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ABSTRACT

Two different joint surface morphologies, plumes and rib
marks, characterize joint surfaces, but the mechanical condi-
tions that lead to the formation of either of the morphologies
are not understood well. We studied two orthogonal joint sets
that cut the same Santonian chalk beds in the Judea Desert,
Israel. Joints of the J; set are systematic, relatively long,
characterized by almost exclusively by plumes and predate the
shorter, non-systematic joints of the J, set that are character-

ized by rib marks. Joints of the J; set formed at high stress

during deformation of the Syrian Arc folding in the Late

Introduction

The brittle upper crust contains a
variety of structures, the most com-
mon of which are joints. They pro-
foundly control the physiography of
many spectacular landforms and play
an important role in the transport of
fluids such as water, magma and
hydrocarbons (e.g. Pollard and Aydin,
1988). Establishment of reliable rela-
tionships between joints and their
cause provides important tools for
inferring the loading conditions and
mechanical behaviour of rocks not
only in the field of structural geology
but also in such fields as volcanology,
palacoseismology and engineering
geology. For example, the propaga-
tion rate of the preceding joints affects
the emplacement of magmatic intru-
sions (Rubin, 1995; Weinberger et al.,
2000) and controls the fracture
mechanics of earthquake-induced
clastic dikes (Levi et al., 2006).
Joints, particularly those that are
not filled, have a distinctive surface
morphology. The analysis of joint-
surface morphology known as fracto-
graphy is a useful tool in deciphering
the palaeo-fracture conditions, helping
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to identify the mechanical and tectonic
processes that produced fracturing.
Two different surface morphologies,
plumes and rib marks ornament the
parent joint surfaces (Fig. 1). The
plumes consist of trains of barbs that
form feather-like morphologies that
fan away from the joint-origin point
and the plume axis towards the peri-
pheries of the joint plane. The rib
marks consist of ridges of conchoidal
appearance that concentrically pro-
pagate from the joint-origin point.
Transitional markings show that
superposition of plumes and rib marks
are common and that rib marks and
plumes form at right angle to each
other. Joint-surface morphologies
have been used for decades for infer-
ring joint nucleation, propagation and
termination (e.g. Woodworth, 1896;
De Freminville, 1914; Hodgson,
1961; Bankwitz, 1966; Bahat, 1979;
Kulander et al., 1979; Helgeson and
Aydin, 1991; Weinberger, 1999). They
develop largely because of local twists
and tilts during propagation (Lawn,
1993), but the mechanical conditions
that lead to the formation of either of
the morphologies are still not under-
stood well.

Previous investigations have shown
preferential distribution of joint-sur-
face markings in host lithologies, selec-
ted joint sets and fracture provinces. In
the Appalachian Plateau province,
certain joint sets favoured certain
lithologies, such as joints striking east
north-eastward, which are common in

Senonian. Joints of the J, set formed at lower stress that
occurred because of stress relaxation after the formation of the
J; joints. A mechanical analysis indicates that the J; joints
propagated at subcritical velocities several orders of magnitude
faster than the J; joints. Based on previously published data of
laboratory tests, the plumes and the rib marks are semi-
quantitatively placed on the subcritical part of the fracture
velocity vs. stress-intensity factor diagram.
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shales but less developed in siltstone
(Sheldon, 1912). In the same fracture
province, plumes are rare on fold-axis
parallel joints in shales, but commonly
occur on fold-axis perpendicular joints
dissecting siltstones (Parker, 1942;
Bahat and Engelder, 1984). The studies
made indicate that the mechanical
properties of the host rock are impor-
tant variables in influencing the devel-
opment of regional joint sets as well as
their surface morphology. In the Beer
Sheva syncline, Israel, joints in the
Lower Eocene chalks display coarse
plumes as well as rib marks on both
fold-axis parallel and fold-axis perpen-
dicular joints. In contrast, joints in the
Middle Eocene chalks of the same
syncline exhibit delicate plumes and
rarely show rib marks (Bahat, 1991),
exemplifying the influence of different
tectonic conditions on the rock frac-
tography when occurring in the same
rock type.

Quantitative  fractography  has
recently taken the lead in joint inves-
tigation by harnessing two tools; frac-
ture mechanics and experimental
results from material sciences (e.g.
Cooke and Pollard, 1996). A key
parameter in characterizing the frac-
ture mechanics properties of a fracture
is its velocity (Wiederhorn, 1967).
Fractography has shown that fracture
velocity of joints may vary, not only
from slow propagation to a rapid one,
but also in cycles (Bahat ez al., 2005,
p. 362). Thus, fracture velocity esti-
mation provides an important record
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Fig. 1 Fracture markings on joint surfaces: (a) plume; (b) rib marks; (c) transitional

markings of both plume and rib marks.

of fracture history and insight into the
fracture mechanism.

