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New aspects of rhomb structures 
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Abs t r ac t - -The  acute angles of  48 rhombic,  trapezoidal and triangular grabens,  horsts and upthrusts  throughout  
the world were determined.  The  results indicate an angular  spread of 7-73 ° . In most  structures the two acute 
angles differ considerably. Most  rhomb structures are grabens which show affinities to seismic faults, and only a 
few are horsts  and upthrusts .  In this connection modes  of static crustal fracture propagation are compared  to 
dynamic propagation.  R h o m b  structures occur along strike-slip faults and in rifts. These  results quest ion the 
universality of  the pull-apart model  as a mechanism for rhomb structure development .  The  two mechanisms  that  
can lead to the  formation of rhomb structures are (1) interaction of en 6chelon or non-coplanar  fractures by shear  
and extensional  modes  and (2) fracture bifurcation in an extensional mode.  The two mechanisms may result in 
faults of  different shapes  characterized by curved and straight boundaries ,  respectively. The  grabens and horsts 
in extensional  regions are the consequence of early fracture and later vertical displacements.  

INTRODUCTION 

FOLLOWING earlier models by Quennell (1958) and 
Carey (1958) many rhomb grabens (or pull-apart basins) 
and rhomb upthrusts (horsts) have been described along 
strike-slip (wrench) faults throughout the world. Inves- 
tigators have considered a variety of mechanisms to 
explain pull-apart structures. Wilcox et al. (1973) 
observed these structures in relation to convergent and 
divergent wrenching. Opposed crustal blocks that do not 
move parallel with a wrench fault either converge or 
diverge as wrenching proceeds. When convergence 
occurs, compression along reverse and strike-slip faults 
results in high-angle thrusting. On the other hand, diver- 
gent wrenching results in an overlay of extensional block 
faulting with consequent grabens along high-angle 
normal faults. Crowell (1974) and Livaccari (1979) pre- 
sented a model of up- and down-tilted wedges and 
pull-apart basins along a dextral wrench fault zone. The 
deformation in the Basin and Range province of the 
U.S.A. was explained by this mechanism. Apparently, 
N-trending pull-apart grabens formed in a wide dextral 
shear zone at 45 ° to the NW-trending wrench faults. 
Tchalenko & Berberian (1975) showed the development 
of a graben in an extensional gap which occurred due to 
left-lateral shear between two left-stepping en 6chelon 
faults. This idea was further elaborated by Segall & 
Pollard (1980). Dewey (1982) considered pull-apart 
basins as derivatives of the inherent complexities related 
to the evolution of strike-slip systems, in a plate tectonics 
context. Such structures may show all transitions from a 
graben floor of slightly stretched continental crust, 
through severely attenuated continental crust, to an 
oceanic floor. Aydin & Nur (1982) analysed 70 well 
defined rhomb-like pull-apart basins and pressure ridges 
along major strike-slip fault systems. They observed that 
these basins become wider as they grow longer with 
increasing fault offset. 

Although many rhomb structures previously 

described are considered to be 'well-defined' (Aydin & 
Nur 1982), this is not at all clear. Quite often, fault 
boundaries of rhomb structures are inferred rather than 
(carefully) mapped, and the strike-slip mechanism 
suggested for their origin is not certain. For instance, 
although the Ocotillo Badlands have been mentioned as 
a typical rhomb upthrust, one notes the qualified descrip- 
tion of the faults which surround this structure (Sharp & 
Clark 1972 p. 137). Freund, a strong advocate of the 
rhomb-shaped graben concept along the Dead Sea Rift 
(Freund et al. 1968) expresses his concerns about the 
validity of the model (Freund 1978). He observed that 
the Ayun graben is not rhombic but triangular, and its 
dimensions are far too small (compared with the strike- 
slip requirement), whereas the Lake Kineret (Sea of 
Galilee) graben is several times too long and is extra 
wide in the north. Freund (1978) speculated that these 
difficulties may be partly resolved by rotating the eastern 
side of the rift 3 ° anticlockwise around a pivot situated 
between the Hula and Kineret grabens, and by bending 
Galilee (the region on the west side of the rift between 
Hula and Kineret). However, these adjustments would 
result in overlaps between the rhomb structures that 
cannot be easily explained. Furthermore, Freund recog- 
nized that these adjustments do not resolve the signifi- 
cance of a flexure northeast of Lake Kineret. Finally, it 
should be mentioned that the faults originally proposed 
around Lake Kineret (Freund et al. 1968) do not quite fit 
data obtained during more recent geological (Bartov 
1979) and geophysical (Folkman 1980) studies. For 
example, recent detailed mapping of the Bir Zreir 
graben in Eastern Sinai (Bartov et al. 1983) has raised 
doubts regarding the role of strike-slip displacements in 
connection with the development of the rhomb. These 
are only a few examples (see Aydin & Nur 1982, table 1), 
that demonstrate deviations from a clear agreement 
regarding the conventional concept of rhomb structure 
development along strike-slip faults. 

