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ABSTRACT
Previous studies of jointing in sedimentary rocks have shown that joint-network architecture is controlled by mechanical stratigraphy, which is described by (1) the thickness
and rigidity of stratigraphic units and (2) the nature of interfaces between beds. Using
joint pattern to infer rigidity contrast between beds is complicated by the possibility that
material properties of the beds may change between fracturing events. Observation of
both an early bed-contained joint set and a differently oriented late throughgoing joint
set in the same beds of growth strata in the Oliana anticline in the Spanish Pyrenees may
reflect changing mechanical properties (i.e., via diagenesis) during the folding process.
Using a Schmidt hammer, we assess the rigidity contrast between the individual units and
show that the present-day contrast is not great enough to terminate joints at interfaces.
This result is consistent with an interpretation that the late-stage throughgoing joints
formed in strata with conditions similar to those of the present day and that the early
bed-contained joints formed when the rigidity contrast between beds was significantly
greater than that of the present day. For example, differential diagenesis rates between
layers of differing grain size would produce temporally changing mechanical stratigraphy.
We propose that changes in mechanical stratigraphy may have previously been unrecognized in other stratigraphic sections and that these changes affect joint-network architecture and subsequent fluid-flow pathways.
Keywords: mechanical stratigraphy, growth strata, joint, propagation, termination, Oliana
anticline.

Figure 1. Geologic map of Oliana anticline. Location of outcrop is shown in inset map in
upper left. Aerial photograph inset shows orientation of major regional joint sets located in
light-colored youngest growth-strata unit (unit 4). These joints parallel throughgoing joints
observed at our study outcrop (north-northeast joint strike is shown in gray on rose diagram). Black joint strikes on rose diagram represent bed-contained joints. O—Oligocene;
E—Eocene; K-P—Cretaceous-Paleogene; JR—Jurassic; IM—Igualada Marls (modified from
Vergés, 1993).

INTRODUCTION
Whether joints cross many sedimentary layers or terminate at frequent bed surfaces to
produce tortuous subsurface flow paths is a
consequence of the mechanical properties of
the strata that control joint propagation, i.e.,
the mechanical stratigraphy (e.g., Corbett et
al., 1987; Narr and Suppe, 1991; Gross et al.,
1995; Hanks et al., 1997; Rijken and Cooke,
2001; Lorenz et al., 2002; Underwood et al.,
2003). Attributes of a stratigraphic section that
define its mechanical stratigraphy include the
rigidity of each lithologic unit, the relative
thicknesses of individual layers, and the nature of the interfaces between those layers
(Cook and Erdogan, 1972; Ladeira and Price,
1981; Helgeson and Aydin, 1991; Gross,
1995; Lorenz et al., 2002; Underwood et al.,
2003).
Whereas previous studies of jointing in
stratigraphic sections have presumed that mechanical stratigraphy remains constant throughout fracturing events, we propose that some
stratigraphic sections undergo a variety of diagenetic processes during structural deformation
that would alter mechanical stratigraphy and
give rise to distinct and potentially complex
three-dimensional joint networks. Thus, the interpretation of joint networks requires considering potential diagenetic changes to rock properties. Furthermore, because joints in tight
sedimentary strata serve as conduits for subsurface fluid flow, constraining temporally
changing mechanical stratigraphy is relevant to
a variety of problems, including hydrocarbon
migration, groundwater-contaminant migration,
and basin-scale brine fluxes in foreland foldand-thrust belts.
Growth strata, such as exposed at the Oliana anticline (Fig. 1) in the central Spanish
Pyrenees, provide an exemplary setting for investigating changing mechanical stratigraphy
during deformation. In syndeformational strata, jointing can occur at different stages of diagenesis and simultaneous folding can rotate
beds so that later joints do not parallel early
joints (Fig. 2C); this facilitates recognition of
distinct joint sets. We have observed two such
joint sets in an exposure at the Oliana anticline
that demonstrate different bed intersections:
one set is contained within beds and another
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Figure 2. Joint patterns
resulting from constant
(A and B) and temporally
varying (C and D) mechanical
stratigraphy.
Bed-contained joints in A
form as rigidity contrast
between beds is high,
whereas throughgoing
joints in B form in lowrigidity-contrast beds.
Joint patterns in C and D
imply that bed-contained
joints formed at one time,
when rigidity contrast
was high, and that
throughgoing
joints
formed at another time
when rigidity contrast
was low. Although observed variations in joint
spacing among layers in D could be accounted for by differing degrees of joint infilling,
infilling can only influence joint spacing and cannot account for different joint intersections
with bedding.

