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Hydraulic fracturing stress measurements have been conducted in crystalline
rock at two locations within the southeastern United States at depths from 50
meiers to more than one kilomeier. Stress orientations are similar 1o those
obtained from other local and regional siress indicators and are consistent
with a ridge-push source of intraplate siress. 'High horizontal stress
magnitudes (with respect to the vertical stress) are found only in the near-
surface.! Thus, althougn relatively shallow stress orientation measurements
appear (o be reliable indicaiors of the siress orientation at greater depth, siress
magnitudes cannol be extrapolated quantitatively bevond the depth range of

the measurements.

INTRODUCTION

One approach 1o the assessmenti of earthquake
hazards to structures is to determine the capability of
mapped or inferred faults throegh analysis of the
magnitudes and orientations of the in situ principal
sresses.  furthermore, knowledge of the in sito stress
state is interesting in nself because of the insights such
knowledge can provide on the forces driving the carth's
ptates. Data on the present-day stress orientation can be
provided by a number of indirect techmiques (see Zoback
et al. (1] for a review). Fortunately, it has been found
that the orientations of in situ stresses at shallow depth
are gencrally quite similar to those inferred from
earthquake focal mechanisms at substantially greater
depths [2]. However, it 15 less clear whether stress
magnitudes at depth can be extrapolated from shallower
measurements. This paper presents the results of in situ
stress measurcments carmied oul in two locations in the
scutheastern Unted States.  In these instances, the
onientations of the horizontal principal stresses within the
uppermost few hundred meters are similar to those at
greater depth inferred from earthquake focal plane
mechanisms, but the relative soress magnitudes are quite
different.

SITE LOCATIONS AND EXPERIMENTAL
TECHNIQUE

Figure 1 shows the locations of the study areas. The
first site study was carried out within basement rocks of
the Inner Piecdmont (Hole 1), the Chauga Belt, including
the Brevard Fault Zone {Hole 2), and the Blue Ridge
(Hole 4) in the Appalachian Deep Core Hole (ADCOH)
Site Survey Area. Hydraulic fracturing, borehole
leleviewer (BHTV) and other geophysical logging
Expeniments were carried out 1o depths of 304.8 m (Holes
land 2), and 414.5 m (Hole 4). In all three cases,
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basement rocks extended to within less than 20 meters of
the surface.

The second study area was within the Savannah
River Site (SRS}, Basement rocks were overlain in 1his
area by about 300 meters of sediments. A compicle set
of experiments were carried out in Holes SSW-1, SSW.2,
DRB-8, and NPR-1, drilled into Paleozeic and pre-
Cambrian age mectamorphic rock of the Charlotte and
slate belt groups, and BHTV logs were recorded in DRB-
11, drilled into Triassic-age sands and mudstones within
the NE-SW trending Dunbarton Basin which underlies
much of the stte,

Resuits of a similar set of measurements, carried out
at the Monticello Reserveir, Scuth Carolina will also be
discussed briefly (see [3. 4] for further details).

The experimental procedure in all cases was similar.
Geophysical logs were recorded to study the in sity
varialion in physica! properties, a borehole televiewer
survey was run to map the orientation and distribution of
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Fig. 1. Geologic map of South Carolina, showing the locations
of the sites a1 which hydraulic fracturing stress
measurements were made,
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pre-existing (natural} fractures and foliation planes, to
determine the cross-sectional shape of the wellbore, and
to find evidence of wellbore failure (breakouts).
Intervals for hydraulic fracturing tests were selected on
the basis of the televiewer logs and, where possible, from
examination of the recovered core. Crilena for choosing
intervals for testing are that the hole is cylindrical and
that the interval contains no pre-existing fractures.

Hydraulic fracturing experiments were then carried
out within the selected intervals, following techniques
similar to those described by Hickman and Zoback {5}.
In these experiments pressures and flow rates were
measured at the surface and recorded digitally for
graphical analysis. We verified the assumption that
downhole pressures could be determined simply by
adding the static head 1o the surface pressure
measurements, by comparing pressures recorded at the
test interval in a number of tests using a mechanical
transducer. Data were analyzed using techniques
discussed by Hickman and Zoback (5] and Baumgériner
and Zoback [6].