Characterization of a rhomboid requires the determi- 
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nation of its angles. In the present study 89 acute angles 
of 48 rhomboidal, trapezoidal and trianglar structures 
throughout the world are determined. These are 
analysed, the affinities of these structures with seismic 
faults and rifts are evaluated, and the mechanical signifi- 
cance of them is discussed. 

ASSUMPTIONS 

A recent study has shown that extensional aspects of 
earthquake-induced ruptures in Southern California can 
be characterized by an analysis of crack bifurcation and 
interaction according to fracture mechanics principles 
(Bahat 1982). Similar assumptions to those made in that 
study can be made for the present analysis of rhomb- 
structures. Basically, these assumptions claim that frac- 
ture propagation and interaction leading to the evolution 
of rhomb-structures can be modelled by elastic theories 

and simulated by small-scale experiments (in glass and 
granite). The applicability of such assumptions to struc- 
tural problems has been repeatedly demonstrated (e.g. 
Delaney & Pollard 1981). 

DETERMINATION OF ACUTE ANGLES 
OF RHOMB STRUCTURES 

The accuracy of angular determinations in a rhomb- 
structure is a function of the scale and accuracy of the 
map on which the measurement is made. In detailed 
maps accuracy can be +2 ° or better (Bahat 1982). Most 
maps used in the present study, however, lack some 
details of the faults and accuracy is reduced to + 5 °, but 
this is not thought to be critical. More important are 
relative values of the two acute angles of a given rhomb- 
structure. Therefore, in spite of the above limitation, the 
angular results given in Table 1 are significant. 

Table  1. Character izat ion of 48 r h o m b  structures 

Graben (G) Actual Acute Acute Predominant 
Horst (H) shape of angle angle fracture Reference Reference 

Rhomb location Upthrust(U) structure (deg.) (deg.) Width(m) regime (structure) (seismic) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Rio El Tambor, Montagua 
f., Guatamala 

Lake Izabel, Polochic 
f., Guatamala 

La Gonzaler, Bocono 
f., Venezuela 

Casanay, El Pilar f., 
Venezuela 

Olinghouse f., Sierra 
Nevada, U.S A. 

Olinghouse f., Sierra 
Nevada, U. S. A. 

Southern Basin and 
Range, U.S.A. 

Espanola basin, Rio 
Grande rift, U.S.A. 

Imperial-Brawley 
faults, S. California, 
U.S.A. 

Imperial-Brawley 
faults, S. California, 
U.S.A. 

Imperial f., Salton 
Sea, California, 
U.S.A. 

Coyote Creek f., San 
Jacinto f., S. 
California, U.S.A. 

Coyote Creek f., San 
Jacinto f., S. 
California, U.S.A. 

Upper Angara rift, 
Baikal rift, U.S.S.R. 

Tsipa-Bount rift, 
Baikal rift, U.S.S.R. 

New Lake Baikal rift, 
Baikal rift, U.S.S.R. 

G Trapezoid 19 36 20 shear Schwartz et al. Langcr & 
(1979) Bollinger (1979) 

G Rhomboid 26 28 20,000 shear Plafker (1976) Langer & 
Bollinger (1979) 

G Rhomboid 18 26 4,00(I shear? Schubert (1980) Dewey (1972) 

G Rhomboid 34 42 900 shear Schubert (1979) Dewey (1972) 

G Rhomboid 61 68 shear Sanders & 
Slemmons (1979) 

G Triangle 18 shear Sanders & 
Slemmons (1979) 

G Rhomboid 49 30 200 shear Aydin & Nur 
(large) (1982) 

G Rhomboid 48 53 4(I shear 
(small) 

G Rhomboid 38 49 shear? Crowell (1974), Scholzetal.  (1971 } 
Stewart (1978) 

U Triangle 23 shear? Crowell (1974), 
Stewart (1978) 

G Trapezoid 32 54 15,000 shear Golombek (1981) 

G Trapezoid 39 62 7,000 shear Johnson & Johnson & 
Hadley (1976) Hadley (1976) 

G Rhomboid 47 41 7,000 shear Hill (1977) Sharp (1976) 

G Rhomboid 38 10 7,000 shear Fuisetal .  Sharp (1976) 
(1981) 