In analysing joint velocity, one
needs to take into account the local
geological conditions that influence
the jointing process, such as layer
thickness, joint genetics, pore pressure,
lithology and fracture province. In this
study, we eliminate the role played by
these influences by examining fractog-
raphies that occur in a series of adja-
cent outcrops within a single fracture
province and structural position. A
comparison between plumes and rib
marks is made on joints cutting the
same Santonian chalks in the Judea
Desert, Israel, which enables us to
elucidate the relative fracture velocities
and the tectono-mechanical conditions
that lead to the formation of either
plumes or rib marks.

Geologic setting

The joints studied cut the Santonian
Menuha Formation, which overlies
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the Cretaceous Judea Group at the
western margin of the Dead Sea
Transform (Fig. 2). The Menuha For-
mation consists mainly of chalk and is
subdivided into two members (Honig-
stein, 1984; Mor, 1987). We focus on
joints that cut the massive, whitish
chalk of the lower member. All out-
crops in this study are located 20-40 m
above the top of the Judea Group (top
Turonian). The beds studied dip west-
ward less than 5° and are part of an
open fold (Judea Desert syncline,
Fig. 2) that strikes north-eastward.
This fold is part of the sigmoid fold
bundle known as the ‘Syrian Arc
folding system’ (Krenkel, 1924), which
crosses the Levant. The Syrian Arc
folds have many common geological
characteristics, including north north-
eastward trends (in Israel), asymmetry
because of the presence of deep-seated
reverse faults, and a multiphase his-
tory of deformation. Ages of folding
range from Turonian to Neogene, with
peaks of deformation rate discerned in

the Late Turonian, Late Senonian,
post Middle Eocene and possibly late
Quaternary (Flexer, 2001, and refer-
ences therein).

Prominence of two joint sets

In the Judea Desert, there are two
well-developed joint sets striking
north-westward (316°, the J; set) and
north-eastward (050°, the J, set),
which have quasi-orthogonal direc-
tions (Fig. 3). The J; set is almost
perpendicular to the trend of the
Judea Desert syncline, whereas the J,
set is sub-parallel to its trend. The
outcrops studied are located in Wadi
Darga and arranged along two per-
pendicular traverses; one is sub-paral-
lel to the J; set and the other, to the J,
set. This arrangement enables an
excellent view of the joint-surface
morphologies along fresh road cuts
in which both joint sets are found
within the same chalk beds and are
bounded between the same mechani-
cal boundaries. Crosscutting relations
show unequivocally that the system-
atic joints of the J; set always pre-
dated the non-systematic joints of the
J, set, producing a ‘ladder-like’ struc-
ture (e.g. Rawnsley et al., 1998; Bai
et al., 2002; Fig. 4). This order is
supported by close-up fractographic
observations that show either J, joints
terminating at J; joints, J, joints
initiating at J; joints, or, rarely,
J, joints cutting J; joints (Figs 4
and 95).

Two joint-surface morphologies,
plumes (Fig. 5) and rib marks
(Fig. 6), are of particular concern in
this study. The plumes extend hori-
zontally and are sometimes longer
than 3 m on vertical joints. They
occur almost exclusively on the J;
joints. Occasionally, joints bearing
plumes are associated with en-echelon
fringes. Radial plumes are occasion-
ally superposed on the rib marks,
forming transitional markings. This
morphology distinguishes the rela-
tively short (<0.5 m) J, joints that
are bounded between adjacent, clo-
sely spaced J; joints. The two joint-
surface morphologies are distinctly
associated with a particular joint set.
Almost all the J, joints are charac-
terized by rib marks, and 85% of the
J, joints are solely marked by plumes;
the other 15% of the J; joints by
transitional markings.
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Fig. 2 Local setting of the study area,
including nearby large NE-trending
folds related to the Syrian Arc system.
Arrows indicate dip directions of fold
limbs in Judea Desert. Inset: A regional
setting of the study area (marked by a
rectangle). Arrows indicate plate diver-
gence along the Red Sea, plate conver-
gence along the Zagros, and a sinistral
movement along the Dead Sea Trans-
form (DST).

