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Introduction

Pull-apart basins are extensional structures developed in 
overlapping zones of segmented strike–slip faults. These 
basins are characterized by depressed regions bordered by 
two strike–slip segments and occasionally contain trans-
verse faults that generate a typical rhomb shape in map 
view (Quennell 1959; Burchfield and Stewart 1966). Yet, 
many basins in releasing step zones deviate from this rel-
atively simplified geometric description (Mann 2007). 
Moreover, while pull-apart is one of the most explored fea-
tures in strike–slip fault regimes and its structure has been 
documented in many tectonic environments (e.g., Wood-
cock and Fischer 1986; Cunningham and Mann 2007), the 
real three-dimensional (3D) structure and the transforma-
tion of lateral displacement from one strike–slip segment 
to another are less familiar, as they are associated with sub-
surface fault architecture which is rarely exposed. Most of 
the information on the 3D structures of natural pull-apart 
basins is based on seismic surveys, seismologic observa-
tions and potential field methods that were collected in 
mature lithospheric-scale structures (e.g., ten Brink et  al. 
1993; Serpa et  al. 1988; Armijo et  al. 2002). However, 
these basins are usually highly deformed and their internal 
structures obscured by a thick sedimentary sequence (e.g., 
Garfunkel 1997). Some pull-apart basins are interpreted as 
generated deep rhomb-shaped structures in the brittle crust 
(e.g., ten Brink et al. 1993), whereas in others the two lon-
gitudinal faults converge at some depth, producing flower 
structures or a more complicated duplex geometry (Syl-
vester and Smith 1976; Aydin and Nur 1985; Woodcock 
and Fischer 1986).

One prominent approach to studying fault interaction 
in general and pull-apart basins in particular is based on 
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analogue laboratory experiments (Reches 1987; McClay 
and Dooley 1995; Dooley and McClay 1997; Basile and 
Brun 1999; Sims et al. 1999) or modeling (Rodgers 1980; 
Segall and Pollard 1980; Gölke et al. 1994; Katzman et al. 
1995; Petrunin and Sobolev 2008; Ben-Avraham et  al. 
2010; Joshi and Hayashi 2010). These experiments enable 
investigating the evolution of the basin and the associated 
fault interactions under both different initial and boundary 
conditions. In some cases, these experiments appropriately 
reconstruct fault patterns which are comparable in map 
view to observations from natural examples. Yet, because 
the deep structure of natural basins is less known, it is hard 
to test the quality and the relevancy of such models along 
the vertical direction.

A complementary alternative is studying smaller natu-
ral basins as proxies for larger mature basins (e.g., Eyal 
et al. 1986; Bartov and Sagy 2004). The present analysis is 
focused on a mesoscale basin developed along an overlap-
ping zone of parallel strike–slip segments (Fig. 1). Unique 
exposures of fault scarps and associated deformation zones 
in the basin area reveal major parts of the structure. The 
geometry of the fault surfaces is measured in high reso-
lution using ground-based laser scanner (LiDAR) and is 
used to present a 3D picture of the structure. In addition, 
we analyze the fault kinematics and the deformation in the 
basin and in the nearby area. We demonstrate that the basin 
displays asymmetry in all three dimensions. The stress and 
strain fields associated with the present geometry are then 
calculated using a numerical 3D slip model. Finally, we 
present an alternative model for the evolution of the basin 
and suggest that such an evolution might control deviation 
from symmetric rhomb-shaped graben in other similar and 
larger basins.

Geological background

The Dalton pull-apart basin and the nearby outcrops are 
exposed in Upper Cretaceous limestone and chalk sedi-
ments in the Upper Galilee heights, northern Israel (Fig. 1). 
During the Cretaceous, the area was a part of a wide sedi-
mentary platform and accumulated hundreds of meters of 
mostly carbonate sediments. Compressional structures 
developed in the area during the end of the Cretaceous to 
mid-Cenozoic times as evident from folds, local thickness 
variations of sedimentary formations and unconformi-
ties (Flexer et  al. 1970; Garfunkel 1998). Uplift occurred 
from the end of the Eocene, and the area was exposed to 
erosional processes (Picard 1965). Since the Miocene, the 
region was mostly influenced by activity along the Dead 
Sea fault (Heimann and Ron 1993), which separates the 
Sinai subplate from the Arabian plate (Fig.  1a) and accu-
mulates a left-lateral offset of more than 100 km (Quennell 

1959; Bartov et  al. 1980). The Galilee area (Fig.  1b) has 
since been subjected to several uplifts and arching episodes 
(Matmon et al. 1999).