U Rhomboid 54 59 2,000 shear Sharp & Allen & 
Clark (1972) Nordquist 

(1972) 
G Rhomboid 33 73 200 shear Bahat (1982) Allen & 

Nordquist 
(1972) 

G Triangle 33 400 shear Bahat (1982) Allen & 
Nordquist 
(1972) 

G Rhomboid 42 45 30,000 extension Logatchev (1978); Logatcheve ta l .  
Logatchev & (1978) 
Florensov 
(1978) 

G Rhomboid 20 24 20,000 extension Logatchev (1978) ; Logatchev et al. 
Logatchev & (1978) 
Florensov 
(1978) 

G Triangle 20 17,000 extension Logatchev (1978); Logatcheveta l .  
Logatchev & (1978) 
Florensov 
(1978) 
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Graben (G) Actual Acute Acute Predominant 
Horst (H) shape of angle angle fracture Reference Reference 

Rhomb location Upthrust (U) structure (deg.) (deg.) Width (m) regime (structure) (seismic) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Dasht-e-Bayaz, Iran G Rhomboid 26 32 500 shear Ambraseys & 
Tchalenko 
(1969) 

Erzican, North G Triangle 8 21 3,500 
Anatolia, Turkey (distorted) 

Syria G Rhomboid 42 45 1,800 

Marj Ayun, Yammuneh G Triangle 32 66 1,600 
f., Lebanon 

Hula basin, Israel G Trapezoid 57 69 7,000 

Dead Sea, Israel G Rhomboid 37 60 12,000 
Timna, Israel G Rhomboid 34 35 250 

Bir Zreir, Sinai G Rhomboid 33 51 1,500 

Tiran-Dakar, Gull' of G Rhomboid 44 48 8,000 
Elat 

Aragonese, Gulf o1! G Rhomboid 31 44 9,000 
Elat 

Elat, Gulf of Elat G Rhomboid 46 56 10,1300 

West of Belayim oil, G Rhomboid 41 72 7,000 
Gulf of Suez 

SE-Escarpment G Triangle 41 1,200 
Ethiopia 

G Rhomboid 26 37 2,000 

G Rhomboid 25 54 2,000 

Lake Turkana, N. G Rhomboid 13 26 70,000 
Kenya (10? my) 

Central Gregory rift, H Rhomboid 43 48 420 
Kenya 

H Rhomboid 43 43 500 

H Rhomboid 35 43 450 

H Rhomboid 36 61 1,300 

G Rhomboid 27 37 800 

H Rhomboid 55 58 600 

Lebtema Block, N. H Rhomboid 53 26,000 
Tanzania 

Mbozi block, S. H Triangle 18 36,000 
Tanzania 

Hanmer Springs, H ope G Rhomboid 31 37 6,000 
f., New Zealand 

Awatore f., New G Rhomboid 34 43 2,000 
Zealand 

Vestfold-Ringerike G Rhomboid 59 63 70,000 
graben, Norway 

Akersbus graben, Oslo G Rhomboid 55 56 50,000 
graben, Norway 

shear 

shear 

shear 

shear 

shear 
shear 

shear 

shear 

shear 

shear 

extension 

shear 

shear 

shear 

extension 

extension 

extension 

extension 

extension 

extension 

extension 

extension 

extension 

shear 

shear 

shear? 

shear? 

Ambraseys & 
Tchalenko 
(1969) 

Aydin & Nur 
(1982) 

Garfunkel et al. 
(1982) 

Freund et al. Ben-Menahem 
(1968) etal. (1976) 

Freund elal. Ben-Menahem 
(1968) etal. (1976) 

Ouennetl (1958) W u  et al. (1973) 
Freund et al. 

(1968) 
Eyal et al. 

(1981) 
Ben-Avraham 

etal. (1979) 
Ben-Avraham 

etal. (1979) 
Ben-Avraham 

etal. (1979) 
Garfunkel & 

Bartov (1977) 
Juch (1980) ; Laughton (1965) 

Mohr (1967) 
Juch (1980); 

Mohr (1967) 
Juch (1980); 

Mohr (1967) 
Cerling & 

Powers (1972) 
King (1978); Tobin et al. 

