydrostatic stress is induced by the gravitational force and
'

is a function of depth. Since we calculate the stress differences, only the deviatoric
| stress is of interest From now on, only the deviatoric stress is discussed.

,

The Fravitational field is a conservative field.
In order to remove the hydrostatic stress term we take VxVx on both sides of>, .

Eq. 211, the displacement vector must satisfy the biharmonic equationL ;

V" U = 0 (2 12) ;

|.
,

|
|

| A convenient way to solve Eq. 212 is by .the Fourier transform (Sneddon,
,

1951), The displacement vector can be transfornaed into the wavenumber domain.

:
,

U(k,. k,,2) = } U(x, y,2)exp[i(k,x + k,y)) dxdy . (213)

|
- ,I

1 .

)- where k, and k, are the wavenumbers. The inverse tranform is: ,

|}, U(k,, k,, z) expl l(k,x+ky)dk, dk, (2 14)U(x, y, z) =

: .

|
'

In the Fourier transform domain, Eq.212 becomes:

\ 2

(&z - k')# U k 0 (213)
b:

? ?
!

where k = /(k,# + k,#)

| In each layer the general solution for Eq. 215 is: I
t 1
1 '

-. -. -.

U = ( A + B k zjexp(kz) + ( C + D k z)exp( kz) (2 16) |
1
4

where vectors I, B, C and D are arbitrary constants.to be determined in each layer.
5 The superscript i was dropped for simplicity.

There are a total of 12 coefficients to be determined for each of the n 1 layers
of the elastic medium. Each coefficient is a function of the wavenumber k, and k,.

c-11
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[ Stresses and displacements must be continuous across each interface. This
gives six independent conditions for each boundary. There are three stress boundary
conditions at the free surface and at the base of the lithosphere. Therefore, the total

;'

number of boundary conditions is 6(n 1). '

The number of constants is twice the number 'of boundary conditions. This is
because Eq. 216'is the general solution of Eq. 212, which is obtained by taking
derivatives of Eq. 211. The solution 216 does not satisfy equation 211 for any - !
arbitrary constants. The additional relationship can be 'found by substituting Eq. 1216 into Eq. 211,

i

r,(k,'A, + kkA,. + ikk,A,)
B, = (2.]7)ga

r,(k,.'A,. + k,k,A, + ikk,A,)
B, = g; (2 18) {

r ikk,A, + k,A,) - kA.)rB, = (2 19)g

r,likk,C, - k,'C, - k,k,.C,)
. D, = (2 20)g;

.

7

r,(ikk,.C, - k,.'C, - k,k,C,3
D, = g: (2 21)

r,[kC, + ik,C, + k,C,;
. D, = (2 22)g

A+u
where r, = ,,

The number of arbitary constants is reduced to 6(n 1).

The six components of the stress and three components of the displacement
can then be written as:

T,,/ 2 p = - ik,lt, + r k|z / k) A,exp(kz)i

- ik,[r, + r k,'z / k] A,exp(kz)i

C-12
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+ tr,k + r,k|z3 A,exp(kz)

; + ik,l r, + r k|z / k) C,exp( kz)i

ik l r, + r,k|z / k) C,cxp( kz)+. y

[ + l r, + r,k|z) C,exp( kz) (223)

T,,. / 2 p = < ik tr, + r k|z / k) A,exp(kz)~
, i-

ik,\r, + ri |z / k) A,exp(k2)k-

tr k + r k|z) A,exp(kz)+ a .s

ik,l r, + ri |z / k) C,exp( kz)k+
,

ik,l r, + ri |z / k) C,exp(-kz)k+

l-r, + r k|z3 C,exp( kz) (2 24)+ i
f

I
|
)
I

i

|

!

'E

4

1
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p T, / 2 p = ik,li (1 + kz) - r,) A,exp(kt)g

p
-

|J,F + ik,lr,(1 + kz) - r ) Apxp(kz)a

i + kir1(1 - k2) + r,) A,exp(kz).

'-

+ ik,lr:(1 ~ kz) - r,) C,exp( kz)

' "

+ ik,lr,(1 + kz) - r,) C,exp( kt)
1

kir1(1 + kz) + r,) C,exp( kz) . (2 23)
-

,

!

!

T,,/ p = ik,l2r,k 'z / k + 13 A,exp(kt)-

k,l2r k,'z / k + 13 Apxp(kz)-

s

:

+ 2r,k,k,z A,exp(kz) '

,

+ ik,[2r k|z / k - 13 C,exp( kz)g :

ik,[2k,'zr, / k - 1) Cpxp( kz)+

+ 2k,k,r,z C,exp( kz) (2 26)
u f,

i

'

T,,/ p = r,[2k|z + k| / k + k / r,) A,exp(kz),

L

| + r k,k,[22 + 1/ k' ) A,exp(kz)i

|. + 12k,lr kz - r,) A,exp(kz) ji

+ r,[2k 'z - k| / k + k / r,) C,exp( kz) i

+ r k,k,[22 - 1/ k) C,exp(-kz)i

..

| 12pk,lt,kz + r,) C,exp( kz) (2 27)
-

..
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r k,k,\22 + 1/ k) A,exp(kz) ). T|/ p = i
,

,

+ r,\2k,.'z + k| / k + k / r,) A,exp(kz)
w ,

I

1
+ L2k,(r kz - r,) A,exp(kz)u

>

| + r k,k,[2: - 1/ k) C,exp( kz)a

+ r l2k|z - k| / k + k / r ) C,exp( kz) ii g

- 12k,(r kz + r ) C,exp( kt) . (2 28)g s

U,= (1 + ri ,'z / k) A,exp(kz)k ,

, .

.+ z(r k,k, / k) A,exp(kz) ;
g

.

: -

+ ir k,z A,exp(kz) - |s

+ (l ' ~ r k,'z /, k) C,exp( kz)
'

i

- (r;k,k,z / k)C,exp( kz) ,

+ ir k,z C,exp( kz) (2 19)
u

'
U,= z(r k)c, / k) A,exp(kz)s

+ (1 + ri |z / k) A,exp(kz) .|k
i

,.

+ tr k,z A,exp(kz)i

[

- (r,k,k, / k) C,exp( kz)

+ (1 - r k|z / k) C,exp( kz)i

i

+ ir k,z C,exp( kz) (2 30)
'

s

|
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U,= ir k,2 A,exp(kz)s

,
,

+ ir k,2 A,.exp(kz)s :
s

+ (1 ~ r k) A,exp(kz)i
,

\

1- + ir k,z C,exp( kz) '

i
:

.v ;,

.+ ir k,2 C,exp( kz)i ,

t' (1 + r z / k) C,exp( kz) (2 31) !i

'

,+, L
.> . where r, ='>: . .A + 3p .

, ,-

.*
A

:r, = ^

'<
! 4

r=3 A + 3p
,

,

r = 2r, + 3r,4

i
'

j

.There are a total of 6(n 1) equations for the boundary conditions and the
same number of arbitrary constants. Therefore, this is a well defined linear system of '

#

6(n 1) equations. If all equations are independent,it admits a unique solution.
,

Finally, The solution (2 23 to 2 31) is inversely transformed to the space t

domain by the Fast Fourier Transform technique numerically. L,

r

1

i

. - .

.},,

.
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' D.3 SIMPLE TESUNG MODELS '

In three-dimensional Cartesian coordinates, a general closed form solution
does not exist for the stress field induced by a surface load in the clastic slab over an -

inviscid fluid. However, some very simple loading functions are used here to'ree
that the colutions are physically re.asonable and quantitatively reliable. The solutions

,

can also be compared with some previous two dimensional analytical solutions
(Artem'jev et al..'1972).

In all these models, the slab is homogeneous, A = .u = 0,4 X 10" N/m#,o=
0.25, p (slab) = 2.8 g/cm', s (fluid) = 3.2 g/cm'. The thickness of the elastic slab is ;

H. Other dimensions are expressed in terms of H. In this lithospheric model, H is ,

set as 100 km, which is the assumed thickness of lithosphere. The stresses are
computed over a 7H X 7H square and the num. of computation points is 8 X 8.

Since the solution is in the form of a Fvorier transform, there is no actual
boundary condition at the edge of the model. The Fourier Transform assumes that
the function will be periodically repeated beyond the edge. In order to reduce any

,

edge effect produced by the periodicity, we first compute the average value of the
transform function, then we double the width of the area of definition. On the edge
the function must be equal to the average; it is interpolated between the original
function and the edge. The stresses and displacements are computed for this
enlarged area, but only the result in the original central area will be used and

'

plotted. The following examples indicate that after the boundary condition at the
edge is treated in the way discussed above, the edge effect is very small.

.

4

P

t
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U4a DISK LOAD AT THE SURFACE '

S

A disk load of radius 2.5 H is put on the surface at the center of a square.
The reagnitude of the load is P. Under suen a load, the clastic slab is bent
downward at the center as shown by surface displacement contours U, and U, (Fig.
2 2 a and 2 2 b). Vertical displacement is about ten times greater than that
horizontal displacement at the central area (the displacements are also dependent on
the magnitude of P). Stress field (Fig. 2 2 e to 2 2 j) and horizontal displacement

|contours U, (Fig. 2 2 c and 2 2 d) show that the slab experiences horizontal
i

compression above the mid plane (z approximately equal to 0.5H) and horizontal i

extension below the mid plane. Fig. 2 2 e is the Schmidt net projection of principal i
,

stress axis (SNPPSA). The convention of this study is that the stress value is positive
outward which is different from the engineering convention. The maximum vertical ,

stress T, is equal to 0.68 P at the surface, is equal to about 0.34P at z = 0.5H and |
gradually falls to zero at the base of the slab. Vertical stress is less than horizontal !
stress at all depths except near the mid plane. Ace rding to bending theory i

(Timoshenko and Goodier,1970) maximum horizontal stress should occus at the i
surface and the base. Horizontal stress and displacement at '.he mid plane should ;

vanish. Vertical stress is maximum at the surface and vanishes at the base. The ;

calculations show that the maximum horizontal stress (about 3.0 P) dose occur at the .!
surface and the base, but the horizontal displacement does not vanish at z = 0.5H. !
This is because the boundary conditions at the base are different from the case of (
pure bending anu z = 0.5H does not coincide with the neutral plane. But at z = i
0.5H the horizontal displacement in central area is only 6 percent of that of the ;'

surface (or base) horizontal displacement, and the maximum horizontal stress is
!

about 0.04P. The magnitude of the stress field also depends on the wavelength of the j
load. The relation between load wavelength and stress will be discussed in a later ;
section.