Two sets of dense left-lateral and right-lateral strike–
slip faults were identified in the Upper Galilee and south-
ern Lebanon, oriented SE–NW and SW–NE, respectively 
(Freund 1970; Freund and Tarling 1979; Ron et al. 1984). 
These faults, usually <25  km long, displayed segmented 
and branched patterns. Measurements along these faults 
indicated vertical surfaces, horizontal striations and small 
pull-apart basins. The activity of the fault sets was dated 
to Late Miocene–early Pliocene times (Ron 1984; Ron and 
Eyal 1985). The two sets were interpreted as simultane-
ously activated, generating rotation of blocks in the region 
(Freund 1970). Paleomagnetic measurements confirmed 
that zones of NNW trending left-lateral faults rotated 
clockwise and zones of right-lateral faults rotated anti-
clockwise. These observations suggest regional shearing as 
well as N–S extension and E–W shortening of the Galilee 
heights, concurrently with the main activity along the Dead 
Sea fault (Freund 1970; Ron et  al. 1984). The strike–slip 
deformation phase diminished in the Middle Pliocene and 
was followed by normal faulting on E–W-oriented faults 
(Ron and Eyal 1985; Matmon et al. 2003).

Field observations

General structure and rock units

The pull-apart basin, located on a hill 780 m high near the 
village of Dalton, is exposed on a ~250-m-long overlapping 
zone of a segmented ENE–WSW-oriented fault (Fig.  1c). 
The two right-stepping segments of this fault are marked 
here as the Western Main Fault and the Eastern Main Fault 
(WMF and EMF, respectively; see Fig. 2). The fault, with 
an overall exposed length of ~1.5  km, is related to the 
regional right-lateral strike–slip faults (Ron et al. 1984).

The rock layers around the pull-apart area dip moder-
ately (~10°) southward with local variations. Three rock 
units are exposed (Fig. 2) and were identified and defined 
here by correlation to a nearby outcrop (Flexer 1964): A—
layered gray limestone from the uppermost Turonian; B—
limestone (usually called Ka’akule) from the base of the 
Senonian up to 50 m thick; and C—a thick Senonian chalk 
unit bedded above unit B.

Unit B is less rigid than unit A and can be identified by a 
brighter color and by its fractured appearance in outcrops. 
The unit is exposed on the basin margins and on the walls 
of the boundary faults. The overall thickness of the Senon-
ian chalk in this area can reach 200 m, yet based on cor-
relation to a nearby studied outcrop (Flexer 1964), unit C, 
which is exposed in the basin, contains only the two bottom 
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members of the Senonian chalk. Consequently, we evalu-
ate the maximal stratigraphic separation between the basin 

and its margins to be <50 m. Based on direct field measure-
ments of the exposed rock units, the minimal stratigraphic 

Fig. 1   Dalton pull-apart basin. a Regional tectonic configuration. b 
Fault traces in the Galilee heights and south Lebanon (modified from 
Sneh et al. 1998). c Aerial photograph of the pull-apart basin and the 

segmented fault near Dalton village. Squares in a and b mark the 
locations of b and c, respectively
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separation in the northwestern part of the structure was 
found to be more than 10 m.

The internal structure of the pull-apart basin is much 
more eroded than its margins due to the difference between 
the mechanical properties of the chalk and the limestone. 
Therefore, some of the faults around it are exposed by mor-
phological scarps with striated slip surfaces along them 
while other faults can be recognized by linear separation 
between rock types. On the other hand, the faults inside the 
basin are morphologically less prominent.

Fault segments

Measurements of fault surfaces were taken using the Leica 
ScanStation 2 laser scanner that provides subcentimeter 
accuracy for the presented distances (up to 100 m). Point 
clouds that were generated using measurements from six 
different locations were integrated to create a complete pic-
ture of the exposed fault scarps and fault traces of the basin.