set crosscuts multiple layers. An examination
of the rigidity contrast between adjacent interbedded fine and very fine sandstone investigates the hypothesis that this joint-network
architecture reflects temporal changes of the
relative rigidity of adjacent layers.
MECHANICAL STRATIGRAPHIC
CONTROLS ON FRACTURE
NETWORKS
The architecture of joint networks is controlled by the ability of lithologic contacts to
inhibit joint propagation; two primary factors
control the propagation of joints across lithologic contacts: (1) interface strength (Helgeson and Aydin, 1991; Renshaw and Pollard,
1995; Cooke and Underwood, 2001; Underwood et al., 2003) and (2) contrast between
the rheology of the layers (Erdogan, 1972;
Cook and Erdogan, 1972; Rijken and Cooke,
2001). Analog and numerical experiments
suggest that weak interfaces inhibit joint propagation by sliding or opening, thereby reducing the stress singularity at the crack tip (e.g.,
Renshaw and Pollard, 1995; Cooke and Underwood, 2001). In addition, cracks may terminate at contacts with softer or more ductile
layers as the stress singularity at the crack tip
is dissipated within the softer layer (Erdogan,
1972; Renshaw and Pollard, 1995; Rijken and
Cooke, 2001).
Renshaw and Pollard (1995) calculated
guidelines for the degree of rigidity contrast
needed to reduce the crack-tip stress singularity and promote termination of joints at strong
contacts. If the shear modulus ratio of softer
to stiffer layer (msoft/mstiff) is ,0.4, the stress
singularity at the crack tip within the stiffer
layer is significantly less than that of a crack
propagating within a homogeneous layered sequence (msoft/mstiff 5 1). Thus, joints will
propagate across a bonded horizon when the
rigidity contrast in adjacent units is low (i.e.,
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a high ratio of msoft/mstiff . ;0.4) (Fig. 2B),
whereas joint termination is favored when
msoft/mstiff , ;0.4 (Fig. 2A). Because the ratio
of shear moduli can be assessed for rock sequences, we can confirm the criterion for exposed jointed sequences and/or predict jointing in subsurface sequences. For example, in
layered sequences with well-bonded interfaces, joints that cross interfaces at high angles
should primarily be present in units whose ratio of shear moduli is .;0.4.
RECOGNITION OF CHANGING
MECHANICAL STRATIGRAPHIC
CONDITIONS USING JOINT
PATTERNS
Until now, temporally changing mechanical
stratigraphy has gone unrecognized because
the rocks we observe only demonstrate the
present-day mechanical properties. If exposures are selected to minimize weathering effects, the measured rigidity of a given rock
layer only reveals information about the final
stage of the layer’s diagenetic and deformational history; prior stages of rigidity must be
inferred. However, indirect inference of rheology is possible by using joint termination
patterns within a stratigraphic section. For example, if we observe a stratigraphic section
with strong contacts where all of the bedperpendicular joint sets are contained within
individual bedded units (Fig. 2A), the rigidity
contrast between those bedded units at the
time of jointing should have been relatively
high (i.e., a low ratio of msoft/mstiff , ;0.4)
(Renshaw and Pollard, 1995).
Consider the case where we observe two
types of bed-perpendicular joint patterns, one
joint set that is contained within beds and another that crosscuts the same bed interfaces
(Figs. 2C, 2D). In this case, the rigidity contrast between units must have changed between jointing episodes, because the two joint