/
Fig. 2 2 a and 2 2 c illustrate that the magnitude of horizontal movement U, i

at z=0 and z=H is the same but that the displacement are in opposite directions. !

The symmetry of the displacements implies that horizontal principal stress at the
surface and the base are in opposite way. ;

i

L I
i. H+b DIPOLE LOAD AT THE SURFACE '

.

Fig. 2 3 a and 2 3 b show the vertical and horizontal displacement due to a i

L surface dipole load in which a positive disk is located in the southwestern quadrant
and a negative disk is located in the northeastern quadrant. The stress field (Fig. |

|

2 3 e to 2 3 j) and displacement contours (Fig. 2 3 c and 2 3 d) show that the slab is ;

''
twisted by the dipole load. Above the mid plane, the northeastern part is uplifted
ano stretched away from the negative disk load. The southwestern part is depressed ;

I and pulled toward the positive disk load. Vertical displacements change little across
the slab, but the magnitude and direction of horizontal displacements change
dramatically. In the mid plane the horizontal displacements drop to minimum. {
Below the mid plane, the northeastern quadrant moves toward the negative disk load
and the southwestern quadrant is pushed away from the positive load. Under such a
dipole load (the rnaximum value is P) the magnitude of maximum vertical

l
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displacement (below the load) is about 0.01H across the slab and horizontal
displacements are about 0.0018H near the surface and base. Horisontal :

displacements are extremely small near the mid plane, and, consequently the
M% horizontal stress is very small. The stress fields show that the positive load acting at ;

the southwestern quadrant induces the local compression above the mid plane and i

extension below the mid plane, meanwhile the negative load acting at the |
northeastern quadrant causes the opposite effect.

|

l
n.3 c STRESS AS A FUNCTION OF WAVELENGTH OF THE LOAD ,!

The stress field is not only dependent on the magnitude of the load but also )
on its wavalength.

The effect of a two dimensional surface barr. sonic load is considered in order
to examine how the stress field varies with the wavelength. ,

)

F(x,y) = P cos(k,x) cos(k,y)

x = kH = 2n H /A

where k = ((k,' + k ), P is the magnitude of the load, A is its wavelength, k, and k, |#
y

are the wave numbers and H is the thickness of the slab.
'

Fig. 2 4 a to 2 4 c show the three dimensional Fourier trantform solutions of !
maximum horizontal normal stress T,, vertical normal stress T,, and shear stress T, i

as functions of wavelength of the load and depth. These curves show that when X is !

about 0.5 to 0.6, which corresponds to a wavelength approximately equal to 10 times i

the thickness H, both T, and T, reach their maximum value. The mid plane is a ;
|

" turning point". At the " turning point", the maximum shear stress occurs for large
wsvelength (X is lets than or equal to 2.0) and the horizontal normal stress changes }

sign. Maximum horizontal normal stress occurs near the surface and the base of the !

slab and reaches up to 5 times that of the given load. At the mid place, the ;
'

maximum shear stress could reach up to 0.92 P. Vertical normal stress, T (Fig.

| 2 4 c), decays very rapidly with the decrease of wavelength of the load,it reaches the
| maximum value at the surface, and vanishes at the base. For long wavelength load,

| maximum venical stress at the surface equals the load.
Artem'jev et al. (1972) solved a sirnilar problem in two dimensions; their'

calculations indicate the same trend as this study but there are large differences in |L

the magnitudes. The magnitudes of the shear and borizontal stress of the ;

| three dimensional model are only about 70 percent of those the two dirnensional ,

model of Artem'jev et al. The reason for the differences in magnitude of the stress :

may come from the assumption of plane strain for the two dimensional problem in
*

order to verify that this difference is explained by the two dimensional model, a j

two dimensional model is simulated by keeping the load constant in the X direction, ;

see Fig. 21). The result (Fig. 2 5) is virtually identical to that of Artem'jev et al. .

Fig. 2 6 and Fig. 2 7 show behavior of stress in, response to a change in elastic ,

;

parameters. When the Lame's parameter in the top layer (0 to 0.4 H) decreases
-

i from 0.4 to 0.1 X 10"N/m#, stress is concentrated below this weaker layer and the
1
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" turning point'' shifts downward to about 0.6H. Maximum horizontal stress in the
top layer decreases 54 percent, maximum shear stress decreases 18 percent (Fig. 2 6). !

Alternately, stress will concentrate in the top layer when the A and u are
! - Increased to 0.8 X 10"N/m'. Maximum horizontal stress in the top layer increases 39
| percent. The turning point shifts upward to about 0.4H (Fig. 2 7).

;

1

|

L II 3 d A DISK LOAD AND ITS INTERNAL COMPENSATION !
! '

? The stress field induced by a mountain and its compensating root may be !L
modeled by the combination of a negative internal disk load with a positive surface

;

disk load. For a given surface load, the state of horizontal stress also depends on the ;

nature of the compensation. Table 21 lists the calculated results and compares the i

stresses in the cases of complete compensation, over compensation and under [
compensation. In the models given in Table 21, a positive dhk load is located at ;

the surface and a negative load is located at z = 0.5H.
i

in the state of complete compensation, the negative load bends the slab !

upward. The bending effect chased by the positive disk load is canceled, but the
vertical stress is added. Therefore horizontal displacements are very small. !

Compared with the vertical stress the horizontal stress is very small (the horizontal |stress magnitude is about one sixth to one fourth of the vertical stress in and above '

the mid plane) across the entire slab. The vertical stress is almo:t constant across
the slab above the level where the internal load is located, the maximum value i

equals the given load P. Below the level of compensation, the vertical stress falls to !
zero.

|
In contrast, the upper portion of the slab will be in horizontal extension for

|
the case of over compensation, and in horizontal compression for the case of under '

compensation. Table 21 lists cases of 20 percent over compensation and a 20 per -|

,

, . cent under compensation. !

From consideration of over and under compensation, one may deduce that
the stress field caused by the combined loads (surface load plus compensation) is '

.

,
quite different from a single surface load. '

Generally speaking, the stresses in model A are greater than the stresses in
Model B. The great vertical stress in model A is caused by both the surface load of |1.0 P and the compensation load of 0.8 P. It is almost constant across the upper !

portion of the slab. Model B has a 0.2 P load at the surface and induces an
;

extensional horizontal stress field which is comparable to the horizontal stress in the -

model A, the magnitude of vertical stress is very small.
,

!

.

L

1

|

|
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TA8LE 2-1 |
t

COMPARING STRESSES FOR DIFFERENT DEGREES OF COMPENSATION {./

1.

}1DEPTH STRT.SS HODEL A MODEL 3 MODEL C MODEL D
j_ . . . _ . . . . . . . . . . . _ . . . _ _ . . _ _ _ . . _ _ _ _ _ _ . . . . . . . . _

T,,/P -2.97 -0.71 -0.14 +0.42

0 T,,/P -0.68 -0.94 -1.00 -1.06

(S!-53)/P 2.34 0.23 0.88 1.51 !
;... . _ _ .__ . ... ... __.. .... .._ ... .. .

T,,/P -1.42 -0.42 -1.70 +0.08

0.25H T,,/P -0.57 -0.92 -1.00 -1.08 i

!

($1-S3)/P 1.12 0.51 0.85 1.18 i

jT..,P 0.03 0.,, 0.23 .e.2,

1

0.5H T:/P -0.34 -0.87 -1.00 -1.13 :
:
F

($3-51)/P 1.32 0.71 0.78 0.89 t

;.- -- .__ ...___ ..___ . _ ...__. .... ......

T,,/P +1.38 +0.29 +0.03 -0.23

0.75H T,,/P -0.11 +0.02 0 +0.02

(53-SI)/P 1.54 0.33 0.03 0.27 ;
>

.. _. _ ._.. _ . _ .. _ ... _ _ _ _ .-....._ .. _ .. ..

T,,/P +2.87 +0.53 -0.04 -0.62 ,

r
I

L 1.0H T,,/P 0 0 0 0

I

(S3-S1)/P 2.90 0.57 0.05 0.68
t

Model A A disk load P (Fig.2-2) at the surface

'Model B: A disk load at the surface with a negative load of 80 per

| cent (20 per cent under compensation) at :=0.5H. j
iModel C: A dick load at the surf ace with a negative load of
i

' complete compensation at z=0.5H.
:

Model Da A disk load at the surface with a negative load of 120 per

i
cent (20 per cent over compensation) at z=0.5H.

|

|

i
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DISCUS $10N ,

(1) A slagle central load applied at the surface (such as an uncompensated |^

mountain) bends the elastic lithosphere downward. The vertical displacement is |
large but changes little across the slab; meanwhile the magnitude of horizontal j

displacement is small (compared to vertical displacement) but changes rapidly, both j
in magnitude and direction. The horizontal flexural stress is greater than the vertical |
stress at all depths. |

(2) A negative central load (such as those that would be caused by '

overcompensation inside the earth or lower density features at the surface) bends the
lithospheric slab upward and causes extensional stress in the crust.

)(3) Since the equations are linear, the solutions for different sources can be
!

superposed. The resultant surface topography load and its compensation will cause a i

nearly constant vertical stress above the compensation level, provided that the [
compensation is complete. In that case, the magnitude of horizontal stress is less |
than that of vertical stress.