Least principal stress magnitudes were determined
from shut in pressures in a variety of ways, including
using the crack up closure pressure [7], which was found
to give excellent results for the studies conducted at SRS.
As in general both horizontal stresses were greater than
the vertical stress, early-cycle shut-in pressures were
used o determine Shmin, and in some cases late-stage
shul-in pressures indicated that the fractures rotated into
the horizontal plane, providing a measure of Sy. Greatest
principal stresses were determined from {racture
reopening pressures, based on the standard assumption
that the borehole is drilled in the direction of the vertical
stress which 1s itself a principal stress, and that the rock
behaves elastically so that the concentration of stress
around the wellbore can be expressed using the 2-D
Kirsch equations [8], as modified by Bredehoeft et al.
[9]. As there is also considerable discussion about the
importance of pore pressure in fracture reopening [10,
11}, the maximum horizontal compressive stress was
computed both with and without pore pressure, 10
provide upper and lower bounds on SHmax:

3Shmin - Pb(T=0} - Pp £ SHmax < 3Shmin - Po(T=0) (1)

In order to evaluate the likelihood of carthquakes,
the stress magnitudes determined from the hydraulic
fracturing measurements are compared to the stress
magnitudes required to cause slip on cohesionless, well-
oriented faults with coefficients of friction between 0.6
and 1.0 {within the range of laboratory measurements
[12]). These limits are computed from the assumption
that a well-oriented fault will slip if the ratio of the
effective maximum and minimum stresses exceeds its
frictional sirength:

(S1-PpI(S3 - Pp) = (1+)1/2 4+ )2 (2)

Hydraulic fracture orientations were deiermined
either using a magnetically-oriented impression packer
[13) or by analysis of a second borehole televiewer log
recorded after hydraulic fracturing. In the case of the
ADCOH holes, fractures were located using the BHTV;

both oriented impressions and BHTV images were used
to focate fractures at the SRS. Most of the fractures were
found 1o be axial, although in some cases it appeared that
the fractures were created in the plane of the generally
steeply-dipping foliation.

STRESS RESULTS
ADCQOH Site Survey Holes

Good quality siress magnitude information was
obtained from each of the three coreholes. The measured
values of Py, and ISIP, as well as the calculated Shmjp,

SHmax, T and Pp values are presented in Table I The
uncertainty in the value of Sy simply represents the

accuracy to which the shut-in pressure can be measured
using the pressure/time curves. The range of Syma,
values is a consequence of both the uncertainty in picking
the pressures and the result of including (lower bound) or
ignoring {upper bound) the pore pressure in Eqn. 1.
Figure 2 summarizes the data obtained in the three Site
Survey coreholes.

In all cases, the magnitudes of both horizonial
stresses exceed the calculated lithostat. The maximum
horizontal stress follows the limit for frictional
equilibrium for p=0.6 in Hole 1. In Hole 2 {which
penetrated the Brevard Fault Zone)} SHmax 15 only
slightly greater than the lithostat below 100 meters,
However, in Hole 4, which penctrated Blue Ridge
metamorphic rocks, stresses are above the value
necessary o cause reverse laulung for yu=0.6 throughout
the total depth of the hole. Stresses increase smoothiy
with depth onty in Hole 1, which BHTV and geophysical
logging revealed 10 comtain few zones of intensely
fractured, low velocity/resistivity rock [14]. In Holes 2
and 4, which containcd several such zones, they are
associated with stepwise changes in stress magnitude.
For example, a stepwise increase in stress is seen across a
breccia zone at approximately 235 m depth in Hole 4.
And, in Hole 2. stresses similarly increase abruptly
across fractured zones at 75 and 160 meters,

The aggregate orientation of hydraulic fractures
imaged with the borehole televiewer was N5(°E [14].
This implies a NE orientation of Si{max, consisient with
other stress indicators within the region [2].

