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ABSTRACT

Well-organized patterns of tensile fractures were found in peb-
bles of young conglomerates in the Salton trough, California, and in
the Dead Sea rift, Israel. The fractures are subparallel to each other in
a single pebble and are within numerous pebbles in an outcrop. We
show that intrapebble tension could develop due to the amplification
of the stresses inside a competent pebble embedded within a compliant
matrix; furthermore, tensile stresses may form in the pebbles, even
under compressive tectonic stresses. The regional trends of the frac-
tures are consistent in each of the study areas, and they appear to be
excellent indicators of the tectonic stresses. The derived angles be-
tween opy., (the largest horizontal compression) and the dominant
local strike-slip fault is about 40° in the En Yahav region of the Dead
Sea rift, and about 75° in the Indio Hills area of the Salton trough;
these angles are in agreement with other stress data.

INTRODUCTION

Tensile joints are common in many rock types and various tectonic
environments. They develop normal to the least compressive stress when
the local stresses exceed the tensile strength of the host rock. Systematic
joints, however, are rarely observed in poorly cemented conglomerates
and sandstones. This infrequent occurrence reflects the tendency of granu-
lar rocks to deform by shear and displacement between the rigid grains,
and their inability to support high tensile stresses (Mirsa and Sen, 1975;
Ching et al., 1989). Therefore, we did not expect to find the well-organized
systems of tensile fractures present in the conglomerates of the Salton
trough, California, and the Dead Sea rift, Israel. We studied these fractures
in the field and analyzed the mechanisms of their formation.

The Salton trough area is characterized by the subparallel San An-
dreas, Imperial, Brawley, Calipatria, and San Jacinto faults (Crowell,
1987). These faults display right-lateral motion accompanied by intensive
subsidénce, basin formation, and the accumulation of thousands of metres
of unconsolidated sediments (Babcock, 1974). Most clastic sediments in
the northern parts of the Salton trough belong to the Mecca Formation
(Pliocene), the Palm Spring Formation (Pliocene-Pleistocene), and the
Canebrake-Occotillo Conglomerate (Pleistocene), and reach a maximum
thickness of 2250 m (Sylvester and Smith, 1987). We measured fractured
pebbles in the Mecca Formation in Indio Hills, along the eastern side of
the San Andreas fault.

The Arava Valley is part of the Dead Sea transform, south of the
Dead Sea. The slip along the transform has been about 105 km and has

Figure 1. Fractured limestone
pebbles embedded in poorly ce-
mented matrix, Arava Valley, Is-
rael. Two to five subparallel joints
cut through pebbles.
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been predominantly left lateral since the Miocene (Freund, 1965). Al-
though active left-lateral faults are prominent within the Arava Valley,
normal faults form sections of the valley margins. The strike-slip motion
occurs along generally north-south en echelon faults and is accompanied
by east-west extension of a few kilometres across the transform (Garfun-
kel, 1981). The extension normal to the transform led to the formation of a
conspicuous rift valley filled with medium and coarse clastic sediments of
the Hazeva Formation (Neogene) and younger units (Garfunkel, 1981).
The thickness of the Hazeva Formation along the margins of the Arava
Valley is 50-150 m. Fractured pebbles are common in the conglomerates
of the lower member of the Hazeva Formation along the western margins
of the rift.

We first describe the fractures, from the single pebble to the regional
patterns. The mechanics of pebble fracturing are then addressed by analyz-
ing the stress conditions associated with a rigid inclusion embedded in a
compliant matrix. The applicability of the fractured pebbles to tectonic
analysis is discussed, and the results are then compared with the tectonic
stresses determined by previous structural and geophysical analyses for
similar settings.

FIELD OBSERVATIONS
Fractures in a Single Pebble

A typical fractured pebble is a spheroidal to ellipsoidal pebble crossed
by two to five subparallel vertical fractures (Fig. 1). The fractured pebbles
range in size from 10 to 30 cm; a few boulders are longer than 1 m. The
rock types of the fractured pebbles vary: granite, gneiss, schist, and sand-
stone pebbles are in the Salton trough, and they are primarily limestone
and to a lesser degree chert and sandstone in the Dead Sea rift. Some of the
fractured pebbles contain preexisting sedimentary or metamorphic folia-
tion, yet the fractures in these pebbles show no apparent modification by
the schistosity or the layering.

The observed fractured pebbles contain only one set of systematic
fractures. Segmented fractures in en echelon configuration and overlapping
zones are abundant. Irregular nonsystematic fractures cut across the inter-
vals between systematic fractures and are roughly normal to them (similar
to cross joints of Hodgson, 1961).

The systematic fractures usually have planar surfaces, and some are
decorated with curvilinear hackles and ribs that form a plumose structure
(Fig. 2). The origins of the plumose structures are located at the margins of
the pebbles. This surface geometry resembles that of tensile fractures in
well-cemented rocks (Hodgson, 1961; Pollard and Aydin, 1988).