Griffiths (1980) (1969) 
King (1978); Molnar & 

Griffiths (1980) Aggarwal (1971) 
King (1978); Molnar & 

Griffiths (1980) Aggarwal (1971) 
King(1978); Molnar& 

Griffiths (1980)  Aggarwal (1971) 
King (1978); Molnar & 

Griffiths (1980)  Aggarwal (1971) 
King (1978); Molnar & 

Griffiths (1980) Aggarwal(1971) 
King ( 1 9 7 8 )  Wohlenberg 

(1970) 
King ( 1 9 7 8 )  Wohlenberg 

(1970) 
Freund (1974) Scholz (1977) 

Freund(1974) Scholz(1977) 

Ramberg & Husebye & 
Larsen (1978) Ramberg (1978) 

Ramberg & Husebye & 
Larse n (1978) Ramberg (1978) 

THEORETICAL BACKGROUND 

Interaction of bifurcating cracks 

When crack bifurcation occurs, a single fracture is 
divided into two branches that propagate separately, 
under combined loading of tension (mode I) and lon- 
gitudinal shear (mode II). Kalthoff (1972) has shown 
that in Araldite B (polymeric glass) these branches 
interact with one another, and each crack deviates by an 
angle y from its original direction following bifurcation 
(Fig. 1). This angle can be determined from Erdogen & 
Sih (1963) by 

Kll/KI = sin 3,/3 cos 3' - 1, (1) 

where K 1 and KII are the stress intensity factors for 
modes I and II, respectively. Kalthoff has also shown 
that for forks with small branch angles o~ < a c where o~ c is 
approximately 14 ° , the propagation of the branches 
tends to enlarge the angle. For forks with larger branch 
angles, a > ac, the propagation of the branches tends to 
diminish the angle. Forks with the critical angle ac will 
propagate in their original direction. Bahat (1982) elabo- 
rated on this crack interaction and showed that branch- 
ing of rapid ruptures induced by the earthquakes in the 
crust in southern California followed the angular 
relationships observed by Kalthoff (1972). This branch- 
ing process led to the development of two grabens. 
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KII/KI>O KII/KI =0 KII/KI <0 
( i )  

B' A' A B 

Y<O Y=O Y>O 

Fig. 1. Three possible propagation paths of a branch crack in a 
symmetric fork. Only one branch and the symmetry axis are shown. 
Straight arrows indicate near field stresses. The branch angle, a, is 
shown between two curved arrows, and 3' is the deviation angle from 

the initial propagation path (after Kalthoff 1972, fig. 4). 

Interaction between non-coplanar opposing cracks 
under tensile loading 

A different  crack interact ion is one  which occurs 
about  oppos ing  or  over lapping parallel cracks (Fig. 2a). 
Y o k o b o r i  et al. (1971) investigated the interact ion 
be tween  two non-cop lanar  oppos ing  parallel elastic 
cracks under  tensile loading. Their  theoret ical  analysis 
was in good  ag reement  with exper imenta l  results derived 
f rom exper iments  on cel lophane paper .  They  investi- 
gated the case when K A and KB are tensile stress intensity 
factors  at points  A and B, respectively (Fig. 2a), and Kis  
the stress intensity factor  of  an isolated tensile crack. 
Genera l l y ,  K A is smaller than both  K B and K when 
overlap is present  due to relatively high stress relaxation. 
K B is greater  than K except  when  over lap is large. They  
also found  that  the stress intensity factors of  shear  stress 
p roduced  by the interact ion are considerably  smaller 
than those of  tensile stress. Dur ing  the interact ion 
be tween  the cracks,  when  small over lap is present ,  the 
crack tips at A and A '  deviate away f rom each other .  
W h e n  large over lap is present  these tips approach  each 
other .  Swain & Hagan  (1978) observed  similar interac- 
tions be tween  such cracks in soda-l ime glass (Fig. 2b). 
They  established that  the angular  deviation f rom 
straight-line growth  for  these cracks may  also be deter-  
mined  by equat ion  (1). 

Whereas  fracture interact ion associated with bifurcat-  
ing cracks (Fig. 1) appears  to be along straight lines 
which bend  at sharp angles, interact ions be tween  non-  
coplanar  oppos ing  cracks characteristically occur  along 
curves. Swain & Hagan  (1978, fig. 2c) have 
demons t r a t ed  exper imental ly  that  these two interact ion 
styles may  occur  under  extensile loading at close 
proximities.  