Savannah River Site

Figure 3 and Table Ii present the results of the
hydraulic fracturing tests in Holes SSW-1, SSW-2, DRB-
8, and NPR-1. Both horizontal principal stresses exceed
the vertical stress at shallow depth. In general stresses
are highest in DRB-8 and in NPR-1, and lowest in S5W-
2. In DRB-8 and NPR-1, a number of hydraulic fractures
appear Lo have trned into horizontal planes, and severd)
tests seem to have initiated a horizontal fracture at the
well bore. All of these data indicate that the vertical
stress is nearly identical to that expected from the weight
of the overburden.

The horizontal stresses increase quite slowly with
depth, as tllustrated by the results from the NPR-1 hole,
and below a depth of about 800 meters the least principal
stress is horzontal. Taking the average value of Shmin
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Table I - Hydraulic fracturing results in the ADCOH Site Survey coreholes
T Depth Py 1STP P (T=0) T P! 5,2 St S Hemaa
(m) {MPa) (MPa} {MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
ADCOH 1
T glg 193 3.8+2 6.9 12.5 0.8 22 38 3947
144 .8 22.] 6.6+1 9.8 123 14 38 6.6 8.6-10.1
2109 13.1 T.3+£3 78 5.3 2.1 5.6 73 11.8-14.0
281.6 275 10.2 11.8 15.7 28 7.5 102 15.8-18.7
2
71.6 15.2 2.8+4 54 9.82 0.7 1.9 28 2330
95.7 177 5.0+£9 6.5 11.2 1.0 25 50 7.5-8.5
162.2 98 3.6t2 58 40 1.6 4.3 36 3248
1932 16.8 T.0£9 9.6 7.3 1.9 5.1 7.0 94-114
2374 138 6.9=.6 87 5.2 24 6.3 6.9 9.6-12.0
2770 16.7 8.2*x.1 g5 7.1 2.8 73 82 12.3-15.2
ADCOH 4
82.3 18.4 42+6 8.1 10.3 08 22 42 3846
132.6 177 69+9 8.1 9.6 1.3 35 69 11.2-12.6
169.2 16.6 T1x2 7.7 B89 1.7 4.5 71 11.9-13.0
178.9 16.4 B.1z.5 7.6 8.8 18 4.7 8.1 14.9-16.7
2155 23.0 G.1%1.1 99 13.1 2.1 5.7 9.1 15.3-17.3
265.8 417 15925 225 16.1 2.7 70 159 22.6-253
340.1 41.8 18.021.4 237 18.1 34 2.0 18.0 27.0-30.4
1) Calculated using the observed depth to the water table
2) Calculated assuming an average density of 2.65 gm/cm3
ADCOH Hole 1 ADCOH Hoie 2 ADCOH Hole 4
Stes, MPa Skess, MPs Skess MPa
] 5 0 15 Pl 25 X k-3 LI 5 0 15 Fal 25 0 a5 40 <] 5 10 15 el = x A5 A0
o L 1 1 i 1 1 1 1 L L 1 1 1 1 1 L 1 1 i i 1 1 1
O Spmin ©  Spmin ©  Shmm
w0 w-a Range of S, o B m—a  Range o Sy, B \ w-a Range of Sy ..
100 + — -
150 — ~ -4
E.
£
& 20 . 4
0 - —
20 - 4 4
ax

Fig. 2. Stress magnitudes in the ADCOH Site Survey boreholes. Sy is assumed to be equal to the weight of overlying rock,
calculated using a density of 2.65 gm/em?  Also shown are the magnitudes of the maximum horizontal stress
which would cause slip along well-oricnted reversé faults for coefficients of sliding friction p=0.6 and 1.0.

for the two measurements near 1030 meters, the
magnitude of Symax 15 only slightly less than that
required to generate slip on well-oriented strike-slip
—faults. It is clear that if we attempt to linearly exrapolate
the siress magnitudes we measure above | km to greater
depth we encounter serious problems at depths of only a
few km, as the extrapolated maximum horizontal stress
drops below the vertical stress, which implies an
extensional state of stress in the midcrust within a region
that ts generally characterized by horizontal compression.