sets imply different mechanical conditions,
one with a high rigidity contrast and the other
with a low rigidity contrast between beds. In
other words, the two joint sets could not have
formed coeval under similar mechanical stratigraphic conditions.
Whereas direct measurement of paleo–
rigidity contrasts is impossible, the presentday rigidity contrast can be measured in situ
or in laboratory experiments. Furthermore, the
present-day rigidity contrast should be most
consistent with the youngest joint set. Comparing measured rigidity contrast with the rigidity contrast implied by joint-set geometry
can support our assertions that joint sets can
be used to determine the paleo–rigidity
contrast.
STRATIGRAPHY AND JOINT
PATTERNS AT THE OLIANA
ANTICLINE
Located in the south-central Spanish Pyrenees, the Oliana anticline is a 15-km-long,
northeast-trending, doubly plunging anticline
(Fig. 1). The anticline is composed mainly of
four upper Paleogene syntectonic units (Fig.
1), which include conglomerates, mudstones,
and siltstones, and is cored by a duplex that
has repeated the Eocene Igualada marls. During the Oligocene, the whole structure was
transported ;11 km southward along a detachment in the Eocene Cardona evaporites
(Vergés and Muñoz, 1990; Burbank et al.,
1992; Vergés, 1993).
This study focuses on one outcrop along the
northwest limb of the Oliana anticline that
was analyzed through detailed measurement
of stratigraphic sections, characterization of
joint systems, and rebound hammer testing
(Fig. 1). Stratigraphically, the outcrop consists
of interbedded siltstones, very fine grained
sandstones, and fine-grained sandstones
bounded by pebble and cobble conglomerates
(Fig. 3). Compositionally, the sandstonesiltstone package is relatively uniform, consisting of almost entirely subrounded, poorly
sorted, light gray and light brown quartz sand
and silt.
The three fine-grained sandstone units (labeled in Fig. 3) are resistant and have positive
relief in outcrop. Contacts between the finegrained sandstones and the surrounding siltstones and very fine grained sandstones are
generally gradational, without a sharp break
between lithologies, although two sharp contacts were observed (dark lines in the stratigraphic section in Fig. 3). These contacts appear to be minor erosional surfaces, and no
mudstone or shale is apparent between the two
units. Because gradational contacts do not typically slide or open, we consider the majority
of contacts in the sequence to be relatively
strong.
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dicating that at present-day the very fine sandstone and fine sandstone beds are not greatly
different in their rigidity.

Figure 3. Photograph of outcrop with overlaid stratigraphic section and fracture patterns.
Schmidt hammer sample locations are shown as circles to left of stratigraphic section.
Siltstones and very fine-grained sandstones are interbedded with resistant fine-grained
sandstone beds that are numbered 1–3 on left side of photograph. Fracture patterns (marked
only on left side of photograph): bed-contained joints—black lines and filled black circles
on equal-area stereonet; throughgoing joints—gray lines and open circles on stereonet.
Mean angle between bedding and joints is 698 for bed-contained joints and 778 for throughgoing joints. Gradational bed contacts are shown as dashed lines.

Characterization of fractures reveals two
distinct sets of joints: one set of bed-contained
joints and another set of throughgoing joints
that crosscut all bed contacts (Fig. 3). The
bed-contained joints strike east, oblique to
both the northeast-trending Oliana fold axis
and the local northeast-striking bedding (Fig.
3). These steeply dipping joints are restricted
almost entirely to the resistant fine-grained
sandstone units in the outcrop. In contrast, the
throughgoing joints range in length from a
few tens of centimeters to a few meters, range
in strike from north to north-northeast, and are
oblique to the fold axis and to bed strike.
The differing orientations of the two joint
sets imply two distinct jointing episodes.
Sussman (2002) interpreted the throughgoing
joints, which are parallel to large-scale joints
observed within the youngest synorogenic
unit in the area (unit 4 in Fig. 1), as the youngest joint set at the Oliana anticline.
RIGIDITY CONTRAST AT THE
OLIANA ANTICLINE
To assess the in situ rigidity of the different
jointed beds we used a Schmidt Mechanical
Concrete Test Hammer, which measures the
rebound of a piston striking the outcrop1
(Hucka, 1965; Poole and Farmer, 1980). Empirical relationships allow conversion of rebound number (R) to shear modulus (rigidity)
of each stratigraphic unit (see footnote 1) (Fig.
1GSA Data Repository item 2005012, methodology for Schmidt data collection and conversion of
Schmidt rebound numbers to shear modulus, is available online at www.geosociety.org/pubs/ft2005.htm,
or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO
80301-9140, USA.
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4). Inaccuracies of the Schmidt hammer and
the empirical relationships may not establish
precise rigidity; however, this assessment can
be used to determine the relative rigidity of
units. Because Schmidt hammer tests could
not be obtained at every stratigraphic interval,
calculation of the rigidity contrast across each
contact was not possible. Consequently, we
determine the overall rigidity contrast between
the less rigid very fine grained sandstones (the
white beds in Fig. 4) and the resistant and
more rigid fine-grained sandstones (the gray
beds in Fig. 4) by averaging the two groups
of data. The ratio of the two values yields an
average rigidity contrast of 0.57 (Fig. 4), in-