TORIGIN

Figure 2. Surface of fracture from limestone
pebble, Arava Valley, Israel. Note markings of
plumose structure and ribs on surface.
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Fracture-parallel displacements are relatively rare; less than 5% of the
fractures show such slip. The displacements do not exceed several centime-
tres, are restricted to individual pebbles, and do not affect neighboring
pebbles. Fractures with slip are subparallel to nearby tensile fractures, and
the fractures with left-lateral slip are essentially parallel to fractures with
right-lateral slip. It appears that the slip occurred in a successive deforma-
tion phase along existing tensional fractures (similar to the observations of
Simpson and Segall, 1986).

Fracture in an OQutcrop

In most outcrops, the systematic fractures in separate pebbles are
subparallel to each other (Fig. 3). This parallelism appears to be independ-
ent of the relative size of the pebbles and the spacing between them (Fig.
3). The fractures are usually restricted to the individual pebbles, and there
is no apparent fracture continuity between neighboring pebbles. In well-
cemented conglomerates, the fractures are irregular and cut continually
through the pebbles and the matrix. Furthermore, the systematic fractures
display clear and consistent regional trends in the two study areas.

MECHANISM OF PEBBLE FRACTURING

The observations described above indicate that the fractures are sub-
parallel, vertical surfaces that cut through the pebbles. The fractures are
not related to preexisting foliation and they formed in opening mode. The
plumose structures and the cleaved geometry of the fracture surface clearly
resemble the geometric properties of tensile fractures (Hodgson, 1961;
Pollard and Aydin, 1988). Shearing along the fractures is rare and proba-
bly belongs to a later stage. We therefore conclude that these fractures
formed by tensile failure of the pebbles. Following the common notion, it
is assumed that tensile fractures formed normal to the least compressive
stress.

The stresses in competent pebbles embedded within a compliant
matrix are analyzed here by considering the deformation of a stiff circular
elastic inclusion enclosed in an infinite elastic matrix under plane-strain
conditions (Fig. 4). This configuration was regarded by Jaeger and Cook
(1979, p. 247) as “perhaps the most important single problem in rock

Figure 3. Detailed map of fractured pebbles, Arava, Is-
rael. Note that fractures are restricted to individual peb-
bles, with no apparent fracture continuity between neigh-
boring pebbles. (Fig. 1 covers central part of this map.)
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mechanics.” The stresses in an inclusion under the above constraints are
(Jaeger and Cook, 1979, p. 263, equations 16 and 17):
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where 0(myy), and O(min)- are the largest and least compressive remote
stress, Tespectively, O(may); and G(min); ar€ the largest and least compressive
stress, respectively, inside the inclusion, u; and y, are the shear moduli, and
v; and v, are the Poisson ratios of the inclusion and the matrix,
respectively.

The stresses inside a circular or an elliptical stiff inclusion are uniform
(Eshelby, 1957). The stresses are generally amplified for K > 1, and 01,y
and o(yip); becomes asymptotic for X > 10. The Poisson ratio of the
inclusion v; has a small effect, whereas the Poisson ratio of the matrix »,
has a profound effect on the solutions. Figure 5 displays the intrainclusion
SITESS G(min); V5. the remote stress o(min), for a very stiff inclusion (X = 100,
v;=0.25, and v, varies. The solutions in regions A and B of Figure 5 show
that the intrainclusion stresses are tensile; o(miny; < 0. Region A is of
particular interest to pebble fracturing because it shows that the ratio
O(min)i/ F(max)r €an attain values as small as ~0.5 for o(miny/ F(maxyr > 0-
This implies that tensile stresses can develop within a rigid inclusion even
under compressive remote stresses. Note also that o(mip); has smaller values
(more tensile) as v, approaches 0.5.

We examined the magnitude of the tensile strength of the fractured
pebbles by using the fracture toughness approach (Lawn and Wilshaw,

vy =0.2-0.5

Figure 4. Idealized model for pebble fracturing: rigid elastic circular inclusion in
soft matrix under plane strain conditions.
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1975). During tensile fracturing (mode I crack), the following relations
exist:

Kic = (o3-P)y (ma)®, C))
where K¢ is the fracture toughness, (3-P)y is the effective stress normal
to the crack during yielding, o3 is the stress normal to the crack, P is the
pore pressure inside the crack, and ra is the length of the initial crack.

