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ABSTRACT 

Published and unpublished in situ stress measurements and 

studies of earthquake focal mechanisms in the southeastern United 

States are reviewed. These data, which provide information on the 

relative magnitude and orientation of existing stress fields, are 

analyzed in relation to the geologic characteristics of the south

east and are compared with data for other areas in the United 

States. The relation of the stress fields to observed geology 

and present-day tectonic processes is reviewed. 

Stress measurements reveal the existence of high horizontal 

stresses in the Appalachian complex. Different in situ stress 

states in the Appalachian complex, the Coastal Plain, and the 

stable lnlt::r·.iur region indicate different faulting mechanisms. 

Various techniques for determining in situ stress are consistent. 

* The information contained in this article was developed during 
the course of work under Contract No. AT(07-2)-l with the U.S. 
Department of Energy. 
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INTRODUCTION 

. Knowledge of the natural stress field in rock is important for 

many problems in rock mechanics, earthquake geophysics, and geologic 

processes. Such knowledge is important for the controlled fracturing 

of rock for hydrothermal production. It is a prerequisite for th~ 

•'. ·~. 

design of underground excavations for mining, hydroelectric facilitie~, 

and nuclear facilities·. 

Since state-of-stress data is important for (1) construction of. 

both surface and underground facilities, (2) evaluation of potential 

geological hazards, and (3) consideration of contemporary tectonics, 

all available information about regional stress in the southeastern 

United States was reviewed. Information developed during the past· 

two decades on the state-of-stress in the earth's crust 1
- 6 indicates 

high horizontal compressive stresses at the surface of the earth's 

crust in many areas. Horizontal stresses much larger than those 

expected from gravitational loading alone have been measured in the 

United States, Europe, Africa, Iceland, and Australia. 

In situ measurements of stress in the southeastern United States 

by either hydrofracturing or strain-relief techniques not only in

dicate the direction of the. stress vector, but also provide an estimate 

of the magnitude of the stress. Investigation of fault-plane solutions 

for earthquakes that have occuJ;red in the southeast is .important fo:r 

the establishment of a regional stress concept. 
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This study shows that the observed stress field in the south-

eastern United States is considerably different from that expected 

as a result of gravitational loading. Although the observed stress 

field is relatively continuous, it is heterogeneous from one area to 

another; locally anomalous stress conditions occur throughout the 

southeastern United States. In general, the stress field of a 

particular region appears to be related to its geology and tectonic 

history. 

REVIEW OF IN SITU STRESS MEASUREMENTS 

In recent years, a number of stress measurements have been made 

in the southeastern United States from the surface to depths of almost 

1 km. These measurements have revealed significant nonlithostatic 

stresses. In some instances, near-surface deviatoric* stress com-

ponents of about 10 MPa have been measured, and the stress gradients 

indicate even higher stresses at depth. 

Two basic methods have been used to measure stress in situ: 

the strain-relief technique using deformation gauges like the USBM 

borehole deformation gauge, and the direct measurement of stresses by 

hydraulic fracturing. The strain-relief method is limited to depths 

of a few tens of meters from the surface, but is very good for use 

in underground facilities. The hydraulic fracturing technique, 

developed from oil field practices, can be used to great depths. 

* deviatoric stress component = (actual stress component) -
(lithostatic component). 
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Figure 1 shows where in situ stress measurements were made in the 

southeast. The results of these tests and other relevant information 

are presented in Table 1. The orientation and magnitude of the 

stresses are depicted in Figure 2. These represent measurements in 

crystalline rock, argillaceous rock, and semiconsolidated sediments at 

depths ranging from 0.5 to 840 meters below the surface. The magnitude 

of the maximum horizontal stress ranges from 3.5 to 41.8 MPa and is 

oriented in a general NNE direction, a1though some local variation in 

direction is evident in Figure 2. The largest variation, about a 90° 

shift in direction, occurs in the Coastal Plain near Charleston, SC. 

Several investigators have developed-empirical relationships for 

in situ stresses on a regional or continental basis. 1
•

3
•

7
-

9 Haimson 3 

developed the following relationships (Figure 3) from hydrofracture 

·data for the United States: 

a - 2 0 ± 0.16 d H max - · 

where aH = maximum horizontal stress, MPa max 

a = vertical stress, MPa 
v 

and d = depth, meters. 

