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ABSTRACT

Intraplate shortening of the northern 
African passive margins has been widely 
observed, but the history of shortening and 
thus the underlying processes that led to their 
reactivation are still poorly understood. Situ-
ated at the northeastern African margin, the 
1000-km-long Syrian Arc fold system pre-
serves a classic example of such inversion 
that formed during the closure of the Tethys 
Ocean. Here, we present new structural and 
temporal constraints on the evolution of the 
Hatira monocline, which is situated at the 
central part of the arc. Our results suggest 
that intraplate folding was accommodated 
by a long-term slow background shortening 
acting since ca. 90 Ma, punctuated by one 
major folding pulse (ca. 79 Ma to ca. 77 Ma) 
and two additional relatively subdued pulses 
(ca. 67 Ma to ca. 65 Ma and ca. 57 Ma to ca. 
54 Ma). This intraplate shortening might 
have been driven by the processes acting 
along the Africa-Eurasia subduction front 
(e.g., the secession of a double subduction 
zone) and/or the dynamic processes acting 
along the down-going subducting slab (e.g., 
slab buckling). Our results highlight the need 
for a new generation of high-temporal reso-
lution plate kinematic models and detailed 
geodynamical numerical simulations that 
will link the observed intraplate deformation 
history with the processes acting along the 
confining plate boundaries.

INTRODUCTION

The northern African passive margin, initially 
formed during the opening of the Tethyan oce-
anic basin from as early as the Carboniferous 
(Granot, 2016), has experienced several exten-

sional episodes during the Permian, Triassic, and 
Early Jurassic times (Garfunkel, 2004). The mar-
gin extends inland to more than 100 km (Gardosh 
et al., 2010) and preserves intraplate inversion 
structures that developed since the Late Creta-
ceous (Frizon de Lamotte et al., 2011; Guiraud 
and Bosworth, 1997). One of the most spec-
tacular examples of a well-preserved inversion 
structure is the Syrian Arc fold system (Kren-
kel, 1924), a 1000-km-long fold zone straddling 
the eastern Mediterranean from the Palmyrides, 
Syria, at the northeast, to Egypt, in the southwest 
(Fig. 1). While the overall shortening accommo-
dated by the arc is relatively small (up to ∼6 km; 
Salel and Séguret, 1994), its large spatial extent 
suggests that large-scale geodynamic processes, 
rather than local sources, might have induced the 
stresses that drove its formation.

The Syrian Arc comprises a series of asym-
metrical anticlines and synclines that preserve 
syn- and post-tectonic depositional strata 
(Reches et al., 1981; Shahar, 1994). Inversion 
along the arc started in the Late Cretaceous 
when the African plate was already subducting 
under the Eurasian plate (Fig. 1B; Hardy et al., 
2010). The structural evolution of the region 
occurred under two main stress fields (Eyal and 
Reches, 1983). The initial stress field, which 
operated mainly from the Late Cretaceous to 
the Eocene at the central part of the arc, had a 
dominant compressional component trending in 
a W-WNW direction (present-day coordinates). 
This stress field was linked to far-field processes, 
likely related to the processes acting along the 
northern plate boundary of the African Plate 
(Gianni et al., 2025). The subsequent stress field, 
operating since the Miocene, was dominated by 
an extensional stress component trending in a 
E-ENE direction. This stress field was linked
to the development of the Dead Sea Transform
(Eyal and Reches, 1983). Previous structural and 
sedimentological investigations of the southern
and central parts of the arc (i.e., in Sinai and the
Negev Desert; Fig. 1) suggested that folding ini-
tiated at the Late Turonian, peaked at the San-

tonian–Campanian, and terminated by the Mio-
cene (Avni, 1989; Moustafa and Khalil, 1995; 
Salamon, 1987). Seismic and structural observa-
tions from Lebanon and the Palmyrides (Fig. 1) 
imply that the northern part of the arc accommo-
dated shortening during the Late Cretaceous and 
during the Eocene to Miocene (Chaimov et al., 
1992; Walley, 1998). Buried folds at the Levant 
Basin (Fig. 1), possibly related to the Syrian Arc 
fold system, have primarily evolved during the 
Miocene (Sagy et al., 2018). Despite extensive 
efforts to study the Syrian Arc since the seminal 
work of Krenkel (1924), due to erosion, deposi-
tional hiatuses, and complex folding structures 
found in most of the onshore folds, obtaining a 
thorough understanding of the history of folding 
is challenging and is thus still lacking. Here, we 
investigate the sedimentary section exposed at 
the southern part of the Hatira monocline, found 
at the central part of the arc (i.e., between the 
Dead Sea Transform and the Levant Basin), 
southern Israel (Figs. 1 and 2). The exposed sec-
tion spans the Late Cretaceous to the Eocene, 
allowing us to study the deformation history at 
an approximately million-year temporal resolu-
tion. Our structural observations and temporal 
analysis reveal that shortening has developed 
through a slow and long-lasting shortening inter-
rupted by abrupt and relatively short (∼1 m.y. to 
∼3 m.y.) deformational pulses.