Local orientations of fault strike, dip, slip surfaces and 
slickensides along different segments were measured. The 
map presented in Fig. 2 displays three types of fault traces: 
faults scarps identified by slip surfaces that have a promi-
nent morphological feature; faults identified by lithological 
separation; and faults whose existence is assumed based 
mostly on the appearance of topographical steps or cliffs. 
We show below that the northern and the southern bound-
ary faults are structurally and geometrically different, gen-
erating an asymmetrical structure.

West of the overlapping zone, the WMF is exposed 
by about a 4  m high, steep and almost vertical cliff with 

smooth slip surfaces along it (Fig.  3). The average dip is 
88°/167° while striations rake 4°–5° westward. The relief 
is visible to about 80  m, fading eastward and westward. 
East of the overlapping zone, the EMF has no morphologi-
cal manifestation, but its traces can easily be followed as an 
almost abrupt linear separation between different sequences 
of layers and inclinations.

The pull-apart boundary faults generate an almost continu-
ous pattern, which can be divided to several segments. The 
northern boundary fault (NBF) dips southward and includes 
three main segments (marked II, III and IV in Fig. 2). Seg-
ment II dips 65° and strikes 075°. The scarp reaches its maxi-
mal height of 7 m at the western part of the segment (Fig. 4a).

Measurements of striations in two locations along Seg-
ment II demonstrated rakes of 7° and 14° (Fig. 4b). In addi-
tion, short slip surfaces at steep angles from the main sur-
face were documented with oblique striations, penetrating 
the rock wall to a few dozens of centimeters from the main 
surface but usually diminishing further away. The orienta-
tion of these slip surfaces and the orientation of striations 
along them resembling Riedel shear fractures developed, 
respectively, to the right-lateral slip along the main surface 
(Tchalenko 1970). The scarp becomes lower eastward.

Segment III appears as a small step at a height of about 
0.5  m, which diminishes eastward. Further eastward, the 
surface strikes from 75° to 85° while striation orientations 
measured in two nearby locations were 5° and 16°. Seg-
ment IV generates a topographic slope (Fig. 5) that bends 
southward while its continuation in the eastern part of the 
structure, segment V, merges with the southern boundary 
fault (SBF) of the structure.

II III
IV

VI

VIIXI

VIII
IX

VX

C

B

A

XII

100 m

A

B

B

I

N

C

Fig. 2   Map view showing location of rock units, fault traces, frac-
tures and folds near the Dalton pull-apart basin. Different rock units 
are marked by A, B and C and bordered by dotted lines; roman letters 
mark different fault segments. Thick lines are traces of faults, appear 
as scarps and mapped by ground-based LiDAR. Continuous lines 
mark fault traces clearly identified and dashed lines mark evaluated 

fault traces (see text). Rose diagrams point to fracture orientations 
in a given location (marked by black dots). WMF and EMF are the 
Western and Eastern Main Faults, respectively. NBF and SBF are the 
Northern and Southern Boundary Faults, respectively. Arrows marks 
the right-lateral slip along the structure
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The SBF is steeper and more planar than the NBF and 
is defined by two fault segments, VI and VII (Figs. 2, 5). 
Segment VII is a cliff with a maximum height of 2 m near 
its eastern tip and an average dip of 85°/352°. In some 
locations, the fault surface is essentially vertical and even 
inclined southward. Measurements of striations yielded 
a rake of 15° westward. Segment VI is identified by a 
scarp only in its connection to segment VII, while further 
to the east it is recognized by a topographic slope and 
by a sharp planar border between units B and C (Figs. 2, 
3). The connecting area between the two segments (VII 
and VI) consists of three small fault segments-oriented 
E–W and arranged in left stepping en-echelon geometry 
(Fig. 2).

Four fault segments were interpreted in the interior part 
of the pull-apart structure. Three of them are arranged in a 
zigzag geometry (segments VIII, IX and X in Fig. 2). Fault 
VIII (Fig.  3) is the only one that displays a clear vertical 

slip surface which strikes 085°, while the other two (IX and 
X in Fig. 2) are steep morphological steps.

West of the overlapping zone a vertical slip surface strik-
ing 055° is observed creating a small step of <50 cm which 
is exposed for about 10 m (XI in Fig. 2). No other signifi-
cant faults are observed near the pull-apart basin.

