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ABSTRACT

The strata of the northern Umbrian Apennine fold belt are cut
by an array of mesoscopic faults that generally display strike- or
oblique-slip offset. The majority of these faults have traces less than
a few metres long and represent displacements of < 10 cm. Fault
surfaces are associated with stylolites and are coated with elongate
calcite fibers, suggesting that movement occurred by the mechanism
of pressure-solution slip. Crosscutting relationships indicate that
faulting occurred before, during, and perhaps after regional folding.
The slip on the faults permitted translations of mesoscopic blocks
with respect to one another, thereby accommodating regional
strain. There is a great range among fault attitudes, but two clusters

forming a conjugate set with about a 90° dihedral angle stand out.
The mean trend of left-lateral faults of this pair is N72°E, whereas
the mean trend of right-lateral faults is N16°W. The bisector
between these two fault clusters is about 15° away from the normal
to the regional fold axes. This unusual orientation pattern of
mesoscopic faults of the study area may indicate that the mechanics
of initiating faults in rocks undergoing pressure-solution deforma-
tion is different from that in rocks undergoing purely brittle defor-
mation. Alternatively, the fault pattern may indicate that the faults
represent slip on pre-existing fractures. If this latter situation is
true, the geometry of the fault array may merely reflect the geome-
try of the pre-existing joint array.
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Figure 1. A. Generalized geologic map of the northern Umbrian Apennines. Large dots are sampling stations, white area is post-Eocene
pre-flysch marl and turbidite flysch, and dashed lines are anticlinal hinges. In both the map and the column, the shaded area is Cretaceous
through Eocene strata, and the ruled area is Jurassic strata. B. Schematic stratigraphic column of the study area. Circled numbers next to
formation names indicate number of stations in the unit. Interval a = lower Miocene to Oligocene pre-flysch marl; Interval b = Eocene to
Upper Cretaceous thin-bedded pelagic limestone; Interval ¢ = mid-Cretaceous marl; Interval d = Lower Cretaceous to Jurassic limestone.

Geological Society of America Bulletin, v. 93, p. 1013-1022, 7 figs., October 1982.
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INTRODUCTION

Mesoscopic faults commonly develop during the deformation
of a sedimentary sequence. These faults sometimes define a tightly
clustered conjugate set with an acute dihedral angle of 60° (Stearns,
1968). It is commonly implied that sliding on these faults involves
brittle deformation (Engelder, 1974). Here we report a situation in
which the fault array displays considerable orientation scatter, the
dihedral angle between the members of a conjugate fault set in this
array is much larger than 60°, and the sliding on the faults does not
involve brittle deformation, but rather pressure solution.

Our field area is in the northern Umbrian Apennine fold belt of
central Italy, which developed during Miocene-Pliocene time and is
composed of large, open, asymmetrical anticlines separated from
one another either by tight synclines or by faults (Fig. |A) (Abbate
and others, 1970; Carta Geologica d’Italia at 1:100,000, Gubbio
sheet). Recent field studies by Alvarez and Geiser indicate that the
folds developed in response to ramping on low-angle detachment
faults. In stream-cuts and road-cuts throughout the belt, there are
excellent exposures of Jurassic through lower Tertiary marine
limestones, marls, and cherts (Fig. 1B) (Bortolotti and others,
1970). The folding and major faulting were accompanied by the
development of a pervasive array of mesoscopic faults, stylolites,
and veins. Alvarez and others (1976, 1978) have discussed the local
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occurrences of stylolitic solution cleavage in the area. The present
paper focuses on the mesoscopic faults. :

We measured 680 mesoscopic faults distributed among 28 sta-
tions on two northeast-southwest-trending lines that cross the fold
belt approximately normal to the axes of four major northwest-
trending anticlines (Fig. 1A). At each station, we measured all
mesoscopic faults present in a 1- to 2-m-high band along a 10- to
40-m traverse. Large-scale faults, low-angle detechment surfaces,
bedding-plane slip surfaces, and ramps were not included in our
data set. Traverses were made at a variety of bearings to avoid
sampling bias, and we attempted to obtain data from a variety of
stratigraphic levels (Fig. 1B) and from hinge areas and both limbs
of the folds, although, because of fold asymmetry, most of our
stations were located on the gently dipping southwest limbs.