INTERPRETATION OF JOINT
PATTERNS AND RIGIDITY
CONTRAST AT THE OLIANA
ANTICLINE
The presence of distinct bed-contained and
throughgoing joint sets at the same outcrop suggests that the mechanical stratigraphic conditions
changed between episodes of jointing. Furthermore, our rebound hammer measurements suggest that the present-day rigidity contrast between the adjacent units (mvery fine sand /mfine sand
5 0.57 . 0.4) is not sufficient to terminate
propagating joints in this stratigraphic section
with strong contacts. These results are consistent
with the interpretation that the throughgoing
joints are the youngest set and formed within
mechanical stratigraphy similar to the presentday conditions. Furthermore, the present-day rigidity contrast cannot account for bed-contained
joints that terminate at the interfaces between
fine-grained sandstone and very fine grained
sandstone, suggesting that these joints formed
when the beds exhibited greater rigidity contrast.
For example, the very fine grained sandstones
may have been significantly softer than the fine
sandstone when the bed-contained joints formed.
A possible scenario for the mechanical
stratigraphic evolution at the Oliana outcrop
can be assembled by considering likely diagenetic changes within the stratigraphic section. We propose that the fine-grained sandstones, which had higher porosity and
permeability than the finer units, may have
been susceptible to early fluid-precipitated cementation that strengthened the units relatively early in the burial history (e.g., Holbrook,

Figure 4. Rigidity profile
with stratigraphic section. Beds 1–3 (shown in
gray) correlate with those
in Figure 3. Numerically
labeled dots indicate
maximum shear modulus
at each sample location;
largest values measured
are considered most reliable (see footnote 1)
(Poole and Farmer, 1980).
Bars indicate range of
possible rigidity indicated by Schmidt rebound
hammer data (see text
footnote 1).
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2002). During this time, the very fine grained
sandstone may have remained relatively poorly lithified, resulting in a rigidity contrast that
was sufficient to stop propagating joints (David et al., 1998). Later, deeper burial, fluid
flux, and compaction of the finer-grained sediments may have strengthened the finergrained units, thus decreasing the rigidity contrast between the units and allowing
throughgoing joints to cross bed contacts (e.g.,
David et al., 1998; Holbrook, 2002). Mechanisms for increasing the rigidity of these units
probably include consolidation, dewatering,
minor geothermal heating, cementation by
mineral precipitation, and recrystallization due
to pressure solution (e.g., Maxwell, 1960;
Houseknecht, 1987; David et al., 1998).
IMPLICATIONS FOR PAST AND
FUTURE STUDIES OF JOINTING
RELATED TO MECHANICAL
STRATIGRAPHY
Temporally changing mechanical properties
may be frequently unrecognized. These
changes are probably not restricted to sedimentary environments with growth strata because diagenetic processes occur in many geologic settings. For example, in carbonate
sequences, calcite twinning, recrystallization
of aragonite to calcite, and dolomitization may
significantly alter the rigidity contrast between
units (e.g., Hanks et al., 1997; Eberli et al.,
2003). In pyroclastic units, processes such as
welding and compaction occur simultaneously
with thermal cooling and degassing, resulting
in a linked deformational and depositional setting in which rigidity contrast is likely to
change rapidly through time (e.g., Dunne et
al., 2003; Quane and Russell, 2003).
The growth strata at the Oliana anticline
provide a superlative natural laboratory in
which to infer changing mechanical stratigraphic conditions because the two joint sets
can be distinguished by their differing orientations (e.g., Fig. 2C). Had the two joint sets
formed under a similarly oriented stress field,
they would have had similar strikes and would
seem temporally related despite their differing
terminating relationships with respect to bedding. Figure 2D shows two joint sets that are
different in their bed intersections, but similar
in orientation. We suspect that field geologists
(including ourselves) have grouped such joint
sets as one set because of their similar orientation (e.g., Underwood et al., 2003). Further
studies relating joint patterns to rigidity contrast and/or interface strength may also reveal
the relative ubiquity of temporally changing
mechanical stratigraphy.
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