Interpretation of field observations

We documented the consistency of
joint orientations, crosscutting rela-
tions, and preferential distribution of
surface morphology within the same
chalk beds and structural position.
Hence, grain size, flaw distribution
and durability of the host rock, which
play a major role in fracturing sedi-
mentary beds elsewhere (e.g. Weinber-
ger, 2001), did not play a role in the
present case study. This suggests that
the formation of preferential joint-
surface markings is related to different
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Fig. 3 Diagrammatic summaries of measured fracture parameters from the lower
member of the Santonian Menuha Formation in the Judea Desert. (a) Rose diagram
of joint strikes showing two sets, J; (316°) and J, (050°). Sector length is proportional
to number of joints (N=91); (b) lower hemisphere equal area stereographic projection
of poles to fracture planes. The 95% confidence interval of joint set J; and J, is
ags=7° and ags=15°, respectively.
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Fig. 4 Systematic joints of the J; set and
non-systematic joints of the J, set form-
ing a ladder-like structure. Outcrop
height is about 6 m.
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Fig. 5 Three systematic joints of the J;
set marked by plumes. Note propaga-
tion in opposite directions of adjacent
joints, and the formation of systematic
en-echelon cracks at the fringes of joint
3. The en-echelon cracks were consider-
ably affected by erosion and, hence, are
drawn only schematically. Traces of
joints from the J; set are seen along the
surface of joint 3 (see on the photo
only).

loading conditions at the times of J;
and J, jointing.

We interpret the field observations
along three lines of arguments below:
First, we interpret the tectonic condi-
tions under which sets J; and J, were
formed. Second, we assemble experi-
mental results, which enable correlat-
ing the joint-surface morphologies of
the two sets with their mechanical
fracture conditions and expected frac-
ture velocities. Finally, we apply frac-
ture mechanics rules in calculating the
relative fracture velocities of the prop-
agating joints.

© 2008 Blackwell Publishing Ltd

Fig. 6 Photograph and drawing showing
the surface morphologies of J, joints and
crosscutting relations between the J; and
J, joints. The inferred initiation points
(black dots) of the J, joints are located
along the surface of the J; joints and
their rib marks end abruptly against
adjacent J; joints, indicating that the J;
joints formed before the J, joints.
Dashed lines mark the hidden traces of
the J; joints that are ornamented by
plumes.

The first deformation stage of the
Syrian Arc folding was in the Late
Turonian (Bentor et al., 1970) predat-
ing the deposition of the Menuha
chalk beds. Joint sets J; and J, must
have formed during the Senonian,
most likely associated with the intense
deformation in the Late Campanian
(Steinitz, 1974; Bahat, 1991, p. 262). A
later deformation stage of the Syrian
Arc in the Eocene formed joints
(Bahat, 1991, p. 241) that differ in
their orientations from those recorded
in the J; and J, sets. We follow the
model of stress relaxation by Price
(1966) and others (e.g. Hancock et al.,
1987; Rives et al., 1994) and suggest
that stress relaxation and a switch in
the direction of the maximum tension
took place between the early forma-
tion of the J; joints, and the later
formation of the J, joints. Based on
the above mechanism, the J, joints
grew under lower stresses than the J;
joints (see below).

On the basis of extended observa-
tions (Bahat et al., 2005, p. 128) we set
a few criteria for distinguishing rib
marks that form rapidly (hereafter,
undulations) from rib marks which are

associated with post arrest or slow
crack propagation (hereafter, arrest
marks). Undulations are sinusoidal in
profiles, smooth on their crests,
separated from each other, and main-
tain parallelism between successive
ones. On the other hand, arrest marks
often show more complex fractogra-
phies; they strongly deviate from sym-
metric curving profiles, their crests are
often sharp and occasionally they
deviate from parallelism between suc-
cessive marks. All the above criteria of
arrest marks are recognized on the
surfaces of the J, joints (Fig. 6), but
not on the surfaces of the J; joints,
which, up to their final termination,
did not arrest.

Murgatroyd (1942) suggested that
an arrest mark ‘is actually a high point
where a fracture which had been
moving upward before coming to rest
resumed its course in a downward
direction when it recommenced’. More
recently, fracture experimentation on
soda-lime glass (Yoda, 1990) demon-
strated that arrest marks were pro-
duced by repeatedly unloading the
specimen, showing the crack front
during crack growth. Michalske
(1977), Wiederhorn et al. (2002) and
Guin and Wiederhorn (2003) investi-
gated fractures in soda-lime glass
microscopic slides and found that
arrest marks appeared only on resum-
ing fracture propagation after a hold
period of the glass below the crack-
growth threshold. Hence, some of
these experiments show that the arrest
marks develop on resuming propaga-
tion after arrest, while other results
point to slow crack velocities during
crack propagation. Accordingly, it
seems legitimate to hypothesize that
arrest marks propagate between two
end-member velocities: one is associ-
ated with ‘post-arresting’ arrest marks
that start from stand still and the
other with ‘readjusting’ arrest marks
(Murgatroyd, 1942) at slow velocities.