In this paper, we first describe the faults, then consider factors
which might have controlled their orientation pattern. Finally, we
discuss the importance of these faults in accommodating regional
strain.

OBSERVATIONS
Description of Faults

Traces of the mesoscopic faults range in length from about 10
cm (about the thickness of one sedimentary bed) to several tens of

Figure 2. A. Photo of moderately faulted cliff face in Scaglia Rossa on southwest limb of the Agualagna Anticline. Note the offset of
the fault planes at bedding planes. B. Block diagram showing relation of linear fibers on bedding plane to those on offset fault plane.
C. Photo of intensely faulted cliff face in Scaglia Rossa on southwest limb of the Monte Nerone Anticline. Fault zones stand out in relief.
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Figure 3. Lower-hemisphere equal-area plots of poles to fault planes contoured at 2%, 4%, 6%, and 8% per 1% area. A and B use total
data set summed from 28 stations. C and D are plots of data from the Furlo Anticline alone. E and F distinguish poles of northeast limbs
from those of southwest limbs (core areas of folds deleted). “Rotated” plots are those for which the faults have been rotated by the angle
necessary to return bedding to horizontal. Faults from zones of mesoscopic folding were deleted in making the rotated plots.

metres (about the maximum observed dimension of an outcrop).
The structural characteristics of the fault surfaces correlate to some
degree with the trace length.

About 80% of our measurements were of faults whose traces
are less than a few metres long. None of these faults has visible
offsets exceeding 10 cm, and offset was commonly less than 5§ mm.
Features of similar trace length and displacement have been labeled
“shear fractures” elsewhere (Stearns, 1968). We use the term “fault”
for these features because even the smallest ones are coated with
elongate calcite fibers, the existence of which implies slip (Durney
and Ramsay, 1973), but by using this term, we do not intend to
imply anything about the mechanism of fault initiation in an intact
rock. Fault surfaces are locally disrupted by two kinds of steps:
stylolitic (pressure-solved) or sparry calcite encrusted. Many of the
smallest faults, in fact, terminate at such steps. The long axes of the
solution pits on the stylolitic steps often parallel the calcite fibers on
the fault surface, even where the step surface is not perpendicular to
the fault surface.

The larger faults have traces in the range of several metres to
several tens of metres but generally are not traceable from one
outcrop to the next. Displacements on these faults range from sev-
eral centimetres to several metres. They are generally curviplanar
and locally splay into anastomosing suites of surfaces. All fault
surfaces are coated with linear calcite fibers, sometimes in multiple

layers with a cumulative thickness of 3 cm. There are a few exam-
ples where the orientation of fibers from each layer is different. On
many faults, there are individual calcite layers which are 2 to 3 cm
thick; the interiors of these thick layers are composed of white
blocky crystals. Many of the larger faults are bordered by breccia
and gouge zones as much as 30 cm thick; but even the largest fault
surfaces are disrupted by stylolitic or spar-encrusted steps. Many of
the faults are offset at intersections with bedding planes (Fig. 2A).
Of note, the calcite-fiber layer of the fault surface is not disrupted at
all of these bedding plane steps but wraps continuously around the
steps. In such cases, the long axes of fibers coating the portion of
the bedding plane between the offset fault segments parallel those
on the fault surface itself (Fig. 2B).

Distribution of Faults

Our 28 stations were situated at various stratigraphic levels and
structural positions in the folds. We observed mesoscopic faulting
at all but one of these stations, suggesting that mesoscopic faulting
almost pervades this portion of the Umbrian Apennine fold belt.
Station averages for fault frequencies ranged from 0 to 1.8
faults/ m? (measured as number of faults cutting each square metre
of traverse, averaged over the traverse). High concentrations
occurred locally, particularly near major faults (Fig. 2C). The fault
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arrays are best developed in the well-bedded, homogeneous pelagic
limestones of the Scaglia Rossa and Scaglia Bianca, and in the shaly
marls of the Scisti a Fucoidi.