Using worldwide data, Brown and Hook 1 found that the avtn•age horizontal 

stresses were bounded by: 

2.7 + 0.008 d ~ aH < 40.5 + 0.014 d avg-

av = 0.027 d 

aH max + aH min · 
where aH avg =. 2 
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Lindner and Halpern9 found that hydrofracture and strain-relief meas~re-

ments in the United States are best represented by: 

= 4.2 + 0.0038 d 

a = 0.023 d. v 

FOCAL MECHANISM OF EARTHQUAKES 

TI1e faulting mechanism that generates an earthquake is related to 

the stress field around the hypocenter. By developing a faul~ plane 

solution from seismograph records, the direction of the stresses c~n be 

determined. The fault plane solution also indicates the type of fault-

ing involved in the earthquake. 

Development of a fault plane solution commonly utilizes observations 

of the initial motion of the compression wave generated by movement 

along a fault. Positions Qf recording stations are located on an equal-

area projection and identified by symbols which indicate whether the 

initial motion recorded at each station was a compression or dilatation. 

The resulting radiation pattern shows fourfold symmetry about the focus 

(two quadr;::~.nts of initial compression and two of :lni tial dilatation) 

from which the type of faulting and direction of the principal stress· 

can be determined. 

Figure 4 shows nine fault plane solutions* for small, shallow 

earthquakes in the southeastern United States as developed by several 

· * In thi~ figure, the circles represent the horizontal plane (top 
surface of a lower hemisphere). The shaded ar~a within each 
circle represents the zone of cof!!pression .. The unshaded area 
represents the zone of dilation. 
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seismologists. 10
•

13 An analysis of these and other fault plane 

solutions for the southeast has been reported by Guinn. 14 

DISCUSSION 

Application of knowledge of the stress field to tectonic 

processes is. required to understand regional deformation, regional 

seismicity, and plate movements. This review evaluates regional 

stresses in the southeastern United States. 

Importance of Horizontal Stress 

The increased number of in situ stress measurements throughout 

the world in the last two decades has shown that high horizontal 

stresses occur frequently at shallow depths (to several kilometers). 

Figure 3 (after Haimson 3
) shows the variation of stress with depth 

within the continental United States; it is not until a depth of 

about 5 km is reached that the vertical stress is the principal 

stress. The data, especially those below 0.5 km, are from measure

ments in sedimentary basins within the stable interior of the United 

States. 

Measurements at depths of more than 10 meters in the rocks of 

the southeast are plotted in Figure 5 as the ratio of average hori

zontal stress to vertical stress. The dashed lines are the general 

limits of world-wide data. 1 The ratio crH avg/crv for measurements 

within 10 meters of the surface are too high to be plotted within 

the scale used for Figure 5. This ratio is greater than one for all 

measurements in the southeast except for those near Charleston, SC. 
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At Charleston, only the minimum horizontal stress was determined; however, it 

is doubtful that the maximum horizontal stress was large enough to make 

the ratio greater than about 0.8. The high values of crH /cr in avg v 

the southeast woulu indicate that· for depths less than 1 km, and 

especially for depths less than 0.5 km, the existence of high horizontal 

stresses must be considered in the design of underground facilities. 

Designs can take advantage of the high horizontal stresses for support 

and stability of underground facilities by proper orientation with re-

spect to the stress field. 

Tectonic Framework for the Southeast 

Anderson 15 developed a classical relationship of faultin~ to 

principal stresses (Figure 6). A preliminary regional tectonic frame-

work was developed by using this relationship to analyze the data from 

the in situ stress measurements and·compare the results with the fault 

plane soluti.ons from earthquakes. 

All measured in situ stresses discussed in this paper are in the 

Appalachian complex except two: one in the Coastal Plain and one in 

the stable interior region. Principal stresses measured in rocks of 

the Appalachian Complex, with the exception of those at Morgantown, PA, 

show the minimum principal stress component (cr 3) to have a vertical or 

subvertical orientation which, according to Anderson's relationship, 

indicates thrust faulting. This interpretation is consistent with most 

of the fault plane soluti9ns obtained in the Appalachian Complex. The 

principal stress direction generally follows the structural trend of 

the region, paralled to the fall line. 
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In the Coastal Plain of the southeast, in situ stress measurements 

show the major principal stress component (o
1
) to be in the vertical 

direction, which indicates normal faulting. Fault plane solutions for 

·the Coastal Plains indicate normal or reverse faulting. The solutions 

are not well constrained and the exact mechanism is difficult to 

determine. Recent studies indicated normal faulting in Coastal Plain 

sediments near Charleston, SC 16
; however, thrust.faulting may be ' 

present in the crystalline basement. A better knowledge of the focal 

depth of the earthquakes and more definitive fault plane solutions are 

required. 

In situ stress measurements in the stable interior region have 

shown the intermediate principal stress component (o
2

) to be generally 

in the vertical or subvertical direction, which indicates a potential 

for strike-slip faulting. 