(4) The simple tests summarized in Table 21, show that the stress field I
calculated from isostatic anomalies alone (such as discussed by Arterfiev et al., !
1972) is quite different from the stress computed from the topographic load and its f

under (or over) compensation indicated by the Bouguer anomaly. In the latter case, !

the stress is greater.
(5) The stresses calculated from three dimensional models are formally

consistent with the two dimensional results but less in magnitude. The maximum j
flexural stress in the elastic slab will be twice as much as the surface load. In the i
three dimensional model, the magnitude of stresses is comparable to the regional i
scesses and these is nn need to adjust the material properties in order to reduce the ,

streees (e.g., Lago and Cazenave,1981). f

(Q Uader a surface load of magnitude P, the maximum horizontal stress may [
reach up to 5.0 P near the surface. Shear stress (T, and Ty ) may reach up to 1.0 P ;

in the middle of the slab. And the maximum vertical stress is on the order of P.
(7) The magnitude of stress (for both the horizontal normal stress and the ;

shear stress) depends on the ratio between the thickness of the elastic slab and the
,

wavelength of the load. This dependence is not simply a linear relation. A 20
percent variation of the thickness in the elastic slab will cause a 13 percent change in i

; horizontal stress T, near the surface and less than a 10 percent change in shear ;
L stress T, in the top layer. |

(8) A 10 percent change of density contrast between the lithospheric slab and
underlying fluid has little effect on the stress field in the top layer,

,

1
1

,

|
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CHAPTER W |

'

!
CRUSTAL STRUCTURES OF THE SOUTHEASTERN UNITED STATES i

;
'

!!I 1 GEOLOGICAL SETf1NG

Two areas from the southeastern United States will be studied in this paper: )'

the Southern Appalachian area and the Atlantic Coast continental margin. The |
topographic and bathymetric maps are shown in Fig. 31 and Fig. 3 2. |

The Appalachian mountain belt extends along the east coast of North 1
America. The geological structures of the Southern Appalechlans can be divided !

into several provinces parallel to the trend of the topography (Fig. 3 3). The !

western most province, the Appalachian Plateau or Cumberland Plateau,is underlain i

, by nearly horizontal Paleozoic sedimentary rocks. In the Valley and Ridge province, I

the Paleorole sedimentary rocks are characterized by long parallel folds and thrust !

faults. The axes of the folds and the strikes of the thrust faults run generally |
northeast to rauthwest and follow the trend of the Southern Appalachians. Rose ;

structures are thought to be shallow and without involvement of the Precambrian i

Grenville basement (Rodgers,1949; Cook et al.,1979). Geologic evidence (Colton, !

1970) indicates that the Basins in eastern Tennessee has more than 10 km of !
sedimentary cover. Some parallel faults at depths of 10 to 25 km in the Precambrian ,

basement can be seen in the COCORP profile. |
The Blue Ridge province is separated from the Valley and Ridge province by ;

a southeastward dipping thrust fault system which consists of the Holston Mountains, i

Great Smoky, Cartersville and Talladega Thrust faults. The Blue Ridge Province is ;

composed predominantly of extensively metamorphosed rocks. The highest j

mountains of the Southern Appalachians are the Great Smoky Mountains. They are ji

located in the Blue Ridge Province along the Tennessee North Carolina state line. -

The Brevard zone, a narrowly deformed shear belt, separates the Blue Ridge :

from the Piedmont province. The Piedmont Province can be further divided into ;

three belts based on the grade of metamorphism and lithology. The Inner Piedmont !

subprovince is a high grade metamorphosed crystalline rock belt intruded by plutons. ;

The Kings' Mountain belt is a narrow band of metamorphosed sedimentary and
,

I volcanic rocks. The Charlotte belt consists of remnants of a volcanic are with
metamorphosed sediments (Cook et al.,1980).

The Southern Appalachians are bounded to the southeast by the Atlantle ,

Coastal Plain, which consists of Cenozoic sedimentary rocks that overlap the '

Piedmont province and cover the crust that was thinned during the Triassic Jurassic
opening of the Atlantic. The average thickness of sedimentary deposits is 2 to 3 km
(Marine and Siple,1974).

The relief of the southeastern continental margin of the United States is

| complicated. Near South Carolina, the continental margin may be divided seaward |

into two regions, the Carolina platform and the Carolina trough. The Carolina"

Platform is app:oximately 300 km wide and it is bordered by the Atlantic Coastal
'

Plain to the west. The Southeast Georgia Embayment is located in the northwest

I
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portion of the platform and between the Cape Fear Arch and the Peninsula Arch of
Florida. The Brunswick Graben is located in the eastern part of the platform, the

!, present continental shelf. The Carolina Trough is about 80 km wide and 400 km
long and located between the Blake Fracture zone to the south and the Norfolk
Fracture zone to the north. Sykes (1978) proposed that a possible transform fault
drawn along the direction of the Blake Fracture zone passes very close to the
Charleston area and is nearly coincident with the South Carolina Georgia seismic
zone. In the Carolina Trough the sedimentary deposits are 5 km to 9 km thick, and
the depth reaches approximately 2,000 meters (Grow,1981).

The origin of most of the structures in the southeastern United States can be
explained by the closing of the Proto Atlantic, which was completed 250 million
years ago. The subsequent opening of the Atlantic Ocean was secompanied by
crustal thinning and the formation of rift basins, many of which are under the
present Coastal Plain. Detailed evolutionary models have been proposed by many
authors, some of which are Bird and Dewey (1970), Dewey and Kidd (1974), Hatcher
(1978), Ross (1979) and Cook et al. (1980),

m2 GEOPHYSICAL STUDY OF CRUSTAL STRt3CTURE

Gaophysical rurveys, including seismic reflection, seismic refraction, gravity
and aroomagnetics, have yielded information on the crustal structure in the Southern
Appalachians, Atlantic Coastal Plain and continental margin.

The COCORP (the Consortium for Continental Reflection Profiling)
reflection survey in the Southern Appalachians (Cook et al., 1979, 1983) suggested
that an allochthonous sheet was thrust westward hundred kilometers during the
closure of the Proto. Atlantic Ocean in the late Paleozoic (250 to 500 million years
ago) and formed the present Blue Ridge and Inner Piedmont. The COCORP
surveys support the thin skinned tectonics concept which was first recognized by
Rich (1934) and supported later by Rodgers (1949) on the basis of geological
evidence.

Seismic reflection data in the Southern Appalachlans did not resolve the
geological structures of the lower crust and the depth to the Moho. The interface
between upper and lower crust and the depth to the Moho has been determined by
refraction seismic surveys and earthquake travel. time studies.

Warren (1%8) shows several seismic refraction profiles across the Southern
Appalachians. One of them is perpendicular to the trend of the regional structures.
It starts in Campbell, Kentucky near the Tennessee border, and ends in Dahlonega,
Georgia. This profile crosses the Appalachian Plateau and the Valley and Ridge
province in Tennessee and part of the B|ue Ridge in Georgia. The results indicate
that the thickness of the upper crust varies between 10 and 18 km with an average
P. wave velocity of 6.1 km/s. The Moho depth varies from 38 km to 45 km. The
lower crust average P. wave velocity is 6.7 km/s and the upper mantle velocity is 8.0
km/s. Beneath Chattanooga, Tennessee, the Moho depth is 45 km.

After studying the Pn wave arrivals and using time term analysis, Long and
Llow (1986) found that the crustal thickness varies from 33 km in the Georgia |
Piedmont and 35 km in central Alabama to 50 km in the Blue Ridge of eastern t

Tennessee and northern Georgia.
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A refraction profile along the axis of the Piedmont province of Georgia and |
South Carolina with an extension to the Atlantic Coastal Plain was studied by Kean |

| and Long (1980). It does not clearly show the interface between the upper and lower |
|- crust in the Pied.nont. The velocity near the Moho discontinuity could be about 6.7 |

km/s and the depth to the Moho varies from 35 km in the Piedmont to 40 km in the i

Coastal Plain near the Piedmont and decreases to 29 km near the coast of South !
Carolina. !

On the Basis of synthetic seismogram analysis, Lee (1980) proposed a velocity !
model for the Coastal Plain. The topmost layer velocity is 5.18 to 5.54 km/s and its !
thickness is 6 km. The P wave velocity is 6.6 km/s in the lower crust, and 8.0 km/s !
in the upper mantle, the depth to the Moho is 33 km. |

The refraction investigations of Propes (1985) show that, in the Southern i

Appalachians, crustal P. wave velocity varies from 5.5 to 5.7 km/s in sedimentary j
rocks and indicate a gradient from $.91 to 6.3 km's in the basement. He suggested |
that the crustal thickness is 44 to 47 km in the Blue Ridge of eastern Tennessee,43 i

km in the Piedmont of central North Carolina and 27 to 36 km in the Coastal Plain. !
The magnetic data are characterized by a series of lineaments. Watkins (1964) !

identified a linear magnetic gradient parallel to the Valley and Ridge Province of the f

Appalachians extending hom the Mississippi Embayment in central Alabama to the j
Green Mountains in Vermont, King and Zietz (1978) named this 1600 km long i
lineament the New York. Alabama lineament and suggested that it is an ancient

;
suture mone marking the southea. tern boundary of a stable region. The seismicity i
data show that most earthquake epicenters in southeastern Tennessee are distributed |

east of the lineament. I

The distinctive magnetic features of the continental margin in the southeastern !
United States are: (1) the Brunswick Anomaly which reflects a buried graben i

i (Brunswick graben), (2) the East Coastal linear anomaly which is related to the |
transition from continental crust to the oceanic crust, (3) the Blake Spur Anomaly ;

and (4) the Blake Spur fracture zone offset which is the largest offset, of the Blake |
Spur (Orow,1981). |

The regional Bouguer gravity anomalies in the Southern Appalachians (Fig. I

3 4) generally trend NE SW, apparently following the regional topographic trends. A ,

large negative anomaly appears in the mountain regions of the Blue Ridge, the Valley '

and Ridge, and the Appalachian Plateau. This negative anomaly suggests that the
topography is compensated by crustal thickening, but a negative isostatic anomaly j
suggests an over compensation (Ngoddy,1985). The over compensation may be .

caused by erosion of the relatively short wavelength topography, on a crust that is !
| te.o rigid to return to isostatic equilibrium at these short wavelengths. Low density '

| sedimentary deposits in Paleozoic basins, such as the southeast Tennessee rift basin ,

(Long and Liow,1986) may be the source of some of the shorter wavelength'

anomalies. .