Orientation Data

Figure 3A, a contoured, lower-hemisphere, equal-area plot of
poles to all fault planes, shows a large scatter of fault attitudes with
two vague concentrations. To test whether more clearly defined
patterns existed locally, we divided our data into subsets based on
location in the fold profile (measurements from northeast limbs,
core areas, and southwest limbs were plotted separately) or on posi-
tion in the fold belt (measurements from each of the four anticlines
were plotted separately). The plots for the individual anticlines
show two steeply dipping concentrations, one trending north-
northwest and the other trending east-northeast. The clearest plot
showing this feature, that of the Furlo Anticline, is presented in
Figure 3C. Figures 3E and 3F indicate that there may be a prefer-
ence of north-northwest-trending faults for northeast-dipping
limbs and east-northeast-trending faults for southwest-dipping
limbs. Rotation of the fault poles by the requisite amount to restore
bedding to horizontal (Figs. 3B and 3D) did not decrease the scatter
on the contour plots, but merely decreased the dip of one cluster
and increased the rake of fibers on faults of the other cluster. Sub-
sequent plots, therefore, are constructed using unrotated data.

We measured the rake of calcite fibers on 92% of the fault
surfaces. Figure 4 demonstrates that the majority of faults presently
have low-raking fibers; more than 609% have rakes of 20° or less.
The mesoscopic faults in their present orientation thus display pre-
dominantly strike-slip or oblique-slip offset.

For 174 faults from throughout the field area, we were able to
determine the sense of slip from the geometrical relation between
the fault plane and its associated pressure-solved or spar-encrusted
steps. (This relationship is explained in the next section.) Figure SA
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Figure 4. Histogram indicating number of faults that have
fibers raking in the indicated range.
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Figure 5. A. Stereoplot of poles to fault planes distinguished by
sense of slip. This plot uses faults, for which we had sense of slip
data, from both limbs of all the anticlines in the study area. B.
Stereoplot of bearing and plunge of fibers on fault planes, using the
same data set as in A.

is a lower-hemisphere stereoplot of poles to these fault planes, in
which right-lateral and left-lateral faults are distinguished from one
another. Figure 5B is a plot of bearing and plunge of fibers for the
same data set. We did not contour these data because we have no
basis for assuming that this plot is a statistically valid representa-
tion of the fault array. These figures demonstrate that left-lateral
and right-lateral fauits fall in separate clusters. The vector mean of
left-lateral faults of Figure 5A strikes N73°E, whereas the vector
mean of right-lateral faults strikes N16°W. Thus, the mean trends
of these two clusters are 88° apart. A similar pattern is expressed by
the plot of fiber lineations.
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DISCUSSION

Kinematic Relation of Fault Surfaces to
Stylolitic and Spar-Encrusted Steps

The relationship of faults to stylolitic (pressure-solved) sur-
faces was first proposed by Blake and Roy (1949). Several more
recent publications (Wagner, 1964; Price, 1967, Arthaud and Mat-
tauer, 1969; Elliott, 1976; Hancock and Atiya, 1979; Laubscher,
1979) have discussed and illustrated this relationship and have also
considered the relationship of faults to spar-encrusted steps. These
relationships are briefly demonstrated here, in Figure 6A. Consider
the continuous fracture X-X’, with rock body “1” (above the frac-
ture) moving to the right with respect to “2”. Surfaces parallel to the
motion are the mesoscopic faults, and these are coated with linear
calcite fibers. The surfaces of steps oriented at an angle to the
direction of motion develop either pressure-solution pits or spar
encrustations, depending on whether the surface faces toward or
away from the direction of motion as illustrated in Figures 6A, 6B,
and 6C. Thus, the steps are the mesoscopic equivalent of restraining
and releasing bends on large transform faults such as the San
Andreas (Crowell, 1974) and can be used to determine the direction
of slip on faults. In a situation where the stylolitic step is kinemati-
cally related to slip on the fault, the long axes of the solution pits (P
in Fig. 6A) paralle] the fibers on the slip surface, regardless of
whether the step is perpendicular to the slip surface (Blake and Roy,
1949). The fact that fault surfaces have such a wide range of orienta-
tions and yet often display the above geometric relationship with
associated steps perhaps indicates that the relation between steps
and fault surfaces is related to the local stress field as modified by
the fault,

