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Introduction

Despite the fact that folds are generally compression-
related structures that develop during orogenic movements 
(Abu Sharib and Bell 2011; Abu Sharib 2012, 2015), non-
orogenic folds also commonly occur in extensional settings 
(e.g., Schilsche 1992, 1995; Gawthorpe et al. 1997; Janecke 
et  al. 1998; Gupta et  al. 1999; Maurin and Niviere 1999; 
Corfield and Sharp 2000; Sharp et  al. 2000). Extension-
related folds include differential compaction-related folds, 
longitudinal, and transverse folds (Janecke et  al. 1998; 
Schilsche 1995). The latter two categories differ markedly 
in their axial planes orientations in relation to the associated 
faults. Longitudinal folds have hinge lines oriented paral-
lel to sub-parallel to the strike of the associated faults, and 
are represented by drag folds (Fig. 1a), reverse drag folds 
(Barnet et al. 1987; Mukherjee and Koyi 2009; Mukherjee 
2011, 2014) (Fig.  1b), roll-over anticlines (Fig.  1c), and 
fault-propagation folds (Corfield and Sharp 2000; Sharp 
et al. 2000) (Fig. 1d). They are attributed to (1) frictional 
drag along the fault surface (Twiss and Moores 2007; Davis 
et al. 2012) (Fig. 1a, b), (2) flexuring at the tip of upward 
propagating faults (Fig. 1d), (3) decreasing fault displace-
ment perpendicular to the strike of the fault (Fig. 1a, b, c), 
and (4) overlapping fault systems (Fig.  1e–g). Transverse 
folds, on the other hand, have hinge lines at high angle 
(perpendicular) to the associated faults, and are attributed 
to along-strike variations in fault displacement (Fig. 1h).

The Tertiary Gulf of Suez (GOS) continental rift 
remains a prime focus for studies to understand geom-
etry, types, and mechanism of formation of extension-
related folding (Coffield and Schamel 1989; Gawthorpe 
et  al. 1997; Gupta et  al. 1999; Sharp et  al. 2000; Misra 
and Mukherjee 2015). The extension-related folds 
(hanging-wall side) were generally attributed to various 
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reasons. Coffield and Schamel (1989) attributed these 
folds to gentle rollovers above oblique ramps, and to 
passive draping of poorly consolidated sediments above 
normal faults. According to Younes and McClay (2002), 
extension-related folds formed due to the local shorten-
ing that developed at the intersection of rift-related nor-
mal faults and basement-related shear zones. Growth 
folding and monoclines above steep blind normal faults 
during rifting were also proposed (Patton 1982; Moustafa 
1987; Moustafa and El-Raey 1993; Gawthorpe et  al. 
1997; Sharp et  al. 2000; Gupta et  al. 1999; Misra and 

Mukherjee 2015). Extension-related folds in the western 
side of the Gulf of Suez rift received lesser attention.

Detailed lithological/structural mapping showed that 
Kilometer-scale extension-related close folds are exposed 
in the St. Paul area, western side of the Gulf of Suez rift, 
where pre-rift Late Cretaceous ammonite-bearing rocks are 
folded into a series of SSE-plunging meso-to-macroscopic 
folds.

This work aims to: (1) determine the nature of the St. 
Paul folds; (2) introduce a new extension-related fold-
ing mechanism (buttressing); and (3) introduce a probable 

Fig. 1   Cross-sectional views 
(a–d) and block diagrams (e–h) 
showing fault-related longitu-
dinal and transverse folds. a 
Drag fold. b Reverse drag fold. 
c Roll-over anticline. d Forced 
fold. e Transverse syncline 
developed due to along-strike 
variation of the fault displace-
ment. f, g, h Longitudinal 
anticline (f, h) and syncline (g) 
developed in the zones between 
two completely overlapping 
planar (f, g) and listric (h) faults
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explanation of the origin of folding of the pre-rift Late Cre-
taceous rocks in the St. Paul area during the crustal exten-
sion that accompanied the Gulf of Suez rifting.

Geologic setting

The Gulf of Suez is (GOS) a ~300  km long, northwest-
trending continental rift that separates the Sinai microplate 
to the northeast from the African plate to the southwest 
(Fig.  2). Extension along the rift developed as a result of 
northeastward motion of the Arabian plate relative to the 

African plate (Fig.  2) during Late Oligocene-Early Mio-
cene (Patton et  al. 1994; Purser and Bosence 1998; Bos-
worth and McClay 2001). However, Sehim et  al. (1999) 
argued, based on the litho- and bio-facies of the oldest 
syn-rift sediments, that the rifting initiated during the Late 
Eocene to Early Miocene.

Based on the along-strike abrupt changes in the dip 
polarity of the rift border faults and intra-rift faults, the 
GOS rift is divided into three dip provinces (northern, 
southern, and central), separated by up to 20  km wide 
Zaafarana-and Morgan- accommodation zones (Bosworth 
and McClay 2001; Moustafa 2002; Younes and McClay 

Fig. 2   General structural 
overview of the Gulf of Suez 
rift that shows the dip polarity 
of the rift-bounding and master 
faults in the three dip provinces, 
and the two major accommo-
dation zones (modified after 
Khalil, 1998; Bosworth and 
McClay 2001)
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2002) (Fig. 2). The northern- and southern-dip provinces 
are characterized by NE-dipping master faults (rift bor-
der) and SW-dipping beds, while the central dip province 
is dominated by NE-dipping beds and SW-dipping master 

faults. The rift-bounding faults are generally listric with 
the intra-rift faults featuring a classical half-graben style 
(Patton et al. 1994; McClay et al. 1998).