Another notable feature of the gravity field is the Piedmont gravity gradient. |
The Bouguer anomaly increases rapidly southeastward across the Piedmont province, i

| Changing from 50 mGal to +20 mGal over a distance of 180 to 200 km. Although -

crustal thinning from the Blue Ridge to the Coastal Plain explains the magnitude of
this variation in Bouguer anomaly, additional densit changes inside the crust are

i required in some areas to fully account for the sharpness of the gradient.
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| Very few seismic refraction data are available for study of the deep crust on
the southeastern continental margit. Because the water is deep, the original Bouguer
anomalies of the continental margin (Fig. 3 5 a) do not show positive values, even in

'

the deep ocean. After correction for the bathymetry, a large positive value appears
at the continental margin (Fig. 3 5 b). The positive value indicates thinning of the

! crust. Very tight contour llues at the eastern corner indicate that the steep grasity
, gradient, with gravity increasing from 50 mGal to 150 mGal within 50 km, is ;
' ptobably associated with a rapid rise of Moho. An off shore negative Bouguer i

anomaly trough ( 40 to 50 mGal) seems associated with the Blake Plateau |
(Hutchinson et al.,1983a). |

The Bouguer anomaly is less than +20 mGal over the Coastal Plain. The j
crustal thinning in the Coastal Plain, which has been confirmed by many seismic ;
refraction studies, should produce a much larger anomaly. However, the thick, !

lower density Coastal Plain sedimenttry layer may significantly reduce gravity from i

the expected high positive anomaly.
Some local negative anomalies, such as those around the Savannah River and

along the North Carolina coast, may be related to buried Mesozoic rift basins.
Marine Bouguer gravity data for the continental margin off Charleston (Fig. 3 5) and
gravity profiles (Hutchinson et al.,1983b, Fig. 3 6) show that: (1) there is a negative
anomaly corresponding to the Brunswick Graben and (2) there is a gravity gradient
at the Carolina Trough, where the Bouguer anomaly varies southeastward from 0
mGal to 50 mGal within 50 km. It may be caused by thick sediments which
overcome the positive effect of the crustal thinning.

!!!3 SUMMARY OF CRUSTAL STRUCTURES

In the Southern Appalachians, the Coastal Plain and at the continental
margin, seismic refraction studies (discussion above and also, Taylor and Toksoz,
1982; Hutchinson et al.,1983 b) show that the Moho discontinuity could be
identified it most refraction profiles with P wave velocities of the mantle between 8.0
and 8.1 km/s and uniform over the Southern Appalachians and continental margin.
Refraction seismic data and gravity data indicate that, in the Appalachian Plateau
and the Valley and Ridge provinces, the depth to the Moho varies from 40 to 45 km.
The crvn is thickest under the Blue Ridge province where the reported depth to the|

| Moho reaches 50 km. The Moho shallows in the Piedmont to 33 km. In the Coastal
| Plain, the Moho depth is 29 to 33 km. The crust continually thins toward the sea

while the ocean floor deepens. The crustal thickness may be only 10 to 15 km at the
eastern edge of the study area (see Fig. 5 9 a).

The transition between the upper and lower crust is not well defined. It v. vies
in depth from 10 to 20 km in some places, but it has not been identitied and may

' not exist in other places. The lower crustal P. wave velocity in the southeastern
United States is around 6.5 to 6.7 km/s. In the Coastal Plain, the lower crustal

|

I. P wave velocity may increase from 6.7 to 7.0 km/s (Hutchinson et al.,1983 b). The
average P wave velocity in the upper crust is 6.1 km/s, and P wave velocity is less
than S km/s in the shallow sedimentan rocks. The sedimentary section is 2 to 4 km

i

thick in the Coastal Plain and 7 to 10 km thick on the continental shelf. The P wave

|
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velocity in the upper unconsolidated sedimentary layers, which are probably water )saturated,is 1.7 to 3.0 km/s.
{

On the basis of multi channel reflection profiles and magnetic data, !

Hutchinson et al. (1983 a) suggested that in the continental margin of the 1
southeastern Unhed States, the Moho discontinuity rises in a step wise manner from

'

a depth of 30 km to 25 km near the Carolina Trough and to 15 km under the
Continental Rise.

Mareschal and Kuang (1986) proposed a two dimensional crustal structure (
based on an average Bouguer anomaly profile of the Southern Appalachians la &ls 3

model, the crust is thickened to 48 km in the Blue Ridge and thinned to 35 km jn
the Coastal Plain. The deusity contrast between the crust and mantle is 0.25 g/cm . ;

Some relatively short wavelength density anomalies are located in the upper and
lower crust. The Coastal Plain is a 2 to 3 km thick sedimentary sunece layer of

~
i

density 2.5 g/cm'.
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CHAPTER IV

SERSMICITY AND STRESS FIELD OF THE SOUTHEASTERN UNITED STATES |

,

IV 1 SEISMICITY
I

The southeastern United States has fewer earthquakes then the western United |
|

States. Most of the epicenters of earthquakes in the southeastern United States are
|concentrated in two small regions. The Valley and Ridge and Blue Ridge provinces

in eastern Tennessee and western North Carolina are part of the Southern ;

A
Appalachian Seismic Zone identified by Bollinger (1973). The other region of !

considerable historical seismicity is the Charleston Summerville area, which is part of |
!the South Carolina Georgia Seismic Zone (Bollinger,1973; Tarr,1977). Other areas !

are almost aseismic.
Fig. 41 shows the location of historical earthquakes and the seismic zones in

j

the southeastern United States. A discussion of the central Virginia Seismic Zone j

will not be included in this study Fig. 4 2 shows the epicenter locations of recent i

(1977 1985) earthquakes. The main difference between the historical and i

contemporary Southern Appalachian seismicity distribution is thet historical events i
|occurred in the Valley and Ridge and Blue Ridge provinces (which include eastern '

Tennessee and western North Carolina) but contemporary earthquakes have been
concentrated in southeastern Tennessee but not in western North Carolina,

,

The eastern Tennessee seismic region, which is part of the Southern f'

Appalachian seismic zone, is located in the Valley and Ridge and the Blue Ridge
j

|
province of the the Southern Appalachians, bounded on the northwest by the New '

| York Alabama lineament and parallel to the trend of the Southern Appalachians.
| Fro n 1874 to 1928, eight earthquakes with intensities between VII and VIII occurred

:

in this region (Bollinger,1973). Seismic stations, which have operated since 1928, !

recorded more than 30 earthquakes of magnitude greater than or equal to 3.0 in this :

region from 1928 to 1981. Six of them had magnitudes greater than or equal to 4.0, |

most of the hypocenters are between 6 and 14 km below the earth's surface ||Johnston, et al.,1985).
The Georgia South Carolina seismic zone (Bollinger,1973) is extends through |

the Atlantic Coastal Plain of South Carolina and is perpendicular to the trend of the i

Southern Appalachians. The Charleston seismic region (Tarr,1977) is in the |
A total of 436 |Georgia South Carolina seismic zone (Fig. 4-3 from Tarr,1977).

!earthquakes were reported in South Carolina from 1754 to 1975, of which more than
Tbc 1886 Charleston i

85 percent occurred in the Charleston Summerville area.
earthquake, with an estimated magnitude of 7.0, is the largest historical event in the
southeastern United States.

Old records indicate that the seismicity of South ,

'

Carolina prior to 1886 was at a normal level (Bollinger and Visvanathan,1977). The
1886 event was followed by aftershocks which account for about 70 percent of all
earthquakes recorded between 1754 and 1975, however, most aftershocks were

.

reported during the period 1886 to 1930 (Tarr,1977) Although the present level of
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seismic activity in the Charleston Middleton Place area is declining, it has not !
reached the pre 1886 level. ;

ne historical data suggest that Charleston and its vicinity could be a unique !
seismotectonic region. Paleoseismic analysis of sand liquefwtion (Obermettr et all, !
1985) suggests that several late Quaternay earthquakes with shaking severity |
comparable to the 1886 event have occurred in the Chr.rleston area.

!
!
t

IV.2 CONTEMPORARY STRESS RELD I

%
The orientation of principal stresses near the earth's surface may be j

determined by in situ measurements, by geologic methods and by earthquake fault :
plane solutions. !

In sliu stress measurements, which are limited to very shallow depths (at most, [
a few hundred meters), do not dhectly indicate stress at great depths. The deep and !

shallow stresses could be different. Also,in situ stress messurement are sensitive to |
local geologic structures, topography, anisotropy of rock as well as the experimental

e

uncertainty Perhaps the most reliable method of in situ measurement is hydraulic ,

fracturing (McGarr and Gay,1978) which presently is the only in situ method for !
measuring stress at depths down to a thousand meters. The technique consists of |
isolating a section of borehole over a known depth interval by using inflatable i
packers. This section is then pressurized by pumping fluid while recording the
pressure time history of the hydraulic fluid. The pumping is continued until a :
fracture is finally induced. By assuming that the fracture plane is vertical and the !
fracture is purely tensile, the least horizontal principal compression axis is :
perpendicular to the fracture. Error in this measurement will be less than 15*. i

j Surface geological mapping, including the sense of movemt.nt of faults, can !
| provide valuable information on regional stress orientation. In a normabfaulting !