Small faults which terminate at stylolitic steps may be thought
of as “stylolite transforms,” in that the amount of offset that they
represent equals the amount of shortening accomplished by pres-
sure solution on the stylolitic step. Conceivably, the léngth of these
transforms can increase, decrease, or remain unchanged through
time.

Mechanism of Slip and Conditions of Deformation

The presence of fiber coatings on the faults and the association
of stylolitic and spar-encrusted surfaces with the faults indicate that
the predominant slip mechanism on the mesoscopic faults of the
Umbrian Apennines is, according to the criterion of Elliott (1976),
“pressure-solution slip.” Pressure-solution slip refers to the process
whereby obstacles (asperities) on the fault plane are “by-passed by
diffusive mass transfer” (Elliott, 1976). The asperities are removed
by dissolution, rather than by brittle fracture, as one wall of the
fault moves across the other. The material that had composed the
asperities is redeposited, perhaps as the elongate calcite fibers which
coat the fault surface, rather than being converted into fault gouge.
The mathematical relations describing pressure solution are differ-
ent from those describing sliding by brittle failure (Elliott, 1976).
According to Rutter and Mainprice (1976), pressure-solution slip
obeys a viscous flow law in which the rate of slip is proportional to
the shear stress parallel to the slip surface. It has been recognized
that pressure solution commences under very low stresses (see, for
example, Bathurst, 1971).

Pressure solution apparently could not accommodate all of the
motion on some of the larger faults in the study area. These faults
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are bounded by breccia and gouge zones. It is not clear from our
observations whether the breccia and gouge formed because faults
slipped under conditions that did not favor pressure solution, or
because pressure solution, being a slow process, could not remove
asperities, particularly the step-bounded blocks, fast enough to
avoid their being fractured in a brittle manner as slip progressed.
Perhaps the presence or absence of breccia is a function of slip rate.

Whether faulting proceeds by brittle failure of asperities, by
pressure-solution slip, or by both mechanisms simultaneously, is
certainly a function of the deformational environment (Elliott,
1973, 1976) and slip rate. On the basis of field occurrence in the
Canadian Rockies, Elliott (1976) proposed that pressure-solution
slip becomes dominant only at depths greater than ~5 km. In our
study area, however, stratigraphic measurements indicate that the
faulted rocks that are now exposed were never buried more than |
to 2 km deep (Alvarez and others, 1976). Clearly, the pressure-
solution slip mechanism is active at relatively shallow levels in the
crust; the exact level probably depends on local environmental con-
ditions such as ground-water circulation and heat flow. Rutter
(1974) proposed that a temperature of 400°C is the upper limit of a
low-temperature deformation regime dominated by pressure solu-
tion. Groshong (1975), working in the Appalachians, and Droxler
and Schaer (1979), working in the Jura Mountains, have described
pressure-solution deformation and demonstrated that it developed
under low overburden.

Significance of Orientation Pattern

Figure 4 indicates that the mesoscopic faults of the northern
Umbrian Apennines are dominantly strike-slip or oblique-slip
faults. Figure SA displays scatter, but indicates that left-lateral
faults cluster around a trend of east-northeast, whereas right-lateral
faults cluster around a trend of north-northwest, and Figure 3 sug-
gests that, at least regionally, the faults define a conjugate set with a
dihedral angle of ~90°. The two principal features of this orienta-
tion data set which require explanation are, first, the wide range of
fault orientations, and, second, the existence of fault clusters which
define an orthogonal conjugate set.