Fig. 3   a Geological map of St. 
Paul area showing the distribu-
tion of the exposed rock units 
and the major faults. b, c Struc-
tural cross sections along lines 
X–Xʹ and Y–Yʹ, respectively. d 
Detailed structural map [inset 
labeled (d)] showing the NE–SE 
and N–S-striking faults and the 
major NW-SSE-oriented folds. 
e Lower hemisphere projection 
of the pole to bedding planes. 
f Lower hemisphere projection 
of the axes of mesoscopic folds 
and folded ammonites
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The St. Paul Monastery area, Southern Galala, Egypt, 
lies 30  km southwest of Zaafarana city, and is located in 
the central dip province on the western side of the Gulf 
of Suez rift (Figs. 2, 3). It is dissected by a group of vari-
ably trending rift-related normal faults as well as oblique 
slip faults. The St. Paul area exposes a pre-rift conform-
able succession of alternating Early-to-Late-Cretaceous 
siliciclastic- and carbonate facies, overlain unconformably 
by a predominantly Paleocene–Eocene carbonates facies. 
Different formation names have been assigned to the Creta-
ceous and lower Tertiary succession exposed in the St. Paul 
area (Awad and Abdallah 1966; Abu Khadrah et al. 1987; 
Kuss et  al. 2000; Scheibner et  al. 2001; Abdel-Gawad 
et  al. 2007; Höntzsch et  al. 2011). These formations are 

arranged from bottom to top as: Malha, Galala, Wata, Mat-
ulla, Sudr, Dakhla, Southern Galala and Thebes (Fig.  4a, 
b). The Malha Formation consists mainly of fluvial sand-
stone of Aptian-Albian age (Cretaceous) (Abdallah and 
El Adindani 1963). The Galala Formation is composed of 
about 51-m-thick succession of alternating sandstone and 
shale with rare intercalations of dolostone or marl of Late 
Cenomanian age (Cretaceous). The Late Cenomanian fauna 
include Ceratostreon flabellatum, Rhynchostreon subor-
biculatum, Ilymatogyra africana, Costagyra olisiponen-
sis, Eoradiolites liratus, Thomelites sornayi, and Hemias-
ter cubicus. The upper part of the formation occupies the 
uppermost Cenomanian ammonites Vascoceras cauvini and 
Rubroceras alatum. The 61-m-thick Wata Formation is of 

Fig. 3   (continued)
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Turonian age, and is composed of yellowish- and grayish-
white limestone interbedded with yellow marl and minor 
shale. The Turonian ammonites recorded at the base and 
top of the formation are Choffaticeras segne, Choffaticeras 
securiforme, Thomasites rollandi, and Coilopoceras req-
uienianum. The Matulla Formation is made up of about 
150-m-thick interbedded sandstone, glauconitic shale, and 
sandy dolostone of Coniacian–Santonian age. The Sudr 

Chalk is composed of about 100  m thick white-colored 
chalky limestone of Campanian–Maastrichtian age (Awad 
and Abdallah 1966; Abdel-Gawad et  al. 2007). The Pale-
ocene and Early Eocene marl and limestone ramp succes-
sion is represented by two formations: the Dakhla at the 
base; the Southern Galala at the top (Kuss et al. 2000; Galal 
and Kamel 2007). The Dakhla Formation is made up domi-
nantly of basinal marls of Danian age (Kuss et  al. 2000). 

Fig. 4   a Stratigraphic section of the rock units exposed in the St. 
Paul area with the most common ammonite species present. b Pan-
oramic view shows the different formations exposed in the St. Paul 

area: Sudr chalk (Sud); Matulla (Ma); Wata (Wa); Malha (Mal); 
Galala (Ga); Dakhla/Southern Galala (Da/SG)
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The Southern Galala Formation is made up of a succes-
sion of marl and chalky limestone of Late Selandian-Early 
Yepresian age. It is topped by the Early Eocene (Yepresian) 
nummulitic limestone of the Thebes Formation.

Structural elements in the St. Paul area

 Faults

Normal faults

Normal faults, which are the most abundant type of faults, 
occur in two main rift-related trends: N–S (N015o) and 
NE–SW (N030o) (Jarrige et  al. 1986). The N–S-trending 
faults are represented by west- and east-dipping faults (A 
and B, respectively) forming a horst structure (Fig.  3). 
The fault B, which extends for about 5 km and continues 

north-and-southwards outside the study area, juxtaposes 
the Eocene block (eastern side of the map) against the Cre-
taceous block. The latter is faulted against the high relief 
Eocene-Late Cretaceous block (western side of the map) 
along the fault A (Fig. 3). The fault A cuts across the area 
for about 3.5 km until it ends against fault C (Fig. 3). The 
sub-horizontal strata (~3–5°) in the footwall block of fault 
A reveals that this fault is a rift shoulder fault.