! regime, the net horizontal slip is in the direction of the greatest principal strers (least :

|~ principal compressional stress). Similarly, in a reserse faulting regime, the least
|

| principal stress (the greatest principal compressional stress) should be in the ;

i direction of the motion. For a pure strike slip faulting regime, both the greatest and *

least principal stress axes' intersect the pair of fault planes. Usually,if the slip is on a
pre existing fault plane, the calculation of principal stress orientation will involve

,

more complex geometry and require additional information (Angelier,1979). ;;

| The principal stress orientations at substantial depths below the earth's surface ;

| may be estimated from the fault plane solutions. The radiation pattern of seismic |
! waves generated by an earthquake in the crust is quadrangular about the source. t

! < ' The initial motion (compression or dilstion) at the source will be recorded at the i

seismic station. The take off angle (180' minus the dip) and the azimuth can be
computed and plotted as a spherical projection which shows the direction of rays and |
their polarity. The compressional axis "P" and dilatational axis "T" are separated by '

the two nodal planes which intersect along the intermediate "B" axes. 4

Theoretically, the angle that the cornpressional axes should make with the
greatest principal stress axis is (Billings,1972):

e = 45' + p/2 '
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where , is the internal friction which depends on the cohesive strength of the rock,
The actual fracture may not be in the direction # when an earthquake occurs.

The failure plane does not necessarily follow the theoretical fracture plane, but in
most cases, the plant is along a pre existing fault, The P. T and B axes do not
necessarily coincide with the greatest, least and intermediate principal stress anos, |

respectively. McKenzie (1%9) indicated that the only restriction for the principal i

stress ames and fault plane relation is that the greatest (compressional) principal
'

stress must lie in the quadrant containing the P axis. Raleigh et al. (1972) found j

that the P axis could deviate from the greatest (compressional) principal stress axis 1

( by 40' or less when an earthquake occurs on a pre exist existing fault plane. |
J' Current understanding of plate tectonics (AAPO Plate Tectonic Map,1985) i

suggests that the North America Plate moves away from the Mid. Atlantic Ridge at a
'

speed of 2.7 cm per year and that the rotation vector is trending in a northeast
direction which is perpendicular to the trace of the New England Seamounts. The

,

calculated direction of tectonic forces is still questionable due to uncertalary in the ;

mechanical models. In the eastern United States, the calculated regional tectonic !
stress (Richardson et al.1979; Solomon et at.,1980) of a plate driving force model !

with basal viscous shear shows the maximum horizontal compression in a northwest f
direction. Also, other (e.g., Zoback and Zoback,1980) studies suggest a ridge push |
force from the northeast direction.

'fIn the Southern Appalachians the earthquake focal mechanisms and other
studies of the stress were considered by Sbar and Sykes (1973), Raleigh (1974), j

McGarr and Gay (1978), Zoback and Zoback (1980), Zoback (1983) and Johnston et !

al. (1985) among others. Fig. 4 4 (after Zoback,1983) shows the orientation of the '

horizontal principal stresses in the southeastern United States,
Sbar and Sykes (1973) combined in situ stress measurements, geological data,i

;

and earthquake fault plane solutions and suggested that much of the castern United i

States is experiencing horizontal cornpression. The maximum compressional axis
trends from east to northeast in the mid continent. They studied the southeastern j

i United States stress regime and used several in situ measurement data along the !
Southern Appalachians. The maximum compressional principal stress axes (S,) are
horizontal and orientated N6*E in Rapidan, Virginia, and N87'E in Mt. Airy, North '

Carolina. In Georgia, the principal stress directions are rather complicated with S, '

varying from northeast to northwest. The magnituce of S, in the Southern i

Appalachians is on the order of tens of MPs. The greatest to least principal stress ;

ratio (S, /S,) is over 1.5. Sbar and Sykes (1973) proposed that the Appalachian stress i
field is complicated by the remnant stress (stress built up during the formation of ;

present structures).
Fault plane solutions of many earthquakes in the Valley and Ridge and the

*

|

| Blue Ridge province were studied by Johnston et al. (1985), Teague (1984), Oulnn, [
(1980), Zelt and Long (1937), amo::g others. Most of the focal mechanisms indicate'

,

| strikewul- faulting with the nodal plane orientated north south (right lateral) or '

east wcst (left lateral) which indicates northeast compression. An analysis of fault
,

I plane .olutions from 47 events located throughout the Valley and Ridge region of '

eastern Tennessee (Johnston et al.,1985) shows a single consistent type of motion,
strike slip on east west trending planes with horizontal northeast to southwest
compressional axes.
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In the eastern Tennessee area, focal mechanisms with a component of I

normal faulting are also very common (Zelt and Long,1987). Among 38 determined i
'

| earthquake focal mechanisms (with two composite solutions),22 were strike. slip and |
| 18 were nermal faulting events (two canhquakes have composite solutions). Most of.

the normal local tnechanisms have a horizontal extensional axis trending in a NW SE |idirection. The strike slip focal mechanisms are concentrated in the southeastern
i

Tennessee area. A depth acalysis indicates that the depths of eastern Tennessee !
er:thquakes depend on the type of faulting. Earthquakes with vertical movements
are usually shallower than those with horizontal movement (Zelt and Long,1987).

Guinn (1980) studied several earthquakes in eastern Tennessee and the .

Summerville Charleston region and determined their focal mechanisms, in eastern [
Tennessee, the focal mechanisms in general, support east to nonheast compression.
For examples, the February 4,1976 Conasauga, Tennessee (in the Blue Ridge j,
province) earthquake of magnitude 3.1, implies that the S, axis is directed northeast :
and has a 60* plunge. De July 27, 1977 Englewood, Tennessee (in the Valley and !
Ridge province) earthquake of magnitude 3.5, implies that the S, axis is constrained r

from nonb to northeast and varies in plunge from horizontal to vertical. In the !
Coastal Plain Province, the focal snechanism solutions do not have a consistent !
direction, but they seem to support a northeast southwest compressional regional |
field near the Summerville Charleston area.

|
Zoback and Zoback (1980), from the combination of in situ measurements,

focal mechanism solutions and geological observations, proposed that the Atlantic j
Coastal Plain and the Piedmont province are characterized by northwest to west,
rather than northeast compression. The maximum compressional axis appears to be !
perpendicular to the trend of the Appalachian Mountain belt and the continental '

margin of the southeastern United States. Another argument in favor of northwest
<

regional compression is that many northeast trending reverse faults along the east |
coast were active from the Cretaceous to the Cenozoic. The orientation of these !

faults implies that the contemporary maximum horizontal compression trends in a
northwest direction (Wentworth and Merguer Keefer,19811 Powell and O'Connor,

. 1978).
;

| Talwani (1982) suggested a N60*E maximum compressional axis near '

Charleston based on relocated hypocenters and composite fault plane solutions. But,
; the focal mechanisms are complicated by the local fault systems. Shallow (4 to 8

,
'

km) reverse faulting is associated with the Ashley River Fault and deeper (9 to 15
km) strike slip faulting is associated with the Woodstock Fault. |

Zoback's (1983) recent study, based on the relocated earthquake focal plane ;
mechanisms and in situ stress measurements, seems to favor northeast rather than i

northwest regional maximum compression in the Coastal Plain. Therefore, the
east northeast compressional stress regime of the mid continental United States can .

apparently be extended in'o the Southern Appalachians and the Coastal Plain. Fig. i

4 4 shows that the contemporary regional stresses in the middle and eastern North
America Plate generally trend north east. However, the stress in the Coastal Plain ;
area and continental margin is still not consistent with the ncrth east directions of '

the mid continents, l

Plate tectonic force is probably the main source of regional stress in the
eartern United States (Sbar and Sykes,1973; Richardson et al.,1979; Zoback and,

Zoback,1980). However, whether the direction of ridge push is parallel to that of
l
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! regional compression remains questionable. Also, the state of regional stress varies
! in different geologic provinces. The diverse focal taechanisms suggest that not all

|

earthquakes are responding to regional stress or that the regional stress can not be"

;

l simplified to a simple pattern in the southeastern United States. Local factors must i

} be considered and additional sources of stress are required in order to interpret the j
diverse stress directions demonstrated by intraplate events.
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|

STRESS FIELD AND SEIShDCITY

V1 PARAMETERS AND LOADS

The elastic parameters which is used for stress computations in the Southern :
Appalachians and the Atlantic Coastal Plain are determined from geophysical data f
J.'$ cussed in Chapter 111 and are based on several assumptions. The relationship |
between the P wave velocity, density and elastic parameters is given by- '

e = /(A + 2 p) l p

or
j

t = (A + 2g) / e# f
!

where e is the P wave, velocity which is deduced from seismic data (discussed in !
Chapter IV), p is the density and A and are Lame's constants, which are used for !
stress computation. '

Rock experiments (Lama and Vutukuri,1981) give an approximate range of |elastic properties under normal temperature and pressure (Table 51). !

At high pressure and temperature, the rocks in the lower crust and mantle
[

may behave differently than in experiments under surface conditions. The increase '

in seismic wave velocity suggests that the density and rigidity of the rocks increase [
i

with depth. For the purpose of computation, some simplifying assumptions are t
made: 1) The lithospheric thickness is not critical to the result of stress computation, '

| therefore, it is assumed to be 100 km in the Southern Appalachians and 80 km near [! the ceast and continental margin. The lithosphere is probably thicker than 100 km !

in the southern Appalachians, the 100 km thickness is used as average value 2) The i

normal crustal thickness is 40 km in the Southern Appalachians and 30 km in the i

Coastal Plain area. 3) The normal boundary between upper and lower crust is
assumed to be at a depth of 20 km in the Southern Appalachians, and 15 in the '

Coast Plain. 4) Elastic parameters and density are as listed in Table 5 2, in which t

Lame's constants A = .