Comparison with Other Regions 

The consistency of the above results for the Applachian complex, 

the Coastal Plain, and the stable interior region compares well with 

the consistency of data for the intermountain seismic belt, 17 and, on 

a small scale, the consistency of data for the Rangely Anticline area, 

C0. 6 At the Rangely Anticline, extensive in situ stress studies 

conducted by a.variety of overcoring techniques, hydrofracturing,x-ray 

analysis, and fault plane solutions yielded con~istent stress mag

nitudes and orientations; The stress magnitude and fault plane solutions 

indicate normal faulting. For the intermountain seismic belt,good 

correspondence was obtained between the regional tectonic framework and 
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the stresses and movements determined by fault plane solutions. 

For the eastern United States, measured in situ stresses, geological 

evidence, and fault plane solutions all indicated high horizontal 

stresses in an east-to-northeast direction. 18 

CONCLUSIONS 

• High hor~zontal stresses exist in the Applachian complex with 

crH /cr ranging up to >3.0. max v 

• The three major physiographic and tectonic provices Coastal 

Plain, Appalachian complex, and the stable interior have 

different in situ stress states, which indicates different 

faulting mechanisms. 

• The various techniques used to determine in situ stress --

hydrofracturing, overcoring, and fault plane solution -- yield . 

consistent values for both stress magnitude and orientation. 
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TABLE ·1 

.1.~n Situ Stresses Determined in the Southeastern United States 

Stress~ MPa Depth of MeasuPement~ 
Location Method Rock Type (JH max -rJjj min 0VePt metePs RefePenoe 

St. Peters, PA strain-relief norite 5.6 2.3 NAa 1.5 19,20 

Morgantown, PA strain-relief dic.base 41.8 13.2 26.8 713 21 

Morgantown, wv hydrofracture shale 10.4 5.5 (2.9) 30.5 22 

Southwestern, wv hydro fracture shale 40.8 18.4 (210) 840 23 

Rapidan, VA strain-relief diabase 12.2 11.4 NA 1.5 19,20 

Mineral, VA strain-relief gneiss & 3.8 1.7 (O .1) 4.0 24 schist 

Mt. Airy, NC strain-relief granite 11.3 6.0 NA 0.7 19,20 

Raccoon Mt, TN 15.5 NA 7.4 274 25 

Oconee, sc hydrofracture gneiss 22.8 15.4 6.2 229 4 

Oconee, sc strain-relief gneiss 29.3 18.4 10.2 'V200 26 

Parr, sc strain-relief gramodiori te 3.7 1.0 NA 5.6 24 

Charleston, sc hydro fracture silty-clay NA 4.2 7.3 344 16 

Stone Mt~, GA strain-relief granite 10.3 6.9 NA 1.3 19,20 

Lithonia, GA strain-relief gneiss 15.2 7.7 (O. 2) 8.7 19,20 

Douglasville, GA strain-relief gneiss 3.5 1.9 NA 0.5 19,20 

a. NA = not analyzed. 



... 

REFERENCES 

1. E. T. Brown and E. Hoek. "Trends in Relationships Between 

Measured In Situ Stresses and Depth." Intern. J. Roak Meahanias, 

Mining Saienae & Geomeah. Abstr. 15, 211-215 (1978). 

2. N. K. Bulin. "The Present Stress Field in the Upper Parts of 

the Crust." Geoteatonias 3, 133-139 (1971). 

3. B. C. Haimson. "The Hydrofracturing Stress Measuring Method and 

Recent Field Results." Intern. J. Roak Meahanics, Mining Science 

& Geomech. Abstr. 15, 167-78 (1978). 

4. N. Hast. "The State of Stress in the Upper Part of the Earth's 

Crust." Tectonophysics 8 (2), 169-211 (1969). 

5. A. McGarr and N. C. Gay. "State of Stress in the Earth's Crust." Ann. 

Rev. Earth and Planetary Sci. 6, 405-436 (1978). 

6. C. B. Raleigh, J. H. Healy, and J. D. Bredchoeft. "An Experiment 

in Earthquake Control at Rangely, Colorado." Science 191, 

1230-1237 (1976). 

7. N. Hast. "Global Measurements of Absolute Stress.n Phil. Trans. 

Roy. Soc. Lond. A 274, 409-419 (1973) . 

8. G. Herget. "Ground Stress Determinations in Canada." Rock 

Mechanics 6, 53-64 (1974). 

9. E .. Lindner and J. Halpern. In Situ Stress: "An Analy!:ii!:i, in 

E;nergy Resource and Excavation Technology." 18th U.S. Symposium 

on Rock Meohanios, Coto. Sohoot of Mines (1977). 