The fault C is segmented into three segments: a northern 
and a southern NE–SW striking; and a central NNE–SSW-
striking. It extends for about 3  km connecting obliquely 
faults A and B. It juxtaposes the sub-horizontal beds of the 
Early Cretaceous Malha Formation against the moderately 
to steeply-dipping Late Cretaceous succession (Figs. 3, 5a). 
It is a steep (~60°) SE-dipping fault with a gradual decrease 
of the fault plane inclination towards the SE. The strata 
close to the fault are steeply-dipping (~60°) with a decrease 
in the amount of dip (~30–40°) due southeast. Proper 

Fig. 5   a Panoramic view, at a high angle to the trend of the fold axis, 
showing the major non-plunging anticline developed in the hanging-
wall block of the NE–SW-striking fault C that juxtaposes the Early 
Cretaceous Malha Formation (Mal) against the Late Cretaceous suc-
cession. The N–S-striking fault A that juxtaposes the Sudr Chalk 

against the Malha Formation appears in the background. Note the 
high angle between the strike of the fault and the trend of the fold 
hinge. b Steeply-dipping slicken lines that plunge at 55° towards 110° 
indicating a down-dip movement
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dip slip movement on the fault is evidenced by steep, SE 
(down-dip)-plunging slickenlines (Fig. 5b), some of which 
are well-developed on some Turonian ammonites. Differen-
tial along-strike displacement of fault C is evidenced by the 
northeastward decrease in the thickness of the Malha For-
mation in the footwall block of the fault.

Strike slip and transfer faults

Strike slip faults are subsidiary and have generally small 
horizontal displacements. These displacements are clearly 
evidenced by horizontal slickenlines which are preserved 
on some minor fault planes. However, field observation 
shows that some fault planes record a rather complex dis-
placement history, consisting of overprinting translational 
and rotational movements (Fig.  6). Fault B is segmented 
into three synthetically-approached segments (e.g. Mor-
ley et al. 1990) that are linked through two transfer faults 
(D and E) that extend for about ~750 to ~1500  m in 
NNW–SSE-to-NW–SE directions, respectively (Fig.  3). 
The right-lateral sense of movement of these faults is basi-
cally documented through the offset of the lithological 
boundaries (Fig. 3).

Folds

The Late Cretaceous rocks are mesoscopically- to mac-
roscopically folded. The folds are restricted to the hang-
ing wall of the zigzag-shaped fault C (Fig. 3), and extend 
>2  km (Fig.  3) in the study area and continue outside it 
for a considerable distance. No folds were detected in the 

hanging-wall blocks of the N–S-striking faults (A and B), 
where the bedding is primarily sub-horizontal.

Macroscopic folds

The macroscopic folds are represented by two asymmetri-
cal upright anticlines separated by a syncline with gen-
tle SSE-plunging axes and interlimb angle of 70–120° 
(Fig. 3d, e). The southern and northern anticlines are cored 
by the Cenomanian Galala Formation overlain by the Wata 
and Matulla formations (Figs. 3, 5a). The syncline is cored 
by the very thick Sudr chalk (Figs. 3, 7).

Mesoscopic folds

The mesoscopic folds are represented by locally folded 
ammonites in the Wata and Galala formations (Fig. 8), and 
rare kinks developed in the oyster-bearing, shale-dominated 
Matulla Formation. The folds have moderate to steep, 
SSE–ESE-plunging axes (Fig.  3f). The folded ammonites 
are restricted to a very narrow zone, where the steeply-dip-
ping Galala and Wata formations meet fault C towards its 
southwestern end (Fig. 3).

Discussion

The relative timing of the normal faults: the N–S vs. 
NE–SW trends

The geometry of the rifts is strongly controlled by the 
pre-rift fabrics (e.g., East African rift, McConell 1972; 

Fig. 6   Complex movement 
along a minor cross fault cutting 
through the Matulla Formation
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Kazmin 1979; the Baikal rift; Florensov 1966; the Oslo 
rift; Bederke 1966; the Rio Grande rift; Faulds et al. 1990; 
Beck and Chapin 1994; the Suez rift, Jarrige et  al. 1986; 
Younes and McClay 1998, 2002). Four main fault trends 
are recorded in the GOS: the NW–SE (Clysmic), N–S to 
NNE–SSW (Aqaba), E–W to WNW–ESE (Duwai), and 
NE–SW (Cross) trends. These trends represent inherited 
Pan-African basement fabrics (fractures, faults, and shear 
zones) that reactivated during the Neogene extension. The 
typical zigzag geometry of the GOS is attributed to the link 
between the N–S and NW–SE trends (e.g., Lyberis 1988; 
Jarrige et  al. 1986; Younes and McClay 2002). Relative 
age relationships show that the pervasive NE–SW-trending 
faults displace and cross cut the N–S trend (Younes and 
McClay 2002). The former trend is widespread in Sinai 
Peninsula, in the sedimentary cover in the Gebel Dara 
and Wadi Araba areas (Jarrige et  al. 1986, 1990), and in 
the basement rocks on both margins of the Suez rift. Rela-
tively younger NE–SW-trending normal faults are well-
documented throughout the Gulf of Suez rift (Vargo et al. 
1993; Sehim et al. 1999). Sub-surface data of the offshore 
Warda field, about 50 km northwest of the study area, show 
the N–S-striking normal faults that are displaced by the 
NE–SW-striking ones (Vargo et al. 1993; Fig. 4 of Younes 
and McClay 2002).

In the St. Paul area, the NE–SW-striking normal fault C 
abuts against the N–S-striking normal fault B with a fault 
displacement decreasing to minimal values, where both 
faults meet (Fig.  3). The latter observation is evidenced 
by the differential uplift of the Malha Formation along the 
footwall block of fault C. The fault C shows a relatively 
younger extensional event than faults A and B. This con-
clusion is mainly derived from the horizontal attitude of the 
strata in the hanging walls of faults A and B and the foot-
wall of fault C. Moreover, this conclusion is furtherly sup-
ported by the restriction of the folds to the wedge-shaped 
block delimited by the faults B and C. However, the fault C 
does not displace the relatively younger fault B. This could 

be attributed to the dramatic northeast dissipation in the 
stresses responsible for the further northeastward propaga-
tion of the fault C. This led to a decrease in the magnitude 
of the fault displacement in the latter direction. Conse-
quently, the fault C became arrested against the fault B.