Interaction between non-coplanar opposing cracks 
under shear loading 

Krantz  (1979) examined  fracture interact ion under  
shear  loading in granite.  He  investigated non-coplanar  
crack arrays (which he called 'en passant') and found  a 

( i i )  

B ° A' 
S 

i 
( i l l )  

B' ~' 
A, B 

( i v )  

I1' A'( 

e ( l l )  

( b )  

Fig. 2. Experimental crack interaction. (a) Schematic illustration of 
propagation behaviour of two non-coplanar parallel cracks. Inner tips 
of both cracks are A and A', and outer tips are B and B'. Stage (i) 
decribes cracks before overlapping. At stage (ii) propagation from A 
and A' is shown. At stage (iii) overlap is attained, propagation 
stopping at A and A' and proceeding from B and B'. Stage (iv) 
represents a finite body. After the arrival of B and B' at the edges of 
specimen, interaction from C and C' proceeds (after Yokobori et al. 
1971, fig. 26). (b) Two parallel cracks caused by indentation (at two 
large black spots) are stimulated by a stress wave. This stimulation 
induces fracture propagation (at 300 m t). At the centre there is an 
interaction between two non-coplanar cracks. Prior to overlap the 
cracks deviate slightly away from each other, then they grow towards 
each other and join. Propagation away from each other leads to 
bifurcation. Distance separating the cracks 10/zm. Distance between 

indentations 210/xm (after Swain & Hagany 1978, fig. lc). 

resemblance  to the results ob ta ined  under  tensile load- 
ing by Swain & Hagan  (1978). The  crack paths were 
de te rmined  by the local KlI/KI ratios (KH and Kl being 
the stress intensity factors  of  the longitudinal shear  and 
tension mode ,  respectively),  such that  deviat ions f rom 
planar  p ropaga t ion  increased as the ratio increased. 

Two styles of en ~chelon cracks 

The criteria for the definition and classification of  en 
6chelon cracks in the crust are not  yet  settled. If  it is 
postula ted that  these cracks are the products  of  mixed 
mode  fracturing (tension and shear) ,  a basic characteris-  
tic feature would  be segmenta t ion  of  a large straight 
f racture  to small parallel straight cracks or iented  at an 
acute angle to the fo rmer  (Allen et al. 1972, Sharp 1976, 
De laney  & Pollard 1981, fig. 20, Bahat  1982). This 
segmenta t ion  most ly  occurs close to the crustal surface 



New aspects of rhomb structures 595 

I~lli l I 

III I 
I I 

\ 

tl I 
IllL 

i I 

IIIii ~ 

(a) ~1 f 

Fig. 3. Two styles of en 6chelon cracks. (a) Segmentation of a large 
fracture into small parallel cracks oriented obliquely to the large 
fracture. (b) A series of parallel fractures, some of them arranged en 

6chelon. 

to be straight (Bahat 1982). Non-coplanar cracks under 
tensional loading seem to interact along curved trajec- 
tories (Fig. 2a). Experimental en 6chelon and non-copla- 
nar cracks under shear loading seem to show interactions 
along curved and straight paths. Judging by numerical 
calculations of stress distribution close to crack tips 
(Kranz 1979, fig. 3, Segall & Pollard 1980, fig. 9) paths of 
interaction should be curved. However, experimental 
results (Bombolakis 1968, Krantz 1979) show straight 
fracture propagation. Apparently, under conditions of 
strong remote uniaxial compression oblique to the initial 
crack, further propagation becomes straight and occurs 
parallel to the compression direction, and the actual 
crack interaction by local stresses is suppressed. There- 
fore, it is possible that in a set-up in which remote 
compression is not dominant, crack interaction should 
assume the expected curve paths. 

(Sharp 1976). The above en 6chelon cracks (Fig. 3) 
differ significantly from straight large en 6chelon frac- 
tures which are nearly parallel with the general trend of 
the fault (Segall & Pollard 1980). The latter may not 
represent mixed-mode fractures and it is not at all clear 
that they reflect the actual mechanical segmentation. 
Schulman (1959) characterized 'longitudinal rows' of 
N-S en 6chelon (step) faults which are parallel to the 
Dead Sea Rift. Such fractures require a different expla- 
nation. Extensional aspects of fractures along the Dead 
Sea Rift are discussed in a separate study (Bahat & 
Rabinovitz 1983). However, mechanical interaction 
between tips of en 6chelon cracks of these two groups 
show some resemblances. 

Interactions between en ~chelon cracks 
under shear loading 

Krantz (1979) found that under shear loading, interac- 
tion of en 6chelon cracks is controlled by both mode I 
and mode II. Segall & Pollard (1980) found that in a pair 
of en 6chelon right-stepping cracks under right-lateral 
shear, extension fractures would form near the crack tips 
and propagate into the region between the cracks, pos- 
sibly linking them. They also suggested the existence of 
a wide zone of potential shear failure between the 
cracks, which partly overlaps with the zone of exten- 
sional failure. In the extension field the direction of 
propagation depended on the magnitude of the ratio 
KtffKt (see also Delaney & Pollard 1981). 