In many published accounts of mesoscopic fault arrays, the
orientation data cluster tightly (Price, 1967; Choukroune, 1969;
Hancock and Kadhi, 1978; Nickelsen, 1979; Wise and others, 1979),
and it is possible to define symmetry elements of the array (see, for
example, Norris, 1964; Arthaud and Mattauer, 1969; Hancock and
Atiya, 1979). This is not always the case, however, as indicated by
our plot in Figure 3A and by plots presented in Erdman (1950),
Fitzgerald (1963), Norris (1958), and Lindstrom (1962). Freund
(1970) noted a range of 57° for trends of sinistral faults in southeast
Iran. We emphasize that scatter is an important aspect of our data;
the scatter may be due to reorientation of faults as folding pro-
gresses or to changes in the local stress field due to material aniso-
tropy. We will propose an additional explanation later in this
section.

The almost 90° dihedral angle between the two fault clusters of
Figures 3A and 5A is unusually large for conjugate sets, although
field examples of orthogonal or near-orthogonal conjugate sets, in
addition to ours, have been described (Erdman, 1950; Hancock and
Kadhi, 1978; and Hoffman and St. Onge, 1981). Both members of
the conjugate set could not be found at all stations, but the domi-
nance of one member of the conjugate set at a given locality is not a
feature unique to our study area. Hoeppener, Kalthoff, and
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Schrader (1969), in experiments with clay models, showed that, as
deformation progressed, the members of conjugate pairs would not
crosscut. Rather, domains developed which contain faults of only
one orientation. Our.Figures 3E and 3F suggest that domain
geometry may be related to fold geometry. We will.consider below
four possible explanations for the large dihedral angle: (1) the faults
initiated with a smaller dihedral angle, but rotation of the fault
planes during shortening increased the angle; (2) the faults initiated
while the Apennine carbonates were unlithified so that water
entrapment effectively reduced the coefficient of internal friction;
(3) pressure-solution processes may permit the initiation of orthog-
onal fault sets; and (4) the faults did not initiate as faults, but rather
are reactivated joints,

1. It has been suggested that large dihedral angles are a conse-
quence of rotation of fault surfaces around a vertical axis as short-
ening parallel to the maximum compressive stress (g;) progresses.

Cloos (1955) and Duby (1980) demonstrated, in experiments with
clay cakes, that conjugate shear planes initiate with a dihedral angle-

of 55°-60°, but that with continued compression, left-lateral faults
rotate clockwise and' right-lateral faults rotate counterclockwise.
The magnitude of offset on the faults of the Apennines and the
related shortening appear to be too small to permit significant
rotation.

2. In standard triaxial compression experiments with rock
cylinders, the planes of shear failure develop at about 30° to o
(Paterson, 1978), and thus the dihedral angle between members of
conjugate fault pairs is about 60°. The geometry of conjugate faults
that initiate in intact rock by brittle failure can be described by the
Coulomb-Mohr criterion for failure (Hubbert, 1951; Handin,
1969). Because the value of the coefficient of internal friction (») for
rock is not known to approach zero, the dihedral angle between
members of conjugate pairs does not approach 90°, provided that
the Coulomb-Mohr criterion applies. Thus, the orthogonal clusters
of the fault array in the Apennines are unlikely to be the result of
brittle failure on planes oriented at 45° to o|.

If the Apennine sediments were not lithified during deforma--

tion, however, the geometry of conjugate faults that could develop
might be different. It has been demonstrated that wet clays that are
loaded so that they cannot drain during loading behave as if n = 0
(Lamb and Whitman, 1960). There is sedimentological and paleo-
magnetic evidence that the Apennine sediments were at least par-
tially lithified prior to deformation (Alvarez and Lowrie, unpub.
data). Thus, we probably cannot use the n = 0 concept to explain
the fault pattern of the Apennines.