Furthermore, what we have is two apparently intersect-
ing faults B and C with one of which is relatively younger 
and cross cuts/displaces the other. Therefore, to determine 
the relative timing between both faults, we introduce the 
assumption that the fault B displaces fault C and that both 
faults do not intersect at the tip point of the latter fault and 
compare the resultant geometry with our field observations. 
Therefore, having such assumption, one should expect 
a more complex faulted blocks in the hanging wall of the 
fault B (Fig. 9). Accordingly, a wedge-shaped down-faulted 
Cretaceous block should have been formed between the 
fault B and the displaced fault C (Fig. 9). Accurate inspec-
tion reveals no record of the Cretaceous rocks nor displaced 
fault C trace in the hanging-wall block of fault B (Fig. 3). 
This excludes the possibility that the fault B is younger and 
cuts across fault C.

Summing up, the movement along the fault C can be 
interpreted by a relatively younger localized NW–SE 
extension. The latter might have been caused possibly by 
the compiled effect of the reactivation of the pre-rift N–S-
striking structure (now fault B) during the general N60oE 
Tertiary extension, and the dextral movement along the 
NW–SE-striking transfer fault E (Fig.  10). However, two 
orthogonal extension directions (NE–SW and NW–SE) 
during the Tertiary extension tectonics can also be con-
sidered (e.g., Rosendahl 1987; Oesterlen and Blenkinsop 
1994).

The relative timing of the folds in relationship 
to the faults

In discussing the relative timing between the folds and the 
bounding rift-related fault C, a compelling question arises, 

Fig. 7   Panoramic view showing the major SSE-plunging syncline in the St. Paul area: Sudr chalk (Sud); Matulla (Ma); Wata (Wa); Malha 
(Mal); Galala (Ga)
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are these extension- or compression-related folds? The Late 
Cretaceous–Early Tertiary time witnessed a major com-
pressional event that recorded the collision between the 
Afro-Arabian and Eurasian plates. This tectonic event is 
manifested by a belt of NE–SW-trending Folds (Syrian Arc 
System) that extends in the North Western Desert and Sinai 
in Egypt, and continues northeastwards in the Naqb desert 
and Syria. However, the compression-related folds scenario 
cannot be true for the St. Paul folds for many reasons. First, 
the horizontal position of the Lower Cretaceous Malha 
Formation in the footwall block of fault C excludes the 
idea of a major folding of the Cretaceous rocks. Second, 
the assumption that the folds originated as a flat-and-ramp 
structure accompanied the movement along an originally 
NW-vergent reverse fault (now fault C) does not explain 
the en-echelon pattern of the St. Paul folds. In the classi-
cal example of the flat-and-ramp geometry during reverse 
faulting (e.g., Boyer and Elliott 1982), the folds are gener-
ally monoclines (sensu-lato), where the affected strata are 
commonly sub-horizontal on the flat part of the fault, and 
steepen as they climb the fault ramp. Moreover, the absence 
of internal reverse/thrust faults in the Late Cretaceous con-
formable succession in the hanging-wall block of the fault 
C excludes the idea that the St. Paul periodic folds origi-
nated as a series of flat-and-ramp structures accompanied 
a series of NW-vergent imbricate reverse faults. Further-
more, the zigzag geometry of fault C requires a compo-
nent of dextral transpression along the oblique ramp, and 
consequently the development of an array of en-echelon 
left-stepping, NE–SW-trending folds (Fig.  11). The trend 
and the sense of stepping of the St. Paul folds are opposite 
to those formed during the compression-related scenario 
(Figs. 3, 11), and yet no offset of the lithological bounda-
ries across the fault C has been recorded. Hence, the exten-
sion-related folding scenario is the most appropriate for the 
development of the St. Paul folds.

Transverse vs. longitudinal folds

The gently SSE-plunging folds are spatially associated 
with fault C, and have their axial planes oriented highly 
oblique to it. Consequently, these folds are interpreted 
as transverse- or oblique- folds rather than longitudinal 
ones. Oblique folds commonly develop between en-ech-
elon segments of oppositely dipping normal faults (e.g., 
Faulds et al. 2002). Since the two N–S-striking faults A 
and B completely overlap with a shared horizontally-bed-
ded footwall block, the term oblique folds cannot apply 
to the St. Paul folds. Consequently, transverse folding is 
the most appropriate term for the folds. However, in con-
trast to the typical fault-related transverse folds formed in 

Fig. 8   a Plan view of folded Turonian ammonite, Choffaticeras secu-
riforme, in Wata Formation. The fold axis plunges 34° towards 165°. 
Note the development of extension fractures along the hinge zone. 
The part of the marker pen is 8  cm long. b Plan view of Turonian 
ammonite, Choffaticeras securiforme, Wata Formation, has been 
completely split along the hinge zone. The fold axis plunges towards 
174° at 22°. The part of the marker pen is 7.5 cm long. c Plan view 
of folded Turonian ammonite, Choffaticeras securiforme, in the Wata 
Formation. The fold axis plunges towards 112° at 55°. d–k Well-
developed folded periphery in some float ammonites: (d–f) Chof-
faticeras securiforme, Early Turonian, Wata Formation, g Vascoceras 
cauvini, Late Cenomanian, Galala Formation, h–k Choffaticeras 
segne, Early Turonian, Wata Formation