Orientations of the hydraulic fraclures were
determined both by post-fracturing borehole televiewer
logging and by running magnetically oriented impression
packers (Table II). All but one fracwure was found in the
NE quadrant. The orientations of the hydraulicallly
induced fractures suggest a roughly N65°E direction of
SHmax. consistent with other regional stress indicators

[2).



Table I - Hydraulic fracturing results in the SRS boreholes

Depth  Pp ISIP Pp(T=0) T Pl 5.2 Spumin Stimn $,3  Orentation? Quality Comments
(m)  (MPa) (MPa) (MPa) (MPa) (MPa)  {MPa) {MPa) (MPa) (MPa)
SSW-1
329 21.2 11.1.2 12.81.8 8.41.8 2.9 6.6 11.1+£.2 17.1-19.9 N89°E(IP) near vertical fracture
347 202 11.0+.4 15.8%.7 4.41.7 3.0 7.0 11.0+.4 12.3-16.1
353 228 12.7+.3 17.3£1.2 5.5%1.2 3.0 7.2 12.7£.3 15.7-19.9
g 25.2 14.61.4 21.7+1.0 3.5%1.0 3.4 8.2 14.6%.4 16.5-20.9 N64°E(IP) vertical fracture
3925 21.3 15.0+.6 15.5£1.0 5.8%1.0 34 8.3 15.0+£.6 23.3-28.9 - N61°E(IP) vertical fracture
394 21.9 14.61.3 15.7+.8 6.2%.8 1.4 8.3 14.6+.3 23.0-26.4
418 21.9 14.7£.2 15.421.6 6.5+1.6 3.7 9.0 14.7%.2 22.8-27.2 N30°-50°220°(R) rear verlical fracture
SSW-2 _ ,
303 16.1 11.0t.4 12.411.0 3.7+1.0 3.0 6.0 11.0+.4 15.4-19.8 S()9°E(IP)5 vertical fracture
338 18.7 10.3+.4 14.9+.5 3.8t5 3.3 1.0 10.3+ .4 11.0-14.4 -
360 254 10511 14.2+.8 11.2+.8 3.5 7.6 10.5+.1 12.7-14.9 N62°E 34° East dip-foliation plane
379 16.3 11.7¢.4 13.1£1.0 6.0+1.0 3.7 8.2 11.7.4 16.1-20.5
386 20.8 12.04.1 14.8t.8 6.0+.8 1.8 8.6 12.0+.1 16.3-18.5
DRB-8
352 247 15.44.5 17.611.6 9.1t1.6 3.2 8.0 15.4£.5 22.3-28.5 8.7 fracture rolled over
163 226 18.6% .4 19.6x1.4 3.041.4 3.3 8.4 18.6%.5 30.0-35.8 - N66°E(IP) vertical fracture
396 257 16.1+.5 17.0+£.3 8.7+3 3.6 9.2 16.1+.5 25.9-29.5 8.611.0 N4S°E(IP) 60° dipping frac, rolled over
404 15.9 8.0£.3 7.9+.3 3.7 9.4 - 6.77 possible packer failure
412 18.0 - 10.31.5 7.7¢.5 3.8 9.6 - 9.8 probable horizontal fraciure
426 18.0 11.4%.6 6.61.6 3.9 10.0 .- 6.57 possible packer failure
434 32.3 - g.2+.1 24.1%.1 4.0 10.2 - 6.27 possible packer failure
453 39.9 - 8.8%.5 J1.1+5 4.2 10.8 7.61.27 possible packer failure
493 235 - 12.1%.5 11.4£.5 4.6 11.9 - - 9.9 possible packer failure
501 34.2 21.7£.3 26.5£1.2 7.7¢1.2 4.6 12.1 2173 31.9-36.1 --
542 442 19.5+.5 33.6x1.0 8.611.0 5.0 13.2 19.5+.5 .- intersected sub-horizontal plane
lower bound on Symin only
NPR-1
378 27.9 14.8-16.0 19.] 8.8 3.5 7.8 14.8.16.0 21.8-289¢ — N75°E, vert (B) tensile strength moderate
468 35.3 8.7 9.3 26.0 4.5 14.5 — — 8.7 hariz., (B) created horizontal
560 41.4 16.3 10.5 30.9 5.4 13.2 — — 10.3 hariz., (B) created horizontal
590 36.5 23.6-23.8 29.0-31.0 5575 5.7 141 23.6.23.8 34.1.42.4 low tensile strength
637 353 18.8-19.0 150-15.6 19.7-20.3 6.2 15.7 18.8-19.0 34.6-42.0 13.7-13.9 rotlated to horizontal
733 RV 19.3-19.9  20.6-22.2 10.5-12.1 72 18.7 19.3.19.9  28.5-39.1 16.0-16.6 NS8°E, inct. (IP} rotated to horizontal
1037 33.9 19.6-20.6 21.8-23.0 109-12.1 0.2 278 19.6-20.6 255400 — prob, vert. ([P not oriented
1036 355 23.5-23.9 255-265 7.5.10.0 103 27.9 23.5-23.9 33.7.46.2 — prob. verl. (IP) nol oriented