The theory and technique of computing a stress field induced by surface and i

internal loads was described in Chapter 11. In this chapter, this computing method |
will be applied to the Southern Appalachians and to the Charleston area, which
includes the continental margin. :

The lithosphere is considered to be an elastic slab overlying the
asthenosphere, which is assurned to be an inviscid fluid. The loads acting on the
surface of the lithospheric slab are derived from a combination of the excess mass of I

topography and the deficit mass of near surface low t'ensity sediments. In the ocean,
the sea level is the zero elevation plane, therefore, the loads are derived from

;

:

I
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TABLE 5-1

AVERAGE VALUE OF
LASORATORY MECHANICAL PROPERTIES OF ROCKS AND A MINERAL

TOISON'S RIGIDITY DENSITY
RATIO N0 PUS 3

(10 Pa) (g/cm )

GRANITE 0.20-0.23 0.10-0.40 2.6-2.7

BASALT 0.20-0.30 0.30-0.38 2.8-2.9

OLIVINE 0.24 0.87 3.32

!
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i
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o
|

|
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|
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TABLE 5-2

ELASTIC PARAMETERS i
j

!
!

!

!
P WAVE POISON'S LAM ' S YOUNG'S DENSITY l

VELOCITY RATIO C0gTANT N0gUS !
(km/s) (10 Pa) (10 Pa) (a/en ) ,

iSEDIMENTS 5.0 0.25 0.58 1.0 2.40 !
t

UPPER CRUST 6.0 0.25 0.44 1.1 2.70 !

LOWER CRUST 6.8 0.25 0.53 1.35 2.85 |
LITHOSPHERIC- f
MANitt 8.1 0.25 0.68 1.70 3.20 I

'
,

ASTHENOSPHERE 7.9 3.10-- - --

b

!
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1 ;
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; bathymetry and the negative density contrast between the sea water and the rocks i

! underneath the surface.
1 The distribution of density anomalies, which are the sources of the internal
!

1,
'

loads, may t>e derived from the inversion of gravity data. Other data such as seismic *
; data pst'aining to crustal structure can be used to constrain the inversion.
; Therefore, the dernal loads could be deduced in two different ways:

(1) Downward continuation

The downward continuation method utilizes only the spectral characteristics of
the gravity anomaly to constrain the interpretation. It assumes that the depths of the
sources of gravity anomalies are proportional to these wavelengths. The original

l surface Bouguer anomaly is Four.er transformed into the frequency domain.
Assuming a normal Moho depth, for example,40 km in the Southern Appalachians,

'

the Fourier components with wavelengths larger than 40 km are multiplied by a
downward continuation operator EXP(+kh), where h is depth (40 km) and k is
wavenumber. The result is the downward continued Bouguer anomaly. Assuming
that the mass source of the anomaly is concentrated on a thin layer, the load can be
obtained as:

P = Apgh = (g, / 250) g = g, / 4.19

where P is the load (in MPa), g,ional constant, g is the acceleration of gravity and As
is the downward continued Bouguer anomaly at that

level (in mGal), O is the gravitat
is the density contrast.

The loads on the upper lower crustal interface, on the Moho discontinuity and
on lithospheric asthenosphere boundaries are computed. The anomalies with very
short wavelengths (less than 15 km) are assumed to be caused by shallow density
variations and are left at the surface. They are directly transformed to loads.

(2) Crustal Modeling

Alternately, a crustal model can be constructed from seismic refraction data.
The gravity anomaly, based on this model, is computed and compared to the
observed data. The structural model or density contrast is adjusted until the
calculated gravity anomaly 5ts the observed data. Then, the mass excess (or
denciency), due to the density difference at the undulating interface, is calculated
and the load is concentrated on the layer boundary.

In this study, the internal loads are calculated by the downward continuation
method. Edge effects caused by the nature of the Fourier transform will be removed
as discussed in Chapter II.

Intraplate earthquakes are usually located in the upper crust (Meissner and
Strenblan,1982). In the southeastern United States, most focal depths are less than
20 km (Fig. 51). This is probably due to the following factors: (1) The rock's
theology changes with increasing depth and temperature. At shallow depth. shear
stress is released through frictional slip. In the lower crust, steady state creep may
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dominate (Bott,1962). (2) With increasing depth, rock strength increases and the
number of fractures decreases. Fig. 5 2 shows the relationship between the to:k
strengths and depths, in order to be comparable to earthquake focal mechanisms at
hypocentral depth, stress analysis in both the Charleston area and the Southern
Appalachlan area will be presented for a depth of 10 km,

In this study, the " local stress" is defined as the stress induced by the1

topography and density inhomogeneities inride the lithosphere. Other sources of
local stress, (e.g. thermal) are not considt 4 * 5 this study. The " regional stress" is
defined as the stress prevailing in a rainer large area (e.g., the Southern
Appalachians, or the Coastal Plain province) with a generally consistent direction of
the maximum compressive axis (this direction may be perturbed locally by geological
structures). The trends of the regional maximum compressive axis may not be
necessarily parallel to the direction of the plate tectonic force which is considered
the main source of the intraplate lithospheric stress. The term " total field" refers to
the combination of a local and regional field

i

%2 THE SOUTPERN APPALACHIANS

The first area of interest is the Southern Appalachians (Fig. 5 4 a). The
calculations were performed on a 1028 km by 1028 km square containing all of
South Carolina, and most of Georgia, North Carolina, Tennessee, Virginia, West
Virginia and Kentucky. The origin (lower left corner) is at N 31.5 latitude and E
87.5 longitude and the center is in the Blue Ridge of western North Carolina. The
analysis and discussion here will be primarily concerned with the Southern
Appalachian seismic region, which is in the center of the study area.

The technique and procedure to prepare the surface and internal loads have
! been discussed in the previous section. To recapitulate briefly,it is assumed that the
| average Moho depth is 40 km below the surface and the interface between the upper
'

and the lower crust is 20 km below the surface. The internal loads are deduced from
i the downwtrd continued gravity data and the the surface loads come~ from the
| topography and the very short wavelengths of the Bouguer anomaly. Fig. 5 3 shows
| the calculated loads at depth 0,20 and 40 km.
l LOCAL STRESS FIELD
!

| The local stress and deformation field and the Schmidt Net Projections of the
' pnnetpal stress axes (SNPPSA) of the Southern Appalachians at 10 km depth are

shown in Fig. 5 4. The SNPPSA is analogous to spherical projections and usually,

| are used to display earthquake fault plane solutions. The SNPPSA plot can be used
l to predict the type of faulting and earthquake focal mechanisms resulting from the
| computed stress field.

Horizontal displacement and SNPPSA (Fig. 5 4 b and 5 4 d), indicate, under
the hypotheses above, that the Valley and Ridge and the Blue Ridge provinces are in
a N\%SE horizontal extension. The SNPPSA plots suggest a normal faulting
mechanism. Meanwhile, the Charlotte Belt and the Atlantic Coastal Plain are subject

1to NW SE compression and SNPPSA shows northeast' trending reverse faulting. The
Inner Piedmont subprovince seems to be a transition zone, its SNPPSA pattern is
strike slip type.

1
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The average differential stress is about 20 MPa and the maximum is 35 MPa.

The differential stress contours (Fig. 5 4-c) show that the maximum differential I

stresses appear in the Blue Ridge area of eastern Tennessee and western Nor;h
,

Carolina. Great stresses (more than 20 MPa) are also concentrated in southern West |
Virginia, northern South Carolina and central western Alabama. The relatively
stress free areas (less than 10 MPa), which may be called stress gaps, are located in ;
the Atlantic Coastal Plain, western Tennessee, northern Alabama, central Georgia (a i

NE SW trending gap) and western Virginia (also a NE SW trending gap). |
The historical seismicity of the Southern Appalachians (after Johnsten et al..

1985) was shown in Fig. 41 and the contemporary (19771985) seismicity activity |
(after Bollinger,1973) in Fig. 4 2. Comparing the local stress field with the i
earthquake epicenters of the Southern Appalachians, one may notice that there is a j
fairly good relation between the local stress field and the seismicity. ;

SUPERPOSITION OF LOCAL AND REGIONAL STRESS FIELD f
Fig. 5 5 shows the total field after combining 20 MPa of N60' E regional

horizontal compression with the local field. The concentration of stresses in the i

Valley and Ridge and the Blue Ridge province has been significantly reduced (to less '

than 20 MPa) when this regional compression is added onto the local field. The 4

differential stresses are concentrated in two seismically inactive regions: eastern '

Virginia to eastern North Carolina (30 to 35 MPa) and Alabama to western Georgia !
(30 to 50 MPa). SNPPSA shows that strike slip faulting would be predicted in i

Alabama and normal faulting in the Atlantic Coastal Plain. The stress gaps include ;

the Piedmont province, South Carolina and its offshore area. '

When 20 MPa of east west regione compression is added to the local field,
the resulting field (Fig. 5 6) show ne concentration of stress sest of the Piedmor,t

,

Frovince. Stresses are concentrated in the Coastal Plain region including the South i
Carolina Georgia Seismic tone. SNPPSA suggests that normal faulting mechanisms !

would be predicted in the coastal area except near Charleston where the. strike slip
focal mechanism (with east west horizontal compressive axis) is predicted.

The combination .of 20 MPa S75' E regional compression with the local field
.

(Fig. 5 7) shows no stress concentration in the Southern Appalachian. Stresses are >

concentrated in the Atlantic Coastal Plain. SNPPSA is interesting in the
3

southeastern portion of the study area: the magnitude of differential stresses in South
Carolina is not greater than in other coastal areas such as eastern Georgia and i

eastern North Carolina but the stress pattern is quite different. It should be noticed
now that the results obtained from the Southern Appalachian models are similar to
those obtained from the Costal Plain Charleston area which will be discussed in the
next section. South Carolina seems to be a unique region in the Atlantic Coastal "

Plain where strike slip type of SNPPSA is predominant while,in other areas, reverse
faulting is predicted. '

The seismicity in the Southern Appalachians seems to be strongly correlated '

with the magnitude of local differential stress. The calculated local stress field
predicts a normal faulting with a NE SW horizontal compressional axis and a NW SE
horizontal extensional axis. This result does not predict the strike slip focal
mechanisms for eastern Tennessee, but does show a correlation with the catalog of
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I

normal focal mechanisms which are also prevalent in eastern Tennessee at a !
relatively shallower depth (Zelt and Long,1967). j

For the total field obtained after superimposing the regional Selds on the local :

field, such correlation is nonexistent in the Valley and Ridge province and the Blue |
Ridge province of eastern Tennessee and western North Carolina, regardless of the !

direction of regional compression. The eastern Tennessee and western North I
Carolina active seismic regions show almost negligibly small stress concentrations. I

By contrast, in the South Carolina Georgia seismic zone as well as elsewhere |
.

in the Atlantic Coastal Plain and the Piedmont province, the local stress field does |
| not explain the seismicity. A direction of near east west regional compression is t

| required to yield a correlation between the total stress field and the regional (
seismicity (Fig. 5 6). The area of stress concentration and calculated SNPPSA !
generally predicts the area of seismicity. Previous focal mechanism studies and !

in situ measurements indicate NE SW regional compressien, although the regional i
stress computation does not. This study suggests that this inconsistency may result i
from two aspects: ;

(1) Focal mechanisms of the events in the eastern Tennessee and wastern !