It was observed that under remote tension, crustal 
fractures may follow equation (1) (Bahat 1982). It is yet 
to be established what are the minimum extensional 
conditions to maintain the dependence of the directions 
of interacting: cracks on equation (1) under shear load- 
ing. 

Shapes of  interacting cracks under extension 
and shear loading 

Interacting bifurcating cracks under extension seem 

R E S U L T S  

The results in Table 1 are indicative of the following 
features. 

(1) There is a wide spreading of acute angles (Fig. 4) 
in the 7-73 ° range (Table 1, columns 4 and 5). There is 
no trend towards a maximum, although there seems to 
be a poorly defined concentration increase from the 
peripheries of this range towards the centre. 

(2) There is no correlation between widths (column 
6), the sizes of structures (Aydin & Nur 1982) and values 
of acute angles of rhomboids. 

(3) In most structures the two acute angles differ 
considerably and only in a few rhomboids are the two 
angles approximately equal. 

(4) Rhomboidal shapes are the most common, but, 
there are also trapezoids and triangles (column 3). 

(5) Most structures are grabens and only a few are 
horsts (upthrusts) (column 2). 

(6) Most rhomboidal structures have affinities to seis- 
mic faults (note references in column 9). 

(7) Rhomboidal structures occur along strike-slip sys- 
tems and also in rifts (column 7). The shear regime is 
disputed in a few structures by question marks (note 
references in column 8). 

The significance of these observations is elaborated in 
the following sections. 

5' 

o1: 

-- Illl [1 [11  I]] 
to 7'0 2"0 30 4o go 80 

ACUTE ANGLES Idegreesl 
ao 

Fig. 4. Frequency histogram for acute angles of rhomb structures, 
showing the wide angular spread for various structures. 
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SPREAD OF ACUTE-ANGLE VALUES 
OF R H O M B O I D S  

Quennell (1958), in his early model of the formation 
of the Dead Sea, described the mechanism of block 
displacement from two pre-existing subparallel major 
faults and a bridging oblique fault. He did not explain 
the process or processes that produced these faults. 
Recently, in reference to faults in California, Segall & 
Pollard (1980) elaborated on the mechanisms that have 
led to the development of bridging oblique faults (secon- 
dary fracturing). They considered that the major faults 
were two pre-existing segments from an en 6chelon 
array (nearly parallel with the general trend of the 
regional faults). Following the analyses of interactions 
between such fracture pairs by Yokobori et al. (1971), 
Swain & Hagan (1978) and Kranz (1979) in the labora- 
tory (see theoretical background) and Segall & Pollard 
(1980) in the crust, it becomes clear that the bridging 
path of the oblique fault (Fig. 5) is determined by the 
combined effects of the local tensile and shear stresses. 
As these combined effects will vary from location to 
location, so will the shape of the oblique bridging fault. 
This may explain the wide angular range of acute angles 
of pull-apart grabens (Table 1, Fig. 4) if the above 
mechanism based on interaction between fracture pairs 
is adopted. Each acute angle represents an intersection 
between a segment of the en 6chelon or non-coplanar 
array and an oblique bridging fault. The acute angle 
appears to be independent of the width and size of the 
graben or horst (Table 1). 

Fig. 5. Block diagram showing in idealized form the mechanism for the 
formation of the Dead Sea rhomb graben. (a) The fault pattern in plan. 
Arrows show the direction of compressive stress, solid lines are the two 
sub-parallel major faults and the dashed line is the bridging oblique 
fault. (b) The block before movement. (c) The block after movement 

(after Quennell 1958, fig. 1). 

INEQUALITY OF ACUTE ANGLES 
IN RHOMBOIDS 

Following the conventional model of strike-slip dis- 
placement that results in a pull-apart basin (Fig. 5), the 
single oblique fault that bridges the two en 6chelon 
fractures becomes the plane from which the two blocks 
detach along opposite directions parallel to the regional 
orientation of the strike-slip fault. This requires equality 
of the two acute angles of the pull-apart basin, with only 
minor deviations due to possible block rotation (6 ° in the 
case of the Dead Sea according to Quennell 1958). The 

large deviations from equality in many structures (Table 
1) question the validity of the pull-apart model as a 
universal mechanism. With this model it is also difficult 
to explain the presence of triangular and trapezoidal 
grabens (and horsts). 