Most fractured pebbles are made of limestone, sandstone, granite, and
metamorphic rocks; the fracture toughness of these rocks ranges from 0.3
to 1.2 MPa/m" (Atkinson and Meredith, 1987). The length of an initial
crack is considered to be equal to the grain size (Brace, 1964), which is
2-6 mm in the rocks of our study. For the above-mentioned values of
fracture toughness and initial cracks of 2-6 mm long, fracture could de-
velop when (03-P)y is 3-13 MPa. From this strength range we assumed
that 5 MPa is a reasonable estimate for the in situ tensile strength (smaller
than laboratory strength) of corresponding lithology. This strength of
5 MPa is now compared with the least compressive stress inside the pebble,

1 I 1

O (minyi> Calculated in the model. Region A in Figure § indicates that o(min);
could exceed 5 MPa in a rigid pebble for 0 < G(min)/ I(maxyr < 0.1, if
G(maxyr =10 MPa. The 6(4)- component in the model is equivalent to o),
the maximum compressive tectonic stress in the field. Because, in general,
a1 is equal to or larger than the vertical overburden stress, oy, Would
exceed 10 MPa at depths of about 0.4 km (assuming sediment bulk density
of 2500 kg/m3). Therefore, the result of O(maxyr =10 MPa implies that
fracturing occurred under an overburden of a few hundred metres.

DISCUSSION

The striking field observation of this study was the consistency of the
fracture orientations (Fig. 3). All examined exposures displayed one set of
vertical systematic fractures, and thus they reflect a single tectonic stage. It
was shown above that the tensile fractures could form in pebbles at depths
of a few hundred metres. Following the notion that tensile fractures form
normal to the least compressive stress, we discuss here the applicability of
the fractures in pebbles as a tectonic-stress indicator.

The trends of more than 650 fractures were measured at three sta-

0.8

°©
=
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Figure 6. Tectonic stresses
and fractures in Arava Val-
{ ley. A: Strike orientations
of fractures (rose dia-
grams) in three stations
(solid triangles). Mean ori-
entations: Marzeva = 334°
+12° (n = 191), Zvira =
332° +19° (n = 361),
Zofar = 328° +18° (n =
101). Direction of oppay
(solid, thick lines) drawn
according to mean direc-
tion of fractures in sta-
tions. B: Trajectories of
4 Ohmax (thin lines) along
Dead Sea transform as
determined from meso-
structures (after Eyal and
4 Reches, 1983).
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tions in the Arava Valley, Israel. The stations are about 5 km from one
another and each station includes at least 15 fractures/m2. Almost all
fractures are steeper than 80° and the dominant strike of these fractures
within each station falls in the range of 333°+17° (Fig. 6A). These results
indicate that o(yq)r is horizontal, trending 63° +17°. The regional paleo-
stresses in the Sinai-Israel subplate were determined independently from
mesostructures by Eyal and Reches (1983), who showed that the prevail-
ing stress field since the middle Miocene has a opp;, axis (the least horizon-
tal tectonic stress) that trends 70°-80° (Fig. 6B). This trend of the tectonic
paleostresses agrees with the range of the trends deduced from the pebble
fractures.

The trends of more than 300 fractures were measured in six stations
located in the Indio Hills along the southern San Andreas fault (Fig. 7).
The stations are within 1 km of the main fault trace and are several
hundred metres from each other. The mean strike of the fractures in Indio
Hills is 25° +20° (Fig. 7A). Jones (1988) determined the current regional
tectonic stress by stress inversion of moderate earthquakes within 10 km of
the San Andreas fault. She found that oy, (the axis of largest horizontal
tectonic compression) in the Indio Hills area trends 20° (Fig. 7B), in good
agreement with the fracture orientations of 25° +20°.

The consistency of local and regional trends of the fractures in the

Figure 7. Tectonic stresses and
fractures in Salton trough area.
A: Rose diagram of fracture
strikes measured in six stations
in Indio Hills along southern San
Andreas fault (location marked
by solid triangle in B). Mean
strike of the fractures is 25° +20°
(n = 340). B: Current regional
tectonic stress opmax (dashed
68 lines) determined by stress in-
version of moderate earthquakes
within 10 km of San Andreas
fault (after Jones, 1988). Solid,
heavy line in Indio Hills indicates
common orientation of pebble
fractures.
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pebbiles, and their good agreement with tectonic stresses determined inde-
pendently, indicates that fractured pebbles are reliable indicators of tec-
tonic stresses.

CONCLUSIONS

1. Organized, systematic sets of tensile fractures occur in competent
pebbles embedded in poorly cemented conglomerates.

2. The fracturing may be due to the intrapebble amplification of the
tectonic stresses, leading to the generation of intrapebble zensile stresses.
Such stresses may be generated even under a compressive state of stress,
provided that 0 < 03/0¢ <0.1.

3. Considering typical tensile strength of rocks, pebbles can fracture
at a depth of a few hundred metres or deeper.

4. The consistent regional patterns of fractures in pebbles and their
agreement with trends of oy, determined independently by other inves-
tigators show that the fractured pebbles are an excellent indicator of the
paleostress orientation.
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