Structural reconstruction

Clear geometrical asymmetry between the NBF (segments 
I, III, IV) and the SBF (segments VI, VII) is distinguished. 
Figure  2 shows the NBF is a continuous segmented fault 
with variations in strike orientation. The easternmost seg-
ment of the NBF (segment V) merges almost orthogonally 
into the SBF and generates the eastern transverse border of 
the basin (Fig. 3). In addition, the NBF in the overlapping 
area dips toward the basin while its continuation westward, 
the WMF, is vertical. The surface of the SBF, on the other 
hand, is almost vertical along the entire overlapping zone. 
The stratigraphic relationship between rock units and ori-
entations of slickensides indicates oblique dextral displace-
ment with maximal rakes of about 15° in both boundary 
faults. The western border of the basin is not well defined, 
and there is no indication of a transverse or diagonal fault 
bordering it.

The continuity and the quality of the field observations 
enable reliable reconstruction of the 3D structure. Patches 
of fault surfaces were separated from other topographical 
features in the laser scanner measurements and later used 
to generate best-fit fault plains. The extrapolations of the 
planes enabled full 3D structure geometry. Assuming the 
same architecture continues to depth, the two longitudinal 
faults emerge near the western tip of the SBF at a depth of 
about the 300 m, generating an asymmetric V-shaped struc-
ture in vertical cross section. Based on the regional stratig-
raphy and the geological history during the deformation 
time, the maximum sedimentary cover above the present 
outcrop was probably less than a few hundred meters thick. 
This observation suggests that the vertical dimension of the 
basin from the merging line to the surface was probably on 
a scale of a few hundred meters.

Folds and fractures

Folds and fractures were measured and serve as indicators 
for local stress and strain orientations. Joint sets were used 
as indicators for the orientation of the least compressional 
local stress while conjugate shear fractures were used as 
indicators for the maximal local compression (Jaeger et al. 
2009). Fractures in 12 locations around the overlapping 
zone were measured and analyzed based on the relatively 
well-exposed fracture sets in unit B (Fig. 2). The chalk in 
the interior structure (unit C) was highly fragmented, and 

Fig. 3   A picture (a) and a LiDAR imaging (b) showing an oblique 
view of a striated surface on segment I of the WMF
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no clear dominant fracture sets could be identified. Rocks 
of unit A are generally not fractured. In a given outcrop, 
we measured orientations of fractures that were continuous 
for at least one meter on the top surface of the layers (map 
view). In most of the stations, fractures around the structure 
were identified as joints (tensile fractures) with no indica-
tion of shear along them. Yet, some fractures which dis-
played striations with normal or oblique components were 
identified as small faults. For example, in a single location, 
near segment II, three sets of fractures were identified and 
interpreted as a conjugate fault set and a joint set. Nearby, a 
shear fracture oriented subparallel to segment II is observed 
along a few meters. A few joints branch off of it, generat-
ing typical horsetail and splay joints (Fig.  6). The hierar-
chy which consists of splay joints associated with strike–
slip faults was already documented in the field (Segall and 
Pollard 1983), and it is assumed, based on experimental 

observations, that they curve parallel to the maximum local 
compressive stress (e.g., Brace and Bombolakis 1963).

Two folds were mapped east and west of the overlap-
ping zone (Fig.  2). Both folds appear as monoclinic flex-
ures associated with the WMF and the EMF. The eastern 
monocline can be recognized in unit A by tilted blocks east 
of the structure (Fig. 2), with layer inclinations increasing 
southward, from 10°/170° to 40°/178° alongside the EMF 
(Fig. 5). Near the basin, the dip orientation changes to SSW, 
as indicated by the bend of the fold axis in its western tip 
(Fig. 2). A fold with a smaller wavelength and more mod-
erate inclinations was observed in rocks from unit B near 
the WMF, west of the overlapping zone, with dips varying 
from 8°/200° about 50 m from the fault to 25°/190° right 
next to the fault surface. In contrast to the eastern folding 
area, the location of the western fold is further away, about 
150 m from the overlapping zone.