North Carolina seismh: zone are strongly affected by local crustal structure and other !

geologic features; for example, several parallel fault systems in the basemet.t of i
. Valley and Ridge and Blue Ridge provinces. The structure in deep basement rocks
is still not well understood. COCORP data show several features located in eastern |

Tennessee beween 9 and 20 km (3.0 to 7.0 seconds two way travel time). They may ;

'indicate deep structural complexities (Cook et al.,1983). Long et al. (1986b)
proposed that three major features in eastern Tennessee characterize the crust: first, ,

a northeast trending strike slip fault which is expressed as the New York Alabama
lineament; second, a sediment thickening in the shellow crust shown by a negative ;

Bouguer Anomaly; and third, a Precambrian rift zone depicted by a north northeast
striking positive gravity anomaly in northern Tennessee. The focal mechanisms of '

historical as well as contemporary earthquakes are consequently controlled by the -

nature of the pre existing fault planes.
'

(2) Northeast trending compression may correctly describe the stress regime of
the southeastern United States (i. c. the mid continental stress regime). In the
Southern Appalachians, the mountain belt, the suture zone, strong folding and

,

faulting, and thick sedimentary basins may locally distort the stress field. The
calculations did not include the details of local density anomalies and discontinuities
in the crust.

;

V3 CHARLESTON AND CONTINENTAL MARGINS

The stresses for the Charleston area were computed in a 1026 km by 1028 km
square area rotated 52 degrees from the north and centered at Charleston, South
Carolina, included in this area are the states of Georgia, South Carolina, most of
North Carolina and portions of Florida, Alabama, Virginia, West Virginia and
Tennessee. This area also covers the southeastern continental margin from North
Carolina to nor'.Srn Florida. The coordinates of the four corners of the study area
are in Table 5- 3

The topography and the depth of the ocean floor (bathymetry) are shown in
Fig. 3 2 and a Bouguer anomaly contour map is shown in Fig. 3 5(a,b). The highest
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[. TABLE 5-3 !

f| COORDINATES OF CORNERS
!

!

IATITUDE (NORTH) IANGITUDE (WEST) !
!

WEST CORNER 33.6190 87.9710 j

NORTH CORNER 39.4417 79.2187 :

EAST CORNER 31.9683 72.7695 ,

t

SOUTH CORNER 26.5008 81.2183 :
!

?

|

i

,

t
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| ~
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elevation is about 900 meters near the northwest edge of the study area and the
grea<est depth to the ocean bottem is about 5000 meters. The Bouguer gravity

,

anomaly (Fig. 3 5 a) in the ocean area contains the effect of the depth of sea water |
(bathymetry). In order to reveal the structure of the lithosphere, bathymetric ~ !

[ correction has been made, in which the density contrast was assumed to be 1.67 ;

g/cm'. The Bouguer anomaly after bathymetric correction is shown in Fig. 3 5 b. !
The loads induced by topography and internal density changes were computed at 1

depths 0,15 and 30 km (Fig. 5 8), j

! !

LOCAL STRESS FIELD :

;

The calculated local stresses and displacements at 10 km depth are shown in
Fig. 5 9 b, e and d. Fig. 5 9 b shows the horizontal displacements. The Piedmont :

Province is under NW SE compression and the continental margin is in NW SE
extension. Because the Blue Ridge and the Valley and Ridge provinces are located- ;

near the edge of the study area, the stress field and displacements were distorted by -

the edge effect. ,

The local stresses at 10 km (Fig. 5 9 c) show area of stress concentration in !
the Southern Appalachians and near the east continental margin. Stress in other
areas is relatively small and negligible. The maximum differential stress (S, S,) is

,

about 50 MPa.
SNPPSA (Fig. 5 9 d) shows that local stress would predict reverse faulting n ;

|_ the Piedrnont province maximum compressive axis is horizontal and trends .

northeasterly. Normal faulting would be predicted in the continental margin. '
"

'

L There is very little correlation between the local stress field at 10 km and the
| seismicity. Neither the magnitude of the differential stress nor SNPPSA predicts the

;

| cbserved earthquakes and their focal mechanisms. The seismic region of South
L Carolina and Georgia shows a minimal stress whereas the eastern continental margin,

an aseismic region, has high stress. The greatest magnitude of the local differential I
;.
i stress is about 60 MPa (at the eastern corner) and the average is about 30 MPa.
;

SUPERPOSITION OF LOCAL AND REGIONAL STRESS FIELDS [i

| h

| The state of the regional stress in the Atlantic Coastal Plain is not well *

resolved. Previous studies have shown that the horizontal compressive axis could
vary from NE SW to NW SE (see the discussion in Chapter IV). However, there
must be some connection between the stress field And the seismicity. Adding .

regional compression of varying directions to the local field could reveal the'

correlation between the stress and seismicity. The calculated principal stress
direction of the total field should best predict the seismicity if the added stress field'

is parallel to the true regional compressional direction.
Fig. 510 shows the total field after combining a 30 MPa N60" E regional ,

compression with the local field. Msximum stress and strike slip faulting are ;
'

predicted in the eastern continental margin. Stresses are also concentrated in the
Southern Appalachians, and reverse faulting is dominant with the maximum
compression axis horizontal and in the NE SW direction.
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Concentrated stress areas and reverse faulting are predominant in the
Southeast Georgia Embayment. The South Carolina Seismic Zone is not identified
with anomalous stress distribution.

Fig. 511'shows the total field after combining a 30 MPs East West regional-'

horizontal compression field with the local field. The magnitude of stress is
significantly reduced in the eastern continental margin (to less than 25 MPa). The
stress in the Southern Appalachians remains unchanged (about 50 MPa). The 40
MPa contour line of differential stress includes the South Carolina Georgia Seismic
Zone and the coast of South Carolina, Georgia and northern Florida, but no |

particular stress concentration occurs in the Charleston area. With east west regional !

compression, the study area can be divided in two regions according to SNPPSA: i
reverse faulting would be predicted in the Southern Appalachians, Georgia and iFlorida, and strike slip faulting in the Atlantic Coastal region of northern South

!Carolina, North Carolina and the continental margin. Most of the South
Carolina Georgia Seismic Zone is in a reverse faulting regime, but the Charleston j
area is located in 'the transition zone between these two regimes. The previously i
mentioned stress concentration offshore of Georgia is reduced. Areas with less }
concentration of stress include Alabama, western Georgia, Florida, eastern Tennessec i

and most of the continental margin areas.
;

Fig. 512 shows the total field after combining a 30 MPa S80*E regional
horizontal compression field with the local field. The magnitude of the differential
stress is further reduced in the eastern continental margin. The maximum ;
differential. stress occurs in east central Virginia and central North Carolina and ;

L corresponds to reverse faulting. The stress pattern in the South Carolina area clearly ;

indicates that it will gradually change from reverse type faulting (SNPPSA) to strike i
slip as the regional compressive axis rotates further southeastward. Other areas do t

not demonstrate this tendency to shift. '

Fig. 513 shows a total field after combining a 30 MPa S 70' E regional ,

horizontal compression field with the local field. The magnitude of the stress in this '

area has not been significantly changed. The principal stress pattern in the South
,

Carolina and the North Carolina areas appears to be the strike slip type of SNPPSA
with the S, axes in the NW SE direction.

The total stress field will be significantly changed if the adding regional
compression trends further southeastward.

i

In the Charleston area, there is no indication of correlation between the |
seismicity and the local stress field caused by the crustal density changes. The

~

earthquake epicenter maps (Fig. 41 and 4 3) suggest sparse or no seismicity in the
continental margiu of the southeastern United States but more activity in the :
Charleston Summerville area of South Carolina. However, there is a correlation '

between the total stress field and seismicity in terms of fault pattern. The -

calculations indicate that the area of stress concentration roughly follow the
earthquake distribution when horizontal compression is added to the local field and
this regional compression is orientated in a S80*E (+10*) direction. Total field with *

other orientation of regional compression does not predict the seismicity pattern of'

this area. Calculated field does not show a remarkable stress concentration in the '

Charleston area, but the total field (with a near east west direction of regional4

compression) does predict strike slip faulting in South Carolina and predominant
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;

nonheast trending reverse faulting for the adjacent areas (i.e., Georgia and North (
Carolina). |

The total field with the S60*E regional compression predicts stress ;

concentration with a northeast trending reverse faulting focal mechanism may occur i

in central Virginia. A recent focal mechanism study (Munsey,1984) shows that
central Virginia is characterized by strike slip and reverse focal reechanisms, j
(Among the listed sixteen earthquakes, nine showed strike slip faulting and seven
show reverse faolting). The local geological features complicate the interpretation of -

earthquake focal mechanism. The direction of the regional horizontal compression !

is also a complex issue, it may be orientated in a northeasterly direction at shallow t

depth and may shift to northwesterly below the 8 km depth. )
Earthquake focal mechanisms as well as in situ stress data in the Atlantic ,

Coastal Plain and the Piedmont province do not show a consistent regional principal !

stress direction nor a consistent focal mechanism (see Chapter IV). By contrast, |

reverse faults were formed during the Cretaceous and tend to be predominantly
'

northeast trending (Prowell and O'Connor,1978; Behrendt et al.,1981) and are
widely distributed along the east coast. ,lt may imply that the ridge push from the
Mid Atlantic Ocean Ridge spreading is the regional source. ,

Following the computation of local stress and the superposition of
hypothesized regional stress, it appears very likely that the regional maximum
compressive axit, in the Atlantic Coastal Plain is in the west northwest to west

,

direction. The stress pattern and magnitude in Charleston is similar to the other '

portion of the South Carolina Georgia Seismic Zone. However, the SNPPSA does
show relative stress concentration in South Carolina with strike slip focal
mechanisms. The Charleston area has a unique fault system (for example, Talwani, i

1982). Earthquakes may have occurred on a pre existing fault plane and by so doing
Ithey could show such a focal mechanism that differs from the regional stress pattern.