3. The physical process by which mesoscopic shear fractures
initiate in intact rock is not yet totally understood. Laboratory
studies indicate that mesoscopic shear planes that develop in brittle

rock follow a zone of extensional microcracks. If pressure solution.

is taking place in a rock body undergoing compression, however,
the work done by external stresses goes into diffusive mass transfer
at grain boundaries. One result of this process is the initiation and
propagation of solution cleavage planes (Fletcher and Pollard,
1981). Perhaps pressure-solution slip planes could initiate and
propagate as well. Such slip planes might nucleate at points where
grain-boundary sliding encouraged by pressure solution is proceed-
ing most rapidly. Work by Rutter and Mainprice (1978) suggests
that pressure-solution slip follows a linear viscous flow law where
the strain rate is proportional to the shear stress on the sliding
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plane. Because shear stress is greatest on planes oriented at 45° to
o1, microslip planes in this orientation might develop most rapidly
and perhaps could coalesce to form mesoscopic slip planes that are
also in this orientation. This proposed process is distinct from the -
coalescence of a zone of extension microcracks to form a meso-
scopic shear plane in brittle rocks. A.rigorous analysis of the above
conjecture is beyond the scope of this paper; we are merely noting
that we cannot yet rule out the possibility that the mesoscopic faults
of the Umbrian Apennines initiated with a high dihedral angle and,
further, that perhaps the deformation mechanism responsible for
sliding on a fault may control the orientation of the fault.

4. We finally explore the possibility that the pattern of faults-
displayed in the Apennines is a-:consequence of slip on a network of
pre-existing fractures. It takes less work to cause slip on pre-
existing fractures than it does to initiate new fractures (see referen-
ces in Handin, 1969). Thus, if the Apennines were broken by
numerous joints, the imposition of a deviatoric stress on the region
would not initiate new faults but rather would cause slip on the
pre-existing surfaces. If the fault array in the Apennines is a conse-
quence of slip on pre-existing joints, the following question is rele-
vant. In order to create the orientation pattern displayed .by the
faults, must the pre-existing fractures have described a specific pat-
tern themselves prior to slip, or could they have been randomly
oriented?

The Coulomb criterion does not govern slip on pre-existing
fractures (Handin, 1969), but; as Byerlee (1978) has shown, when
slip on fractures occurs by brittle. mechanisms, the empirical law
governing sliding takes the same form as the Coulomb criterion.
Thus, if the region being deformed contained random fractures,
fractures oriented at 30° to oy would slip first, and a conjugate set
with a dihedral angle of 60° should develop (Compton, 1966). If
deviatoric stress remains sufficiently high even after slip on the
preferred surfaces has begun, other less favorably oriented surfaces -
will slip too, and a plot-of fault orientations will display scatter. If,
however, the shear stress necessary to initiate sliding has some finite
value but is independent of the normal stress across the surface,
faults oriented at 45° to o would slip first, and a fault pattern such
as the one we observed in the Apennines would develop. Reches
(1978) demonstrated that for such conditions the fault pattern that
minimizes the work done by external forces most efficiently
depends only on strain ratios and that, for plane strain, an orthogo-
nal conjugate set of strike-slip faults would develop. As mentioned
in the previous section, the relations governing pressure-solution
slip are different from those governing slip by brittle failure, but it is
not clear whether the shear stress necessary to initiate sliding is
independent of normal stress for pressure-solution slip. Further-
more, it appears that the yield stress necessary to initiate sliding by
pressure solution is so low that essentially all fractures available for
slip could slip; if fractures are randomly oriented, dominant clusters
might not appear in the orientation data set. We also note that
random joint sets have not been documented in fold belts. The
preceding arguments suggest that the faults of our study area are
probably not the result of reactivation of a random joint set.

A more reasonable explanation of the fault pattern, if the
faults are reactivated joints, is that it is a direct reflection of the
pattern of pre-existing joints. The scatter indicates that there was a
wide range of joint orientations; most of these joints could slip
because of the very low yield stress-for pressure-solution slip. The
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presence of orthogonal clusters indicates that many of these joints
were members of an orthogonal set.