Fig. 4   Fault scarps in the northwestern part of the Dalton basin show segment II of the NBF and the internal segments VIII and XI (a). The 
black arrow points to the location of the abrasive oblique striation shown in (b)
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Modeling the deformation near an asymmetric 
pull‑apart basin

Model setup and results

A 3D elastic dislocation model (e.g., Massonnet et al. 1993; 
Savage and Lisowski 1995) is applied in order to simulate 
the deformational pattern in and around the Dalton pull-
apart basin. The aim of this simple model is to calculate 
the stress variations resulting from a relatively small lat-
eral slip (1 m in the present example) along such an asym-
metrical V-shaped basin and to compare it with the field 

observations. The solutions for surface deformation due to 
rectangular dislocations in homogeneous elastic half-space 
media were given by Okada (1985, 1992). Each rectangu-
lar dislocation plane represents a single fault segment and 
is defined by seven parameters: slip; coordinates; length; 
depth; strike; dip; and rake angles. We assumed a uniform 
slip along each segment plane and typical elastic moduli 
for the upper continental crust: shear modulus, µ = 30 GPa; 
and Poisson ratio, ν = 0.25. We constrained the fault geom-
etry and slip parameters based on our detailed field obser-
vations. The LiDAR measurements (Fig.  7) were used to 
constrain the location and segmentation of the fault planes 

Fig. 5   Eastern region of the Dalton pull-apart basin. a The transverse fault segment V connects the NBF (segments III, IV) to the SBF (segment 
VI). b Tilted layers in the folded area east of the pull-apart basin (see Fig. 2). The location of b is marked by a square in a
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and segment lengths, as well as the overall dip and strike 
angles of each segment.

The location and dip of fault segments were used to 
identify the depth of each segment along the pull-apart 
structure. The Dalton pull-apart basin was divided into six 
boundary dislocations. For simplicity reasons, segments 
IV and V in Fig. 2 were simulated as a single dislocation 
while internal segments IX, VIII and X and external fault 
segment XI were not modeled. The easternmost and west-
ernmost dislocations (segments WMF and EMF in Fig. 2) 

were simulated as long and deep (5 km) dislocations. The 
depths of other dislocations were between 150 and 300 m 
according to the dip and distance of each dislocation from 
other fault segments. The rake angles for any given disloca-
tion were defined by the field measurements of the orienta-
tion of striations.

The final fault trace of the modeled dislocations geom-
etry is presented in Fig. 8. The calculations presented here 
were made assuming 1 m of slip along the strike direction 
of the WMF and the EMF. Then, the slip vector on each 

Fig. 6   Splay joints (marked by orange arrows) branched off from a shear fracture (marked by the red arrow) that itself branches in an acute 
angle off the NBF, near segment II

Fig. 7   LiDAR mapping of the exposed fault segments and fault 
scarps in the Dalton pull-apart basin. Scannings were performed from 
five different locations and integrated to generate a complete picture 
of the exposed part of the structure. a All LiDAR data which are not 

related to faults are cleaned, leaving only fault surfaces. b Best-fit 
planes were calculated for the fault segments based solely on striated 
regions
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segment was calculated according to the dip, strike and 
rake angles on each segment. Direct results of the simula-
tions are the strain and stress fields.

We calculated the principal stress (σi) and strain (εi) 
fields due to our pull-apart slip model. The principal stress 
field obtained reveals high stress variations in and around 
the pull-apart basin (Fig. 8). Figure 8a shows the calculated 
shear stress variations. High shear stress (and Coulomb 
stress; not shown here) values were found near the edges of 
the structure and in some places within the pull-apart basin. 
These locations within the basin are in general agreement 
with the locations of fault segments within the pull-apart 
basin (segments IX–X in Fig. 2). As expected for a right-
lateral strike–slip structure, high stress values were found 
near the eastern tip of the structure (Fig. 8b). This region is 

also the area in which tilted blocks and an increase in rock 
layer inclination were observed. Based on the results of the 
principal stress field, we calculated the directions of the 
preferred orientations for crack opening, assuming that this 
direction is perpendicular to the minimum principal stress, 
σ3. Figure 9 shows a pattern of short lines which are per-
pendicular to the local σ3. Figure 9 also shows a compari-
son between the calculated and the observed crack orienta-
tions. As shown in the figure, general agreement between 
measured and calculated stress orientation is found just 
next to the structure boundary faults. These observations 
together with the locations of regions with high stress 
variations suggest that our simplified model explains the 
deformational features near the basin. Some discrepancy 
between the observations and model predictions near the 
fault tip and away for the structure (>30 m) is discussed in 
the next section.

Model predictions and implications

Our model presents the deformational pattern associated 
with the development of an asymmetrical V-shaped pull-
apart basin. In this sense, this model is different from previ-
ous 3D models which mostly focused on the evolution of 
basins generated by interaction of parallel strike–slip seg-
ments (Katzman et al. 1995; Petrunin and Sobolev 2008; Ye 
et al. 2015).