10. G. A. Bollinger, C. J. Langer, and S. T. Harding. "The Eastern 

Tennessee Earthquake Sequence of October through December 1973." 

BuZZ. SeismoZ. Soc. Amer. 66(2), 525-547 (1976). 

- 11 -



11. P. Talwani. "Earthquakes Associated with Clark Hill Reservoir, 

South Carolina- A Case of Induced Seismicity." Engineering 

Geology 10, 239-253 (1976). 

12. P. Talwani. "Stress Distribution Near Lake Jocassee, South 

Carolina." Stress in the Earth, p. 275, Ed. M. Wyss, 

Birkhauser Verlag, Basel & Stuttgart (1977). 

13. A. C. Tarr. "Recent Seismicity near Charleston, South Carolina 

and its Relationship to the August 31, 1886, Earthquake." 

Geologiaal, Geophysiaal, and Seismologiaal Studies Related to 

the Charleston, South Carolina Earthquake of 1886, A. Preliminary 

Report. Ed. D. W. Rankin, U.S. Geol.·Surv. Profess. Paper 1028, 

pp. 43-58 (1977). 

14. S. A. Guinn. Earthquake Foaal Meahanisms in the Southeastern 

United States. Thesis, Georgia Institute of Technology (1977). 

15. E. M. Anderson. The Dynamias of Faulting. 2nd edition, Oliver 

and Boyd, London (1951). 

16. M. D. Zoback, J. H. Healy, J. C. Roller, G.S. Gohn, and 

B. B. Higgins. "Normal Faulting and In Situ Stress in the 

South Carolina Coastal Plain Near Charleston." Geology 6, 

14 7-152 (1978). 

17. R. B. Smith and M. Sbar. "Contemporary Tectonics and Seismicity 

of the Western United States with Emphasis on the Intermountain 

Seismic Belt." Bull .. GeoZ. Soa. Am. 851 1205-1218 (1974), 

- 12 -



18. M. Sbar and L. R. Sykes. "Contemporary Compressive Stress and 

Seismicity in Eastern North America. An Example of Intra-Plate 

Tectonics." Buz:L. GeoZ. Soa. Am. 84~ 1861-1882 (1973). 

19. V. E. Hooker and C. F. Johnson. "In Situ Stresses Along the 

Appalachian Piedmont." FoUX'th Canadian Symposiwn on Roak 

Meahanias~ Ottawa~ 196?. 

20. V. E. Hooker and C. F. Johnson. "Near Surface Horizontal 

Stresses Including the Effects of. Rock Anisotropy." R. I. ?224~ 

U.S. Dept of Interior, Bureau of Mines (1969). 

21. R. Agarwal, et al. "Interim Report on In Situ Determination of 

Stresses at Grace Mine.'' Henry Krumb School of Mines. Columbia 

University. N.Y. (1969). 

22. H. D. Dahl and R. C. Parsons. "Ground Control Studies in the 

Humphrey No. 7 Mine, Christopher Coal Division, Consolidation 

Coal Co." Soaiety of Mining Engineers of AIME Transactions 252~ 

211-222 (1972). 

23. B. C. Haimson. "A Stress Measurement in West Virginia and the 

State-of-Stress in the Southern Appalachians." Tr.on.ns. Am Geophy. 

Union 58 (6) ~ 493. (1977). 

24. E. Lindner and J. Halpern. "In Situ Stress in North America, A 

Compilation." Int. J. Roak Meah. Min. Sai. & Geomeah. Abstr. 15 

(1978). 

- 13 -



. ' ---·------·----·-····-- ·--------- .. -·-···--· ------·- -------·-·--- --·-------- ·-- --·······-·-----·- --·--- ·-

25. W. W. Ingle, C. L. Buchanan, and 0. H. Raine. "Exploratio;n 

and Investigation Program for Raccoon Mountain Pumped Storage. 

Plant." Paper Presented at Water Resources Engineering Conference~ 

ASCE, Phoenix~ Arizona~ 1971. 

26. M. F. Schaeffer, R. E. Steffens, and R. D. Hatcher, Jr. 

'7n Situ Stress and Its Relationahip to Joint Formation in the 

Toxaway Gneiss, Northwestern South Carolina." Southeastern 

Geo~ogy (in press), 1979. 

- 14 -



... 
.< 

Method of in eitu Stress Measurement 

e Strain-Relief 

4 Hydrofr<Jcture 

FIGURE 1. Location of in situ Stress Measurements In the 

Southeastern U.s. 
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