◂

Fig. 9   Two sketches a and b refutes the idea that the fault B is rela-
tively younger and cuts across the fault C. Assuming that the faults A 
and B are relatively younger than fault C (a) and that the latter fault is 
crossed by the fault B (b) would create complex fault geometries with 
wedge-shaped Cretaceous block in the hanging wall of fault B. See 
the text for the explanation. Cre: (Cretaceous); Eo: (Eocene); A, B, 
and C: (the N–S and NE–SW-striking faults, respectively)
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an extensional regime with fold hinges oriented at high 
angles (nearly perpendicular) to the fault plane (e.g., 
Fig. 1e), the folds in the St. Paul area have acute angles 
with the bounding fault C.

Some fault planes record a rather complex displace-
ment history, consisting of overprinting translational and 
rotational movements (Fig. 6). The latter movement along 
some minor cross faults that are oriented at high angle to 
the master NE–SW fault might have modified the angular 
relationship between the transverse folds and the bounding 
fault.

Extension‑related transverse folds

The major rift-related N–S-striking horst structure that 
developed between the two overlapping normal faults 
divides the St. Paul area into the undeformed Eocene 
hanging-wall blocks and the Cretaceous footwall block 
(Fig. 3). The latter is dissected by the relatively younger 
NE–SW-striking fault C. The juxtaposition of the mac-
roscopically-folded Late Cretaceous hanging-wall block 
against the horizontally-bedded Early Cretaceous Malha 
Formation in the footwall block across the fault C implies 

Fig. 10   Schematic model illus-
trating the possible progressive 
development of the NE–SW-
striking fault C. a Pre-rift N–S 
and NE–SW-striking structures 
at the NE–SW Tertiary exten-
sion. b Reactivation of the N–S-
striking structures, being the 
more favourable orientation for 
extension, into normal faults. 
c Reactivation of the NE–SW-
striking structures into relatively 
younger normal faults through 
the localized extension created 
by the interplay between the 
general NE–SW tertiary exten-
sion and the movement along 
the transfer fault connecting the 
two segments of the relatively 
younger N–S-striking faults
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that the St. Paul transverse folds are extension-related 
structures that formed contemporaneous with the later 
rift-related fault.

The origin of the St. Paul folds

The lack of the double plunging geometry of the St. Paul 
folds precludes their development by along-strike displace-
ment variation of the bounding fault C (for an analog, 
see Fig.  1e, and Khalil and McClay 2002). Similarly, the 
lack of the monocline geometry of the folds excludes the 
idea that the folds originated as forced folds above either 
a propagating high angle blind normal fault or a sub-sur-
face fault scarp (e.g. Fig. 1d). Moreover, the ~80 m ampli-
tude (Fig. 3b), the kilometer scale, and the obliquity of the 
folds to the bounding fault C refute the notion that they 
formed as normal fault-related drag folds (e.g., Fig.  1a, 
b, c).Furthermore, the horizontal position of the Early 
Cretaceous Malha Formation in the footwall block of the 
west-dipping normal fault A (Fig. 3) is a key structural ele-
ment. It excludes the possibility that the kilometer-scale 
transverse folds predate the rift-related NE–SW-striking 
fault and that they were developed originally as an array 
of en-echelon NW–SE-striking folds that are attributed 
to the movement along a major pre-rift right-lateral strike 
slip fault (Fig. 12a). If this was the case, the NE–SW fault 
would be a later structure across which the hanging and 
footwalls are folded (Fig. 12b). On the other hand, the fact 
that fault C separates horizontally-bedded (Malha Forma-
tion) and macroscopically-folded domains excludes the idea 
that the folds originated as longitudinal folds between the 
two completely overlapping faults A and B (e.g., Fig. 1f, g). 
The relatively younger NE–SW-striking fault, in this case, 
would be separating two gently folded domains.

There are no offset of lithological boundaries across or 
horizontal movement along the entire length of fault C. 
These observations exclude the possibility that the St. Paul 
folds formed as an en-echelon array of NW–SE-trending 
folds as a consequence of movement along an originally 
left-lateral strike slip fault C that has been reactivated dur-
ing the Tertiary extension.

Considering the zigzag geometry of the fault C, the 
movement of the Late Cretaceous hanging-wall block along 
the fault might have created alternating zones of localized 
extension and shortening (Fig.  13a). However, applying 
orthographic projection technique showed that the amount 
of shortening created by the geometry of the fault is esti-
mated to be only ~3% (Fig.  13b), whereas restoring the 
folds to the undeformed state in a direction perpendicular 
to the plunge direction yielded a total shortening of ~13% 
(Fig.  3b). Similarly, the amounts of shortening (Fig.  13c) 
estimated from restoring both the rooted and transferred 
deformed ammonites to the unfolded state range from 1 
to 10%. This implies that the zigzag geometry of the fault 
C might have contributed to the overall shortening of the 
SE-moving hanging-wall block but was, of course, not the 
sole mechanism for the folding. Zigzag-fault pattern at the 
scale of rift-bounding and intra-rift faults is very common 
and well-documented in the Gulf of Suez rift (Garfunkel 
and Bartov 1977; Jarrige et  al. 1986; Moretti and Chénet 
1987; Colletta et al. 1988; Meshref 1990; Moustafa 1993; 
Patton et  al. 1994; Schutz 1994; Bosworth 1995; McClay 
et al. 1998).