This provides the possibility of either reverse or strike slip faulting in the Charleston
area. |

.
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CHAPTER VI

CONCLUSIONS AND DISCCSSIONS

Most of our direct knowledge of the mechanical properties and strength of
I rocks comes from geological observations and experiments (either in situ or in the

laboratory) of rock mechanics. Experiments in rock mechanics can simulate the
environment of the crust to depths of a few kilometers (Lama and Vutukurt,1978).
Rock strength is influenced in a complex way by the surrounding environment.
Many factors, including temperature, confining pressure, elastic inhomogeneity and
elastic anisotropy, affect the strength of rocks. In addition, strain history will
influence the strength. Experiments have dert.onstrated that the strength of rocks

,! decreases with an increase in surrounding temperature and the strength intensifies
with an increase in confining pressure (Lama and Vutukuri,1978).

Seismological studies have shown that within the tithosphere, elastic wave
velocity as well as density and and elastic parameters increase with depth. With
increasing depth and lithostatic pressure, rocks become denser, less fractured and
stronger,

Lama and Vutukuri (1978) summarized several rock friction experiments
which show that although the shear strength of rocks is influenced by a number of
factors, c.g. composition, size of sample, moisture, cracks, and the degree of
weathering, the in situ cohesion of various rock types varies only from 0.1 to 2.0
MPa. Angles of internal friction vary frotn 20* to 60" and the coefficients of friction
vary from 0.3 to 1.7. Their data reveal that the rock shear strength parameters
derived from laboratory tests are higher than those obtained from field tests.

Byerlee's (1978) friction test on brittle tocks indicates that shear strength
depends on the depth where the rock is located. When material is under low
pressure (less than 100 MPa, i.e. at a depth less then 3 km), the friction equation
can be roughly expressed as

i = 85 o

where t is the shear stress necessary to break static friction on a surface with normal
stress o.

When the confining pressure is in the 200 to 1700 MPa range (i.e. in the
depth between 7 to 60 km), the friction equation becomes (unit MPa):

1 = 80 + 0.6 o

For the three dimensional case, Kirby's experiment (1980) shows that the critical
differential stress required to osercome static friction is:

290 + 2.1 o (for a horizontal compressional case)t =
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and'
!

t = 90 + 0.7 o _ (for a borizontal extensional case) {
;

; The above experiments were conducted under the following conditions: i

| relatively short time of force application (up to several minutes), low temperatures !

; (below 500* C) and small rock samples (10 20 cm#). These experimental conditions j
may not be suitable in natural cases. Meissner and Strenhiau (1982) measured and ;'

calculated the strength depth (confining pressure) relation of rocks under several !

other situations (Fig. 5 2). The extensional strength of rocks is only about one fourth !

of the compressive strength. The strength of rocks is reduced if they contain water !
(see the wet curve in Fig. 5 2). j

From the study of maximum shear stress curves and earthquake depth ,

distribution curves, Meissner and Strenblau (1982) proposed that the upper crust is |
usually wet and has lower strength. According to these studies, at 10 km depth the ,

shear stress required to break an unfractured rock is about 70 MPa (in the case of i
extension) and 330 MPa (in the case of compression), respectively. Meissner and }
Strenblau's study agrees that the hypocenters of intraplate earthquake are confined
to the upper crust. This phenomenon reflects the elastic behavior of the upper crust 7

and implies that the upper crust may have a different theology and strength than the
lower crust. |

There are many sources of local stress concentration which could explain !

intraplate earthqurikes, one of which is crustal density anomalies which result frorn
surface topography and the changing crustal thickness. Ortvity data provide reliable ;

constraints on the loading function in the lithosphere and the gravity anomaly I

indicates changer, of internal structure. Stress induced by topography and density i

could reach magnitudes of 10 to 100 MPa. Based on computation the magnitude of ;

stress can be estimated from surface load. For example, one kilometer of surface |

relief could induce a 30 to 60 MPa vertical stress and 80 to 90 MPa horizontal stress
'

in the upper, crust depending on the wavelength of the load. The differential stress, !

L in that case, would reach 40 to 50 MPa. These values are comparable to tectonic |
forces such as ridge push and slab pull and could possibly trigger earthquakes. |

The tepographic load and lateral density inhomogeneity in the lithosphere 1

| produce a stress concentration in the Southern Appalachians. The calculation of the |

L Southern Appalachian stress field supports the hypothesis tested in this research. !
?

| The strong and consistent correlation of the Southern Appalachian seismicity with
the local stress field suggests that the mass anomalies play an important role in j

triggering the earthquakes in eastern Tennessee and western North Carolina. The
Southern Appalachian local stress field shows that in the Valley and Ridge and Blue

'
,

Ridge province the maximum compressive axis S, is vertical, the intermediate axis S,
is horizental and trends northeasterly and the extensional axis is horizontal and
perpendicular to the S, axis. Therefore, a horizontal projection showr a northeast e

i

maximum compressive axis, it is commonly accepted that the regional maximum !

compressive axis in the Southern Appalachians trends in a northeastern direction.
However, neither the calculated local nor the total stress field (with northeast
horizental maximum compression) show the consistency of the earthquake focal

|
mechanisms. How the northeast regional compression, together with the local

I structures, distorts the stress field, and therefore, controls the earthquake focal
'

l'
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b' mechanisms is still not well known. The computed stress field indicates that in the
F Southern Appalachian seismic zone, the regional source (e.g., the ridge push from
b the mid Atlantic ocean ridge) may be less important than the local stress field in

causing intrapiste earthquakes.
Strike slip focal mechanisms predominate in the Southern Appalachian

seismic zone; but. normal faulting solutions or high angle P axes are often seen (Zelt
et al.,1987; Guinn,1980). One reason that the horizontal motion predominates over

; the vertical motion at great depth (> 15 km) may be that the horizontal stre's is Is
much greater than the vertical stress at these depths. The calculations do not showg c

!. that southeastern Tennessee (the contemporary seismically active region) has a '

particular stress' anomaly. Some local features which the models are unable to
resolve may also be related to this seismic activity. One is an ancient (Precambrian)

,

rift zone which is reflected on the New York Alabama magnetic lineament; another I

'
feature is thick sedimentary in the same area. '

The South Carolina Georgia seismic zone is located in a transition area ,' .

between two major structures, the Southern Appalachians and the eastern continental
margin. The ' local stress field in the South Carolina Georgia region shows no. -

. correlation with the seismic activity of the area. The topography induced stress is
.

concentrated in the continental' margin and the Appalachian mountain region but
not in the South. Carolina Georgia Seismic zone. The calculations did not yield a ;-

conclusive result for the relation between the local stress and seismicity. The results
point out that neither local nor regional stress fields can be disregarded: 1;oth have

,

comparable magnitudes and contribute to the lithospheric stress concentrations and
the stress patterns. This study tested different directions of regional compressive axes
and combined them with the local field. The results predict the most popular focal i

solution of the earthquakes in the South Carolina Georgia Seismic Zone. The
computation shows that local Seld combined with N80*W ( + 10*) regional
compression predicts best the seismicity in the Coastal Plain region. An area of
relative stress concentration (differential stress) includes the South Carolina Georgia
seismic zone with strike slip focal mechanisms prevailing. The calculations do not
predict any particular stress anomaly in the Charleston Summen'ille seismic region.
It may that besides the local stress, other lithospheric force as well as the local
structures and fault systems (Talwani,1982) play an important role in triggering,

'

earthquakes.
Another possibility raised by this study is that the mid centinent region of

North America and the Valley and Ridge province and the Blue Ridge province are
characterized by a northeast regional maximum compression while the Atlantic
Coastal Plain and part of the Piedmont province may belong to another stress regime '

in which the maximum regional compressive axis trends in a northwest to westerly
. direction.

The " local stress field", which was defined in Chapter V, does not mean that
the stress is induced only by local features, la fact, the local stress field will be
affected by long wavelength features (density anomalies, for example) several
hundred kilometers away. Also, the Southern Appalachian Mountains affect the
stress field in the Charleston, South Carolina area. Therefore, this stress
computation technique is more suitable for regional stress analysis. The solution to
the problem is controlled by the thickness of the elastic slab: the thinner slab gives
more detailed lateral structure; whereas, the thicker slab gives less resolution. For
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L the lithespheric stress problem in which the thickness of the slab is about 100 km,
. the proper horizontal spacing should be 20 km to 50 km.

This computing method treats the lateral density variation as an internalload,
but. is unable to deal with the lateral changes in Lame's parameters. Another' ,

weakness of thit method is the difficulty in modeling inclined structures such as
faults. The finite element' method can be applied to model the local and inclined ,

. structure in more detail, but the long wavelength density anomaly and topography
must be considered..-

Although the upper crust may behave like an elastic medium, the lower crust'

and the.asthenospheric mantle are clearly neither elastic not brittle. The theology
varies with the lithospheric pressure and temperature. A three dimensional
elastic /visco elastic solution is believed to be more suitable to real lithospheric cases.
Future research should be aimed at this problem.
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