The predicted high stress levels occur near the eastern 
and the western margins of the basin, close to locations of 
the observed main deformational features. Fault segment 
XI (Fig. 2) west of the pull-apart basin is found in an area 
of high shear stresses, while the folded area near the eastern 

Fig. 8   Shear stress (a) and mean stress (b) calculated for an asym-
metric basin using a dislocation slip model (see text for more details). 
Thick black lines mark faults traces

Fig. 9   Observed (red lines) and modeled (thin black lines) tensile 
crack orientations. The orientation of the black lines is calculated as 
the normal direction to the least principle stress
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tip of the basin (Figs. 2, 5) is in an area of high mean stress 
levels (Fig. 8). According to the model, fracture and small 
faults are more prominent in kink points of segments, for 
example, near the area connected between segments VI and 
VII (Figs. 2, 8).

Our model predicts abrupt stress variations close to the 
faults of the basin (Fig. 8). This stress pattern can explain 
the local variations observed in fracture orientations around 
the basin (Fig. 2). The orientations of most joints observed 
close to the fault segments are in agreement with model 
predictions. Some discrepancy exists between the model 
predictions and the observations obtained near the eastern-
most edge of the structure and at locations away from the 
faults (>30 m; Fig. 9). We note that the model predicts the 
stress state under the present geometry but it is likely that 
some of the measured fractures and folds developed dur-
ing previous stages of the structure’s evolution, under dif-
ferent local stress orientations. Later deformation episodes 
might also affect the observations; for example, the model 
failed to predict the NNW–SSE orientations measured in 
the southern and the northern stations (Fig. 2). These might 
have been generated later, under a different regional stress 
field (see Eyal and Reches 1983).

Further discrepancy between the elastic predictions and 
the actual deformation naturally increases with the continu-
ation of the deformation and the development of irrevers-
ible deformation (e.g., Hamiel et  al. 2004). The fact that 
near one tip of the basin the deformation is manifested by 
folding while near the other it is brittle might be related to 
the lithological differences between the two regions (Fig. 2) 
and to the asymmetry in fault geometry.

Discussion

The Dalton basin presents some unique geometrical 
aspects that deviate from the basic and relatively simple 
rhomb-shaped pull-apart model. In the basic model, a 
transverse planar fault is generated between the edges of 
the subparallel strike–slip fault segments and the lateral 
extension is defined by the size of the symmetric rhomb-
shaped basin. The length of the basin is therefore similar 
to the overall lateral displacement along it (e.g., Quennell 
1959; Garfunkel 1997); consequently, a transverse fault 
is usually placed in many analogue models as an initial 
geometric condition. Here, we suggest that the asym-
metrical geometry of the Dalton basin represents a dif-
ferent fault interaction and basin evolution. Since direct 
indications for the amount of horizontal slip along the 
faults are absent, the stratigraphic separation and the ori-
entation of striations (rake) in the overlapping zone can 
be used for evaluating the overall lateral displacement. 
Assuming a rake of 15° westward along the northern and 

southern boundary faults and a stratigraphic separation of 
10–50 m, we can evaluate the overall horizontal displace-
ment as a value between 40 and 180 m. Although this is a 
rough calculation, it constrains the overall displacement 
along the faults, which is shorter than the length of the 
overlapping zone (~250  m). We therefore conclude that 
the length of the overlapping area is larger than the total 
lateral displacement. This result implies that the length of 
the structure is no longer an indication of the overall slip 
in asymmetrical pull-apart basins.

The Dalton basin displays asymmetry in all three dimen-
sions. Figure 10 presents a diagram simplifying the general 
3D architecture of the faults bordering the pull-apart basin. 
The longitudinal asymmetry of the basin is reflected by the 
appearance of a single bordering transverse fault (segment 
V in Fig.  2). The western border of the overlapping zone 
is displayed by the diminishing of the SBF scarp and by 
a transition from a vertical fault (segment I) to an inclined 
fault (segment II) in the north. The lateral asymmetry is 
also displayed by the segmented NBF relative to the SBF 
(Fig. 2), while the vertical asymmetry is displayed by the 
southward dipping of the NBF and the generation of an 
asymmetric V-shaped basin. The patterns of the bordering 
faults in map view (Figs. 1, 2) reflect an elongated and less 
rhombic structure.