In addition, the horizontal strata in the hanging walls 
of the faults A and B and the footwall of fault C imply 
that the strata in the hanging wall of the latter fault were 
horizontal prior to the faulting. The steeply-dipping 
(~60°) fault C juxtaposes Early- and Late-Cretaceous 

Fig. 11   a Schematic diagram 
illustrates the movement along 
the fault C during the pre-rift 
NW–SE-trending compression. 
b Development of an array 
of en-echelon left-stepping, 
NE–SW-trending folds (in plan 
view) as a consequence of a 
transpressional regime created 
due to the movement along the 
oblique ramp of the zigzag-
shaped fault C
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blocks in the foot- and hanging walls, respectively. Out-
side the disturbed fault zone, the thicknesses of the Creta-
ceous strata are well-measured (Fig. 4a). Accordingly, the 
throw of the fault is roughly estimated to be about 100 m, 

assuming no drastic along-strike thickness changes of the 
different formations. Such throw (100 m) requires about 
58 m heave that increases as the fault flattens downwards. 
The maximum, present-day, spacing distance between the 
faults C and B is 1250 m (distance between points z and 
z` in Fig. 3), and so restoring the disturbed strata in the 
hanging wall of fault C into the position prior to faulting 
would produce a total outcrop distance of about 1310 m. 
Hence, the movement along the fault C would have short-
ened the southeast moving less competent Cretaceous 
hanging-wall block by an amount of, at least, 4.5%. The 
amount of shortening estimated by restoring the folded 
hanging-wall strata of fault C into the undeformed state 
in a direction parallel to the maximum outcrop distance 
line (z–zʹ) line in Fig.  3 is about 4% resembling the 
shortening produced by the movement along fault C (see 
above). Therefore, we introduce an alternative new fold-
ing mechanism, wherein the Late Cretaceous beds in the 
down-faulted St. Paul block are folded into a series of 
extension-related transverse buttress-like folds. Well-doc-
umented examples show that the buttress folds are reacti-
vation structures form in the hanging wall of the non-pla-
nar normal faults during basin inversion (e.g., Dart et al. 
1995; McClay et al. 1998; Baum et al. 2008). The move-
ment along the flat segment of the fault is much easier 
than that along the ramp which acts as a buttress inhibit-
ing the movement and causing shortening and folding of 
the hanging-wall block (Fig.  14a, b). We adopt another 
type of buttressing whereby the buttress-like folds 
develop when the strata are pushed against a stationary or 
partially stationary wall in a similar way to bulldozer-like 
effect (Fig. 14c, d). The folds in such a model form due to 
a combination of buttressing and space accommodation 
problem (Fig.  14c, d). Surface and sub-surface positive 
inversion structures are widespread and well-documented 
during the Late Mesozoic-Paleogene Syrian Arc tec-
tonic event (Moustafa 2013, Fig.  2). Sub-surface exam-
ples include the Kattaniya, Mubarak, Alamein-Razzak, 
and Matruh basin folds in the northern Western Desert 
(Bakr and Helmy 1990; Nemec 1996; El-Shaarawy et al. 
1992; Abd El-Aziz et al. 1998; Moustafa 2008; Moustafa 
et  al. 2002, 2008). Surface outcrops of inverted basins 
include the Maghara, Halal, and Yelleg folds in northern 
Sinai, and Wadi Araba Anticline in the northern Eastern 
Desert (Moustafa and Khalil 1995). The latter is about 
30 km north of the study area (Fig.  2). However, in the 
St Paul area, no surface evidence of inversion tecton-
ics exists, nor sub-surface seismic profiles are available, 
and moreover, pre-rift compression as the main driving 
mechanism of the folds has been excluded (see Sect. 4.2). 
Therefore, we consider that the folds formed due to the 

Fig. 12   Schematic model refuting the pre-rift wrenching as an ori-
gin of the St. Paul folds. a Development of an array of echelon left-
stepping, NW–SE-trending folds accompanying a pre-rift left-lateral 
strike slip fault. b Development of a rift-related NE–SW-trending 
fault C crosscutting the early-formed folds
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effect of buttressing and to adjust space (Figs. 14c, d, 15). 
The southeast movement of the less competent, Late Cre-
taceous, wedge-shaped hanging-wall block of the fault C 
against the relatively more competent, Eocene, footwall 
block of the fault B (Figs.  14c, d, 15b, e), which acted 
as a buttress, would have created a localized zone of 
NW-SE shortening. The latter shortened the SE-moving 
block causing it to crumple and fold into meso- to macro-
scopic scale SSE-plunging folds (Figs. 14d, 15c, f). The 

amount of shortening along the moving block varies, and 
is influenced by its wedge geometry. It is greater as the 
wedge tightens near the northeastern tip and decreases 
as the wedge widens in the southwest direction. The pro-
file view of the folds along the cross-sectional line X–Xʹ 
shows tighter folds having amplitudes of about 80  m, 
whereas that along cross-sectional line Y–Yʹ, on the 
other hand, shows more open folds having amplitude of 
about 31  m. The amounts of the total shortening along 

Fig. 13   a Development of 
alternating zones of shorten-
ing (ZOSh) and extension 
(ZOE) due to the movement of 
the hanging-wall block along 
the zigzag-shaped fault C. b 
Cross-sectional view of the fault 
C with a 100 m throw. c Total 
of ~3% shortening, calculated 
using the orthographic projec-
tion technique, caused by the 
zigzag geometry of the fault C 
at 100 m throw. d Profile of a 
very open fold that should have 
been developed due to the 3% 
shortening. e Amount of short-
ening calculated by restoring 
the in- and off-situ deformed 
ammonites to the undeformed 
state. The straight dashed line is 
the 3% shortening caused by the 
zigzag geometry of the fault C
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the sections were estimated to be 13.4 and ~9%, respec-
tively (Fig.  3b, c). The wedge-shaped geometry of the 
moving hanging-wall block together with the heterogene-
ous deformation explains locally more intense shortening 
and folding.