Kerkhof (1975) observed that arrest
marks were induced in plate glass at
fracture velocity below
V =4x10"ms! and stress-inten-
sity factor Ky < 0.73 MPa m!”? that
correspond to the range of regions I
and II in the V' vs. K diagram (Fig. 7).
Accordingly, we propose that surface
markings in rocks that display arrest
marks reflect the range of regions I
and II. Plumes (striae) developed on a
smooth fracture surface of soda-lime
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Fig. 7 Schematic drawing of (log) fracture velocity vs. stress-intensity factor
behaviour of subcritical growth of tensile cracks (after Atkinson and Meredith,
1987). K. is the fracture toughness and K| is the stress corrosion limit. Joint-surface
morphologies are arranged based on the interpretation of the Menuha chalk
fractography. Plumes with en-echelon fringes ornamenting the J; set evolved during
relatively fast fracture velocity (Region I11); rib marks ornamenting the J, set evolved
during relatively slow fracture velocity (Region I); and transitional markings evolved
during intermediate fracture velocity (Regions I-II).

silica glass in water when the velo-
city of fracture propagation reached
about 102 ms™' at around Kj =
0.7-0.8 MPa m'”?* (Michalske, 1984;
Fig. 1). This was above the mid range
between the stress corrosion limit,
K; = 0.3 MPa m'”?, and the fracture
toughness K. = 0.9 £+ 0.1, i.e. these
plumes formed in the range of regions
II to III. Thus, plumes form at higher
fracture velocities and stress intensi-
ties than arrest marks. The occurrence
of arrest marks superposed by radial
plumes on joint surfaces suggests
that occasionally plumes may form
under fracture conditions similar to
those that produce arrest marks.
Possibly, this superposition occurs at
the upper velocity ranges of arrest
marks and lower velocity ranges of
plumes.

The above observations and labora-
tory experiments led us to analyse semi-
quantitatively the fracture velocities of
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the J; and J, joints and to locate the
plumes and the arrest marks on the
V'vs. Kdiagram (Fig. 7) asfollows. For
afirst-order approximation, we assume
that extension exists only perpendicu-
lar to J; joints and consider the hori-
zontal stresses. Tension is defined as
positive and all stress components
should be regarded as effective stresses.
We define the joint-normal maximum
tension o, and the joint-parallel mini-
mum tension a,. In such cases, the in-
plane stress ratio ¢,/a, is proportional
to (1 — v)/v (Jaeger and Cook, 1979, p.
113), where v is the Poisson’s ratio of
the chalk beds. For a typical value of
v = 0.2 for chalk ¢,/0, = 4, indicat-
ing that at the time of the J; jointing
and before the formation of the J,
joints, the stress is four times higher
(more tensional) perpendicular to the
J; joints than parallel to the J; joints
(e.g. perpendicular to the J, joints).
Ignoring the effect of joint interaction,

the stress-intensity ratio is Kj()/Kiw)
x op(m- 11)1/2/62(TE . 12)1/2 ~ 4, where
K1y and Kj(y) are the stress-intensity
factors of the J; and J, joints at
arbitrary equal lengths /; and /5, respec-
tively. Because in the subcritical regime
the fracture velocity V' o« K}, where n is
a constant that depends on the mech-
anism responsible for fracture growth
(Atkinson and Meredith, 1987), the
fracture velocity of the J; joints V)
could be 4" faster than the fracture
velocity of the J, joints V5. The J; joints
show more lateral propagation than do
the J, joints, indicating that this factor
(4") should be regarded as a minimum
value. Atkinson and Meredith (1987)
indicated that for diffusion-controlled
fracture growth »n is often in the range
of 2-10, whereas for stress-corrosion
fracture growth n may be in the range of
20-50. Hence, even for lower values of
n, V1 was several orders of magnitude
faster than V5. Furthermore, based on
previous studies (e.g. Bahat, 1991, p.
234; Bahatet al.,2003), we can hypoth-
esize that the J; joints characterized by
plumes propagated at V; between 1072
and 10* m s and, concomitantly,
the J, joints characterized by rib marks
propagated at V, between 10™* and
107" m s™! (Michalske, 1984; Bahat
et al., 2005, p. 359) in agreement with
the above laboratory data. Noticeably,
the relative location of the two funda-
mental joint-surface morphologies and
the transitional one on the V vs. K
diagram is based on the present
analysis of field observations. How-
ever, the division into the different
subcritical regimes follows previous
studies in glass (e.g. Wiederhorn and
Bolz, 1970) and granite (Bahat ez al.,
2003).

Conclusions

Joints cutting the Santonian chalk
beds in the Judea Desert and display-
ing plumes propagated at subcritical
velocities 2-3 orders of magnitude
greater and at higher stress-intensity
conditions than joints displaying
arrest marks in the same beds. This
fractographic interpretation is corrob-
orated by the observation that the J;
joints are systematic and long whereas
the J, joints are non-systematic and
short. This relationship is also consis-
tent with the J, jointing during the
intense folding of the Syrian Arc in
the Late Senonian.
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