Direct evidence of pre-existing fractures is not available, for it
is difficult to determine if a fault surface which, at present, is deco-
rated with calcite fibers was initiated by extension or by shear.
Other authors have called upon reactivation of joints to explain
complicated fault arrays, and there are many published descriptions
of joint arrays characterized by a wide range of orientations but
with a dominant orthogonal set (Nickelsen and Hough, 1967; Han-
cock, 1969; and Reches, 1976). Usually, however, one member of
the orthogonal set is roughly parallel to regional fold axes and the
other member is normal to regional fold axes. We do not see ‘this
geometry in the Apennines. We also note that many of the faults in
our study area display oblique slip. Several authors (Williams,
1958; Bott, 1959) have suggested that oblique slip is characteristic of
movements on a pre-existing plane under the influence of a stress
system different from that which initially formed the plane. Thus,
while we cannot prove the existence .of pre-existing fractures, some
of our observations are compatible with this possibility.

Timing of the Faulting

In the field, we observed several examples of mesoscopic faults
that are offset at bedding planes. The offset was generally in the
correct sense for it to have been caused by flexural slip during
folding, or by removal of material by pressure solution on the bed-
ding plane (see Fig. 5 in Alvarez and others, 1976). The offset, if itis
a consequence of flexural slip, points to the possibility that some
mesoscopic faults developed prior to regional folding. The fact that
elongate calcite fibers parallel to those of the fault sometimes
occurred on the segment of the bedding plane between offset seg-
ments of the fault (Fig. 2B) indicates that some slip on these faults
did occur after offset on the bedding planes. Many faults were not
offset, however, either because slip or pressure solution on bedding
planes did not always occur, or because the faulting postdated such
deformation. The failure of the rotation test (Figs. 3B and 3D) also
suggests that faulting occurred later in the development of the fold
belt. We tentatively conclude that faulting initiated prior to
regional folding, but that it continued during folding and perhaps
after folding. Faulting probably developed in response to the same
regional stress that caused folding. A similar history of faulting was
recognized by Nickelsen (1979) in the Alleghanian age folds of the
Appalachian Mountains in Pennsylvania.

Geometrical Relation of Faults to Regional Folds

It has long been recognized that mesoscopic faulting plays an
integral part in the development of fold belts. When the faults are
geometrically related to folds, their symmetry can be described
using the fold axis as a reference line. Steeply dipping, strike-slip
conjugate shear faults for which the acute bisectrix is normal to the
fold axis have been called “hk0 shears” (Hancock and Atiya, 1979).
Movement on hk0 shears can permit volume-constant shortening
normal to the fold axes and volume-constant extension parallel to
the fold axes (Arthaud, 1969), and thus faulting is a mechanism into
which strain is partitioned during regional deformation.

The bisector between two conjugate hk0 fault clusters and the
normal to the associated folds are generally parallel and are thought
to represent the orientation of g. The bisector is also the mean of
the calculated o) vectors associated with the fault planes (Fig. 7A).
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Figure 7. A. Stereaplot of derived stress axes, using the same
data set as in Figure SA. The o, approximation for each fault for
which we had sense of slip information is taken as the line 45° from
the fault plane measured in the plane containing the normal to the
fault plane and the slip fibers (R. Allmendinger and R. Fletcher,
1980, personal commun.; Compton, 1966; Ragan, 1968). The trend
of the mean o} associated with the folds is taken as the normal to
the mean fold axis in the map plane. B. Synoptic diagram of mean
trends of principal structures and derived stress axes in the study
area, determined from Figures 1A, 5A, and 7A.

For our data from the Umbrian Apennines, the bisector and the
normal to the regional fold axes are not exactly parallel (Fig. 7B).
Reches (1976) found a similar discrepancy for folds that he meas-
ured in Israel. This discrepancy may be a further indication that
the mesoscopic faults are reactivated joints; the joints might have
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been created in response to an earlier stress field which was not
exactly parallel to the one which created the folds and caused slip
on the joints. If so, the orientation data on the faults alone cannot
be used to estimate the orientation of o). Alternatively, the discrep-
ancy may indicate that, in the Umbrian Apennines, stratigraphic
inhomogeneities such as the abrupt thickness changes of the Juras-
sic strata (Centamore and others, 1971) control gross fold geome-
try, so that the mesoscopic faults may have accommodated strain
that could not be accommodated by folding.