The spreading of the plunge direction of the axes 
of the folded ammonites up to ~40° (from SSE to ESE 
trending, Fig.  3f) is interpreted to be due to the combi-
nation effect of the buttressing, the zigzag geometry of 
the fault C, and the rotational movement along the minor 
cross faults that are oriented at high angle to the master 
NE–SW faults and buttress zones. Given the fact that 
almost all the deformed ammonites were collected and 
recorded from very close to the intersection between two 
segments of the fault C, the zigzag geometry of this fault 
might have stressed ammonites locally. The minor cross 

faults may have formed pre, syn, or post the buttress folds 
(e.g., Dart et al. 1995).

Relative movement along the N–S and NE–SW‑trending 
faults and its significance

Given that the whole area has been extending during 
rifting, a compelling question arises, what caused the 
localized shortening between faults B and C? In other 
words, if both faults were under extension where did 
the buttressing come from? The answer to this question 
stems from the fact that in an area under extension, a 
localized zone of shortening may develop in the shared 
faulted block between two synthetic faults (Fig. 16). This 
depends on the slip rate, relative timing, the amount of 
throw and heave of both faults, and the reactivation of 
the early-formed fault. Differential amount of throw of 
the two faults would create the above-mentioned local-
ized zone of shortening provided that the throw of fault 
C is greater than that of fault B (Fig. 16i). No localized 
shortening will occur if the early-formed fault is linked to 
a younger detachment fault. In this case, the detachment 
fault takes the lead of tectonics, and the early-formed 
fault acts as a passive fault (Fig. 16ii and iii).

Non-linked faults generally behave independently. 
Depending on the amount of throw and slip rate of the 
early-formed outer fault relative to those of the younger 
one, later reactivation of the former fault results in either 
extension or shortening of the shared faulted block. The 
localized shortening will be manifested either by the devel-
opment of a series of localized folds (Fig.  16iv) or by a 
reverse fault (Fig. 16v). In all cases, the fault which has the 
slower slip rate and the smaller throw will act as a buttress 
to the other fault with the greater throw and faster slip rate 
(Fig.  16). The amount of shortening increases as the two 
faults converge downwards due to space accommodation 
problem.

In the St. Paul case, the amount of throw of fault C was 
greater than that of fault B. Consequently, the later fault 
acted as a buttress to the SE-moving hanging-wall block of 
the fault C.

Body rotation vs. folding of the ammonites

Assuming constant volume homogenous strain, rigid body 
rotation (or translation) implies zero strain and hence the 
fossils remain undeformed before and after deformation. 
The factors that might affect the degree and type of defor-
mation of deformed fossils include: (1) the strain type, 
whether coaxial or non-coaxial; (2) the fossils dimensions; 

Fig. 14   Schematic diagrams illustrate two models of the develop-
ment of buttress folds: inverted basin model (a, b); and space accom-
modation problem model (c, d). In the latter model, the movement 
of the solid layer (the hanging wall of fault C in reality) against the 
vertical stripped stationary edge (fault B in reality) causes the solid 
layer/hanging-wall block to be shortened and folded
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(3) the fossils orientations with respect to the applied 
stresses; (4) the magnitude of the applied differential 
stresses; (5) matrix bulk strain; and (6) host rock type. The 
last two factors deal with the competence contrast that is 
of two main types; layer competence contrast, and fossil-
matrix competence contrast. In general, the higher bulk 
strain the stronger, the deformation of the fossils, and the 
higher the competence contrast the greater the difference 
in the finite strain between the fossils/inclusions and the 
enclosing matrix. However, without strain measurements, 
it is hard to tell whether a more deformed fossil is due to 
a higher bulk strain, to a relatively competent matrix, or 
both. The amount of bulk strain can vary due to the strain 
partitioning that depends mainly on the fossil-matrix com-
petence contrast, and/or layer competence contrast. Two 

contrasting scenarios explain the interplay between the 
deformation partitioning and the competence contrast. In 
the first scenario, in a stratigraphic succession, the defor-
mation partitions into the less competent or incompetent 
part of the rock, whether the fossils or the hosting matrix, 
causing it to be strongly deformed (Fig. 17a–d). Similarly, 
in an alternating succession of competent-incompetent 
fossileferous layers, the less or incompetent layers will be 
strongly deformed than the competent ones, and conse-
quently, the fossils in the latter will be less deformed than 
in the former. For example, competent fossils embedded 
in an incompetent or less competent matrix may remain 
undeformed or slightly deform during ductile deforma-
tion (Fig. 17a, b). Similarly, competent fossils will be less 
deformed than incompetent ones in a common matrix 