Fig. 10   A simple conceptual model of the Dalton pull-apart basin. 
a Three-dimensional scheme showing horizontal surface (marked by 
“n”), which is faulted by right-lateral displacement along the strike–
slip fault segments. Dotted lines mark lines branching off the main 
fault. b Two stages in the basin evolution are interpreted in two-
dimensional scheme (map view). Original interaction of the subparal-
lel fault traces is marked by the dotted line; later extension is marked 
by the dashed line
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The observations above summarized the structural devia-
tions of the basin from the basic pull-apart model. A slightly 
different interpretation for the basin evolution is therefore 
presented in Fig. 10. According to this scenario, the inter-
action of the two subparallel faults is not expressed by a 
transverse planar fault that connects the edges of the sub-
parallel segments, but rather by evolution of inclined branch 
that is bent in the surface and that joins the other strike–slip 
segment at depth (Fig.  10a). Therefore, a more elongated 
and asymmetrical basin is predicted to evolve, with less 
correlation between the lateral displacement and the basin 
length. Continuation of the lateral displacement is absorbed 
by strike–slip along the longitudinal faults (NBF and SBF) 
and by normal faulting along the transverse fault (Fig. 10b). 
Such an extension is probably associated with internal 
deformation of the basin, which is not interpreted here.

The scenario presented is slightly different from a sim-
ple pull-apart model, and it explains the main observations. 
We note that the observations and this conceptual model 
cannot discriminate between branching (lensing) of a sin-
gle propagating strike–slip fault and joining of two individ-
ual subparallel segments.

Finally, the interpreted basin geometry and evolution 
might be relevant for understanding the structural features 
in other basins along strike–slip faults. Asymmetry between 
bordering faults has been documented in several mature 
basins (Ben-Avraham 1992; Brew et al. 2001; Hinsch et al. 
2005; Wetzler et al. 2015). For example, the Dead Sea pull-
apart basin displays elongated patterns, a steep eastern bor-
dering fault and less coherent western margins (e.g., Gar-
funkel 1997). The asymmetric V-shaped cross section of 
the Dalton structure is typical in some other large and small 
basins. For example, an asymmetrical V-shaped structure 
was suggested, based on seismic interpretation, for the 
Vienna basin (Hinsch et al. 2005).

On extremely different scales, laboratory experiments 
indicated that such geometry can be developed when a sub-
surface strike–slip fault propagates to near surface regions 
(Tchalenko 1970; Naylor et al. 1986). Therefore, the Dal-
ton Basin might be interpreted as a large Riedel shear 
structure. We note that such a V-shaped structure is differ-
ent form a rhomb-shaped graben with very steep boundary 
faults that is crossed by younger faults developed during 
latter phase of the structure evolution (e.g., Schattner and 
Weinberger 2008).

Summary and conclusions

The exposure of faults near the Dalton basin enabled us to 
reconstruct the geometry of this basin and to present a real-
istic model of the structure and the nearby region. We find 
that the geometry of the basin is asymmetric in all three 

dimensions and deviates from the typical rhomb-shaped 
structure. The basin, whose patterns in map view are elon-
gated, is not bordered by transverse or diagonal faults on its 
western edge. In vertical transverse cross section, the basin 
displays an asymmetrical branching structure. The amount 
of lateral displacement along the basin is smaller than the 
length of the overlapping zone and is localized on oblique 
bordering strike–slip faults.

The deformation around the basin is moderate, except 
near the tips of the bordering faults. Fracture orientations 
vary locally near the basin’s bordering faults, and a flexure 
is observed near the eastern edge of the basin. 3D modeling 
of stress variations demonstrates high stress values near the 
eastern and the western borders of the structure.

We present an alternative conceptual model for the 
development of an elongated pull-apart basin. This model 
suggests that a non-planar fault branch transfers the motion 
between the two subparallel strike–slip segments (Fig. 10). 
This distinctive fault interaction can explain both the 3D 
asymmetry of the basin geometry as well as the limited 
correlation between basin length and lateral displacement. 
We suggest that original non-planar fault interactions can 
strongly affect the continuation of basin evolution and can 
be the key to the evolution of asymmetrical and less rhom-
bic basins in releasing bends along strike–slip faults.
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