Mesoscopic.Cataclasis -

The general picture of deformation which we envision for the
Umbrian Apennines is one in which strain is accomplished in part
by means of translations and rotations of fracture-bounded
mesoscopic-scale blocks, or, more concisely, by “mesoscopic cata-
clasis.” Alvarez and others (1976) demonstrated that very little strain
has been partitioned into penetrative distortion of the rocks.
Movement on block boundaries progresses by means of pressure-
solution slip, a form of diffusion creep (Elliott, 1973). This type of
motion is simply a larger-scale version of grain-boundary sliding
(Raj and Ashby, 1977), as was noted by Fletcher and Pollard
(1981).

Mesoscopic cataclasis is not a new concept. Laubscher (1965,
1979) considered.that the principal mode of deformation in the Jura
fold belt was “shearing displacement of rigid masses” and that the
strata of the folds-had been broken into a “block mosaic.” Droxler
and Schaer (1979) described the folding of the Jura as “cataclastic
by its nature.” Compton (1966) suggested that basement folds in the
Santa Lucia Range of California were the result of “piecemeal
movements on minor faults.” Price (1967) described this style of
deformation where it affects the Canadian Rockies foreland belt:
“Bulk deformation may have been somewhat analogous to “cata-
clastic flow’ in a granular.or blocky aggregate in which the individual
fragments are free to move relative to one another along their
bounding surfaces during deformation.”

Mesoscopic cataclasis is certainly important during ‘layer-
parallel shortening and extension in.a fold belt (Arthaud and Mat-
tauer, 1969). It is also probably important as a means of
accommodation for local space problems and perhaps for oroclinal
bending, such as that which apparently has affected the cover rocks
of the Umbrian Apennines (Channell and- others, 1978). The strain
represented by arrays of mesoscopic faults should certainly be con-
sidered in the construction of balanced cross sections, but, in our
study area, the strain due to the mesoscopic folds is small; assuming
an average offset of about 2 cm per fault and. a fault spacing of
about 1 fault per metre, an approximate estimate of the strain due
to faulting is between 19 and 2%.

CONCLUSIONS

The Jurassic through lower Tertiary strata of the northern
Umbrian Apennines are cut by an array of mesoscopic strike-slip
and oblique-slip faults. Structural features of the fault surfaces
indicate that movement on the faults occurred predominantly- by
the mechanism of pressure-solution slip. When this mechanism is
operative, slip can begin under very low deviatoric stresses, and the
rate of slip on the faults is proportional to the shear stress parallel
to the fault surface (Rutter and Mainprice, 1978). Thus, faults
oriented at 45° to o) may become the most prominent faults. There
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appears to be an upper limit to the strain rate for which this flow
law can be extrapolated, for gouge occurs on the largest faults,
suggesting that above a certain strain rate, pressure-solution is sup-
plemented by brittle failure. Pressure-solution slip in the Apennines
is manifested in rocks that were never buried deeper than about 1.5
km. Regionally, the movement of mesoscopic blocks bounded by
these faults can be likened to “cataclastic flow of a blocky aggre-
gate,” but, in the Apennines, mesoscopic faulting probably does not
account for more than a couple of percent of regional strain.

The orientation pattern of the faults displays considerable scat-
ter, but there are clusters of faults which define a conjugate set with
a dihedral angle of about 90°. We suggest two possible explanations
for this orientation pattern, but we do not have sufficient informa-
tion to determine which explanation is correct. First, the faults may
have originated as pressure-solution slip surfaces, and in this case
their geometry was controlled by the deformation mechanism.
Second, the orientation pattern of the faults simply reflects the
orientation pattern of pre-existing joints.
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