(1) caiculaled using the observed depth 1o the water table
{2) calculated assuming 195 grn)’c:m3 for sediments and 2.8 grn/cm3 for basement rock (SSW-1, S§W-2; DRB-8) or by integrating a density log in basement (NPR)

(3) measwred from instantancous shut-in after pumping a large volume of fluid, assumes that the fracture “rolled over” into a honizontal plane
{4) with respect 1o True Nonh determined [rom oriented impression packer (1P) or post-fracturing BHTV logging (BHTV)

(3} orientation incoriect possibly due 10 a stuck compass
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Fig. 3. Swesses calculated from hydraulic fracturing tests conducted within SSW-1, $$W.2, DRB-8 and NPR-1, along with the
vertical stress calculated by integrating a density log (NPR-1) or from an assumed density in the sediments of 1.9 and

in basement of 2.8 gm/cm?’ (for the other holes}. Lines showing the upper bound on the horizontal siresses for reverse
faulting on ptanes with coefficients of shiding friction p=0.6 and 1.0 are also shown.

Wellbore breakouts, defined as sections within
which a wellbore is elongated due to compressive shear
failure of the rock at the azimuth of Shmin [15, 16], were
detected between 380 and 405 meters in DRB-11, and
below about 600 meters in NPR-1. Figure 4a presents a
histogram of maximum horizontal stress orientations
detlermined from the breakouts in DRB-11. As shown in
the figure, the direction of maximum principal horizontal
stress determined from breakouts within the Triassic rock
penetrated by DRB-11 is N55°-700E. In contrast, the
orientations of breakouts detected in the NPR hole
suggest a maximum horizontal compression direction of
N33°E (Fig. 4b). This is about 20-30° more northerly
than that found at shallow depth both from hydraulic

fracture orieniations in S§W-1, SSW-2, and DRB-8§ and

from the breakouts in DRB-11.

To investigate the cause of this difference, we plot
the midpoints of the breakouts as a function of depth in
the NPR hole in Figure 4c. Although it is clear that they
have a generally consistent NW-.SE orientation, the
breakouts between 900 and slightly less than 1200 meters
are rotated about 20-30 degrees counterclockwise
compared 1o those at shallower and at greater depths As
most of the breakouts are within this apparently
anomalous region, the histogram shows a corresponding
orientation shift between these data and those from
shallower depth in DRB-11.
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Fig. 4. A} Histogram of the maximum horizontal principal

stress orientations from breakouts in DRB-11, which

vield an average orientation of N55-70°E for Syymay.
B.) Histogram of Syymax directions inferred from the
breakout data in NPR-1. The average azimuth of
SHmax predicted from these measurements is N33°E
{x15°). C.) Breakouts plotted as a function of depth
within NPR-1. Although the shallowest breakouts
suggest a roughly N60°E SHmax orientation, the
breakoults can be seen o rotate slightly
counterclockwise at intermediate depths, yielding an
aggregate mere northerly orientation of SHmax. Near
the bottom of the hole the breakout onentation is again
similar 1o that found at shallow depth in this hole and
within the Triassic rocks penetraled by DRB-11.