Fig. 15   Schematic 3D (a–c) 
and 2D models (d–f) showing 
the development of the but-
tress folds in the St. Paul area 
during progressive extension. 
a Incipient development of a 
horst structure between two 
oppositely dipping N–S-striking 
normal faults in a horizontally-
bedded Cretaceous to Eocene 
stratigraphic succession. b, d 
Continuous extension intensifies 
the horst structure due to the 
pronounced displacement along 
the faults A and B, and leads 
to the incipient development of 
the NE–SW-striking SE-dipping 
normal fault C in the footwall 
block of the horst structure. 
c, f Development of buttress 
folds in the wedge-shaped 
zone of localized shortening 
created between the SE-moving 
hanging-wall block of the fault 
C and the N–S-striking fault B 
(see the text for explanation)
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(Fig. 17e, f). For no or little competence contrast (i.e., the 
fossils have the same competence as the matrix), the fos-
sils and the matrix deform at the same degree (Fig. 17g, h). 
In the second scenario, the deformation partitions into the 
more competent part of the rock, and competent inclusions 
embedded in an incompetent matrix will be more deformed 
than the matrix (e.g., Freeman and Lisle 1987). Similarly, 
in a succession of alternating incompetent-competent lay-
ers, a competent layer will be more deformed than incom-
petent ones during ductile deformation.

In the St. Paul area, the ammonites are embedded in 
three relatively thin, hard, argillaceous limestone marker 
beds (Fig.  4a). The folded ammonites occupy the strati-
graphically lower two horizons, and are bounded from 
the bottom by the relatively incompetent calcareous grey 

shale-dominated Galala Formation (Cenomanian) and 
from the top by the friable argillaceous sandstone beds 
of the soft, marl-dominated Wata Formation (Turonian) 
(Fig.  4a). They are variably sized, some of which attain 
50 cm in diameter, lying exactly on the bedding planes, and 
have the same composition as the enclosing matrix. Conse-
quently, the fossils-matrix competence contrast is negligi-
ble or almost zero, whereas the layer competence contrast, 
i.e., between the ammonite-hosting rock and the upper and 
lower bounding rocks, is relatively high. Since the exten-
sion-related mechanism has been proposed for the forma-
tion of the St. Paul folds rather than the simple shear mech-
anism (i.e., wrench-related folds), a pure shear-like regime 
was acting during the formation of the St. Paul folds. The 
horizontal position of the ammonites, almost perpendicu-
lar to the localized shortening direction, in one hand, and 
the regional-scale concentration of deformation in their 
relatively competent host rocks that is caused by the layer 
competence contrast, explain why the ammonites appear 
deformed.

Conclusion

Pre-rift, Late Cretaceous succession in the St. Paul area, 
the central dip province of the Tertiary Gulf of Suez rift, 
is folded into a series of extension-related, transverse, 
gently SSE-plunging folds. The folds are interpreted to be 
buttress-related structures that are restricted to a wedge-
shaped down-faulted block situated between east-and 
southeast-dipping rift-related normal faults. The relatively 
incompetent Late Cretaceous hanging-wall block of the 
southeast-dipping fault moved down-dip past and against a 
more competent Eocene footwall block of the east-dipping 
fault. The latter acted as a rigid buttress causing the SE-
moving wedge-shaped hanging-wall block to be crumpled 
and folded. The extension-related buttressing is caused, 
most probably, by the differential throw of the bound-
ing faults. The combined effect of buttressing, localized 
stresses caused by the zigzag geometry of the southeast-
dipping fault, and the rotational movement along the small 
scale cross faults probably explain the variable orientations 
of the axes of the folded ammonites. Unlike the classical 
buttress folds that form as a consequence of positive basin 
inversion during compression, the St. Paul buttress-like 
folds formed in an extensional tectonic setting.

Fig. 16   Schematic diagrams showing the development of a localized 
zone of shortening due to the differential amount of throw between 
two rift-related normal faults. i Initial development of two faults, B 
and C with the latter having a greater throw than the former. ii, iii 
Early-formed fault B is linked to the younger detachment fault C. In 
this case, fault B will passively move along the younger detachment. 
Movement along the non-linked faults results in a localized zone of 
shortening manifested either by folding (iv) or a reverse fault (v)
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Appendix

Ammonites

Choffaticeras securiforme (Eck 1909) Early Turonian.
Choffaticeras segne (Solger 1903) Early Turonian.
Coilopoceras requienianum (Orbigny 1841) Late 

Turonian.

Rubroceras alatum (Cobban et  al. 1989) Late 
Cenomanian.

Thomasites rollandi (Thomas and Peron 1889) Early 
Turonian.

Thomelites sornayi (Thomel 1966) Late Cenomanian.
Vascoceras cauvini (Chudeau 1909) Late Cenomanian.

Bivalvia

Ceratostreon flabellatum (Goldfuss 1833) Late 
Cenomanian.

Costagyra olisiponensis (Sharpe 1850) Late 
Cenomanian.

Eoradiolites liratus (Conrad 1850) Late Cenomanian.
Illymatogyra africana (Lamarck 1801) Late 

Cenomanian.
Rhynchostreon suborbiculatum (Lamarck 1801) Late 

Cenomanian.

Fig. 17   Diagrams showing the different cases of the fossil-matrix 
competence contrasts and their effect on the finite strain of both the 
fossils and the enclosing matrix. a, b At high competence contrast 
(fossils > matrix), the fossils will be less deformed than the surround-
ing matrix. c, d At high competence contrast (fossils < matrix), the 
fossils will be strongly deformed than the enclosing matrix. e, f At 

high competence contrast with competent and less competent fos-
sils embedded in a matrix, the less competent fossil will be strongly 
deformed than the competent one. g, h At zero competence contrast 
(fossils = matrix), the fossils and the enclosing matrix deform as the 
same degree
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Echinoids

Hemiaster cubicus (Desor 1847) Late Cenomanian.
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