A mechanism that can produce rhomboidal grabens 
(see theoretical background) and horsts (as well as 
triangles and trapezoidal structures) by extension rather 
than shear can be derived from a previous analysis by 
Bahat (1982). According to this mechanism, extension 
fractures may bifurcate (especially under dynamic condi- 
tions). If there is a single fork comprising extensional 
bifurcating fractures a triangular graben or horst may be 
developed. If however, two bifurcating fracture forks 
propagate towards each other, their approach or inter- 
section may result in either rhomboidal or trapezoidal 
structures (Fig. 6). Such a mechanism is independent in 
both forks and does not require the equality of the two 
acute angles in a rhomboid. As such, it fits the results 
shown in Table 1 better than the pull-apart model. 

(a) cbl 

Fig. 6. Extensional fractures bifurcate and produce conditions for 
various rhomb structures to develop. (a) A single bifurcation develops 
into a triangle structure. (b) Two bifurcations which approach each 
other may result into a rhomboidal (left) or a trapezoidal (right) 

structure (also see Bahat 1982, fig. 5). 

Most rhomboids are grabens and only few are 
horsts: dynamic conditions 

Table 1 shows that most structures are grabens and 
only a few are horsts (also see Aydin & Nur 1982, table 
1). This is unexpected in terms of conventional 
hypotheses of pull-apart basin evolution, because there 
is no reason why examples of right-lateral shear and 
right-stepping (Segall & Pollard 1980) should be com- 
mon and instances of right-lateral shear and left-stepping 
should be rare. 

This unexpected feature can possibly be correlated 
with an interesting observation made by Segall & Pollard 
(1980). They found that earthquake swarms and after- 
shocks cluster near right steps along right-lateral faults, 
related to grabens (such an observation was not made in 
relation to upthrusts). They also correlated the seismic 
activities with secondary fracturing in the Imperial 
Valley. Assuming that these observations can be 
generalized this may lead to two suggestions. (1) 
Grabens are more common than upthrusts because they 
are products of extensional conditions. Such conditions 



Fig. 7. Joint interaction in siltstone beds, in the Appalachian Plateau. (a) Sub-asymptotical curve abutting. (b) Sub-perpen- 
dicular curve abutting. 
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encourage seismic activity that produces secondary frac- 
turing. The same seismic activity is not encouraged 
apparently in right-lateral left-stepping environments 
which are compressive, therefore, no fault bifurcations 
occur and upthrusts are rare. (2) It appears that the 
evolution of pull-apart basins is closely associated with 
seismic activity. Many of the examples given in Table 1 
(column 9) are clearly connected with faults with strong 
affinities to earthquakes. This implies that in connection 
with rhomboid evolution the relevant models for frac- 
ture propagation and interaction should mostly be 
dynamic (although some slow seismic activities are 
known as well). This is manifested by the wide range of 
acute angle values in grabens and horsts (upthrusts) 
(Table l). Dynamic conditions are expected to allow a 
wide range of mode I (tension)/mode II (shear) ratios 
(Bahat 1982 I) which would determine the propagation 
direction of the bridging oblique faults, and ultimately 
the acute angle of the pull-apart graben. 

Fracture under static conditions 

In order to appreciate crustal fracture interaction 
under dynamic conditions, one wants to compare it with 
fracture interaction under static conditions. The latter 
may show significant differences. Two examples of crus- 
tal fracture interaction are shown in Fig. 7. These are 
two representatives from a series of joint interactions in 
Upper Devonian siltstones in the Appalachian Plateau 
of New York. Here, fracture interaction occurs under 
conditions of slow fracture propagation (presumed stress 
corrosion, Bahat & Engelder, in preparation). Figure 7 
shows two interactions between parallel joints. One 
joint propagated (horizontally) and when it overlapped 
the existing other straight-joint it curved towards it. 
Curving is at a small angle, almost asymptotically 
oriented as illustrated in Fig. 7(a). In Fig. 7(b) curving 
terminates at a large angle, almost perpendicularly. 
Under conditions of very slow propagation one parallel 
fracture can be thought of as a free boundary at which 
the shear stress is zero (and the principal stresses parallel 
and perpendicular to the boundary). Therefore, the 
abutting fracture (the second fracture) is likely to meet 
the existing surface either asymptotically or perpendicu- 
larly. Rapid fracture propagation on the other hand, 
would have been diverted from small or large angles due 
to the various influences of shear and due to inertia. This 
would result in a wide range of acute angles between 0 
and 90 ° as shown in Table 1. 

Rhomboid  structures in rifts 

One of the most intriguing observations is the common 
presence of rhomboidal, trapezoidal and triangular gra- 
bens and horsts in rifts along which strike-slip is either 
small or insignificant (Table 1) (e.g. the Baikal rift, the 
Gulf of Suez and several structures along the East 
African rift system, in particular, the Gregory rift). In 
the Baikal rift, horizontal displacements along fault 
planes were essentially negligible, not more than 1.0-1.5 

km (Sherman 1978) along a rift of more than 1000 km in 
length. The extensile aspects of the East African rifts 
(including the Gulf of Suez) are well known (McConnell 
1967) and do not need further elaboration. 