DISCUSSION

The region of the southeastern United States within
which these measurements were made is characterized by
a fairly consistent NE-SW._ direction of maximum
horizontal compressive stress, defined by focal
mechanisms of recent earthquakes, young geologic
indicators, and direct measurements of in situ stress [2].
Furthermore, the aggregate orientations of Spqax from
shallow data and from deeper earthquake focal
mechanisms are the same (about N70°E}. Shallow
seismicity in the region, particularly within crysualiine
lerranes, 15 predominantly reverse in characier {17].

The measured stress magnitudes at the SRS and in
the ADCOH Site Survey region suggest a highly
compressional near-surface stress field that 1s capable of
causing reverse faulting on well-oriented pre-existing
planes of weakness. Similar results were found at the
Monticello Reservoir [3, 4] (for location see Fig. 1), and
at Kent Cliffs, New York [18] and Moodus, Connecticut
(19, 20]. McGarr and Gay [21] and Brace and Kohlstedt
[22] summarize numerous resulis from Canada and S.
Africa of very high horizontal stresses in the uppermost
few hundred meters of cratonic crust, even though in the
case of 5. Africa the tectonic stresses at greater depth
favor normal faulting. Similar stresses have been
observed in Fennoscandia [23].

Voight and St. Pierre [24] proposed that high
horizontal stresses in crystalline rocks in the near-surface
could result from denudation, although McGarr and Gay
(21] dispute this. It is more likely that high stresses at
shallow depth are simply an expression of the response of
the lithosphere to the forces driving the plates. In other
words, compressional regional tectonic forces are
distributed in such a way that there is an excess
horizontal stress at shallow depth in regions in which
strong, elastic rock extends 1o the surface. This leads (o
very high near-surface ratios of horizontal to vertical
stress, as Sy approaches zero at shallow depth. Where
weaker rocks overly mid crustal mater:als, they deform
more readily and may consequently exhibit a lower leve!
of horizontal stress. For example, stress magnitudes
measured in Coastal Plain sediments near Charleston,
S.C. were quite low [25]). However, the crientation of the
maximum horizonial stress is generally aligned with the
regional tectonic force.

Perhaps the most important question related to
seismic nisk is whether high stresses measured at shallow
depth (and the accompanying low-magnitude seismicity)
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can be related to the possibility of potentially damaging
earthquakes at greater depths. In general, this appears
unlikety.  For example, at Monticello the deepest
earthquakes arc limited 10 about 2.5 km [17]. In this and
other cases the shallow seismicity may be totally
unrelated to the potential for deeper carthquakes. In
cases where high horizontal stresses are suspected to be
present at greater depth, careful monitoring of earthquake
hypocentral depths and deeper stress measurements are
required to determine the depth to which the highty
compressive stress field persists.

CONCLUSIONS

Hydraulic fracturing stress measurcments and
wellbore breakouts detected by borehole televiewer
logging at two localions within the southeastern United
States reveal a consistent, NE-SW orientation of SHmax.
Although the SHmax onentation varies somewhat as a
function of depth, possibly as a result of local geological
complexity, it is the same at shallow depth as at much
greater depth, and is generally consistent with a ridge-
push source of intra-plate stress. High horizontal stresses
detected at shallow depth, sometimes associated with
small magnitude local seismicity, do not persist to greater
depth. In fact, the near-surface reverse faulting stress
field apparently does not cxtend below the uppermost
few hundred meters of crystalline basement. This "thin
skin™ reverse faulting environment is most likely a
consequence of the distribution of plate driving stresses
in regtons in which strong, elastic rock exlends 1o the
surface.
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