It is significant that the pull-apart grabens along the 
Bocono fault zone in the Venezuaelan Andes (Table 1) 
are considered by Schubert (1980) to reflect shear pro- 
cesses. This however is disputed by the observations by 
Renz (1956), Shagam (1972), Murphy & Graubard 
(1977) and Giegengack (1977). According to these 
authors these grabens were formed in a zone of normal 
faulting. There is no consensus regarding the shear 
mechanisms in the Basin and Range grabens and horsts 
(Stewart 1978). Also, there are both shear and exten- 
sional characteristics in the Oslo graben (Ramberg & 
Larsen 1978). It is not known if these are exceptional or 
typical observations for rhomboidal structures 
associated with strike-slip faults. 

Table 1 does not reveal any angular differences 
between the rhomboidal structures associated with great 
shear displacements (e.g. the southern Californian and 
Dead Sea systems) and those located in extensile reg- 
ions. This suggests that either the rhombic structures in 
both stress regions are ultimately products of similar 
mechanisms, or alternatively, the products of shear and 
extensional mechanisms may give rise to comparable 
angular relationships. An analogous question was raised 
by ~eng6r & Burke (1978) regarding rifting being the 
product of either extension or shear. It is also possible 
that the absence of obvious angular differences result 
from the lack of precise details about the faults presumed 
to bound some rhomboidal structures. Future studies 
may supply the answers to these problems. An obvious 
question here is, if pull-apart structures have not resulted 
from remote shear in the rifts, how could they be pro- 
duced by remote extension? Such a development can be 
the consequence of a two stage process by which an early 
extensile fracture is followed by vertical movements. 
Only such a process can explain the ubiquity of rhomboi- 
dal horsts (which supposedly reflect compression stres- 
ses) in the Gregory rift. Presumably, mantle diapirism in 
Kenya (Baker & Wohlenberg 1971) has been respons- 
ible for pushing up the already fractured blocks. As 
mentioned above, some scientists that have theorized 
about the development of the rhomboidal structures 
(e.g. Quennell 1958, Freund 1965, Segall & Pollard, 
1980) assumed existing sub-parallel fractures befoie dis- 
placement. 

A rhombic structure in a strike-slip regime 

The rhomb graben that occurs where the Brawley 
fault system meets the Imperial fault system in southern 
California (Fig. 8) has attracted considerable attention. 
The faults around the graben are the products of both 
extension and shear (Sharp 1976, Hill 1977). Further- 
more, a detailed map by Johnson & Hadley (1976) 
shows two straight bifurcating branches of the Brawley 
fault system (the Brawley fault and fault A manifested 
by epicentres). These faults are being approached from 
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Fig. 8. Detailed map (after Johnson & Hadley 1976) showing the 
graben surrounded by the Brawley and Imperial fault systems. Plus 
signs are epicentres (January, 1975 earthquake), heavy lines represent 
observed surface faulting, dashed lines are seismically inferred faults, 

and thin lines are topographic contours. 

the south by two branches of the Imperial fault system. 
The eastern branches of the two faults are fairly straight. 
The western branch of the Imperial fault, on the other 
hand, starts as a straight fracture and continues along a 
curved trajectory as it interacts with the Brawley fault 
system. Hence, the fault boundaries of this graben 
exhibit both straight bifurcating fractures controlled 
mostly by extension (Bahat 1982), and curved faults 
which responded to shear stresses on non-coplanar frac- 
tures (faults). 

Thus, two fracture mechanisms that can lead to the 
development of pull-apart basins have been discussed. 
The conventional strike-slip model is based on fracture 
interaction between crack-pairs. Such a mechanism is 
likely to result in grabens (and other related structures) 
possibly with curved boundaries if there is not uniaxial- 
dominant (horizontal) compression. The other 
mechanism is based on fracture bifurcation under exten- 
sional conditions. According to the latter model graben 
boundaries are expected to be straight with sharp angu- 
lar perimeters (Fig. 6). Both mechanisms are expected 
to occur naturally and thus I conclude that in future more 
attention should be paid to the detailed mapping of fault 
boundaries of rhomboid structures. This may enable us 
to distinguish between the two mechanisms. Swain & 
Hagan (1978) have experimentally shown the close 
association of the two patterns (Fig. 2b). Figure 8 
demonstrated these two mechanisms in close proximity 
to each other in the crust. 
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