Geological Setting of the Hatira Monocline

The Hatira monocline lies in the Negev Des-
ert (Fig. 1). Most of the shortening (i.e., inver-
sion) that led to the creation of the monocline 
occurred between the Late Cretaceous and the 
Eocene (Zur, 1997). Still, later regional uplift 
was recorded up to Miocene times. This young 
uplift activity phase was linked to the evolution 
of the Dead Sea Transform (Zilberman, 2024, 
and references therein). Since the Oligocene, the 
crest of the monocline has been exposed to ero-
sion, creating an erosional crater along the hinge 
of the fold, which now exposes a sedimentary 
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section of Jurassic to Neogenic rocks (Zilber-
man, 2024). The monocline extends for 30 km 
along-strike, reaching a height of 650 m above 
sea level (Fig.  2). The axis of the monocline 
is oriented in a northeast-southwest direction, 
with the northern flank tilted 9° to the north-
west, reaching a length of ∼7 km. In contrast, 
the southern flank is sharply tilted (up to ∼80°) 
to the southeast, reaching a length of ∼2 km. It 
is commonly accepted that the Syrian Arc mono-
clines, with the Hatira monocline among them, 
formed as fault propagation folds (Reches et al., 
1981; Fig.  2B). The monoclines evolved by 
limb rotation folding driven by reverse motion 
on preexisting blind normal faults (Salamon, 
1987). While most of the faults underlying the 
monoclines of the Negev Desert, including the 
Hatira monocline, are not exposed at the sur-
face, several boreholes cutting into the crest 
of the monoclines, seismic investigations, and 
structural modeling support this interpretation 
(Shamir and Eyal, 1995, and references therein). 
During most of the investigated period, shorten-
ing was accommodated while the fold was sub-
merged in the shallow waters of the southern 
Tethys Ocean (Flexer, 1971); thus, sedimenta-
tion along the flanks continued throughout the 
folding process. Across the steep southern flank 
of the Hatira monocline (i.e., at the forelimb), a 
cumulative wedge of growth strata, manifested 
as a progressive unconformity (Riba, 1976), is 
exposed at and near the Mador Hill (Figs. 2–4). 
The wedge is composed of a series of angular 
unconformities and a decreasing dip magnitude 

up the section. These syn-tectonic (i.e., syn-
shortening) growth strata are truncated by sev-
eral relatively minor hiatuses (Buchbinder et al., 
2000; Meilijson et  al., 2014; Fig.  3). Despite 
the truncation of the upper part of the cumula-
tive wedge, which prohibits a complete analysis 
of the relations between the growth strata and 
the forelimb (Fig. 4A), the Mador Hill section 
unravels the folding history of the monocline 
through an exposed series of angular uncon-
formities spanning from the Late Cretaceous to 
the Eocene.

The area surrounding the Mador Hill preserves 
a Turonian up to Lower Eocene sedimentary sec-
tion (Roded, 1982) comprised of three lithologi-
cal groups (Fig. 3). At the investigated section, 
these three groups comprise an ∼200-m-thick 
lithological sequence, an intermediate thick-
ness between the thin anticlinal and the thick 
synclinal sequences commonly observed in the 
central Syrian Arc (Avni, 1989; Soudry et al., 
1985). The lower part of the section constitutes 
the upper Judea Group, represented by the Nezer 
Formation, composed of Turonian 15-m-thick 
mixture of mostly fossil-bearing sparitic lime-
stone and some dolomites crossed by calcite 
veins (Fig. 4B). The Judea Group is regionally 
truncated and unconformably overlain by the 
heterogeneous Mount Scopus Group (Flexer, 
1968), spanning the Coniacian to the end of the 
Paleocene. From the Coniacian to the Campa-
nian, this group documents the transition from 
sedimentation on a carbonate platform to pelagic 
sedimentation under long-lasting upwelling con-

ditions that acted along the southern continental 
shelf of Tethys (Almogi-Labin et al., 1993; Mei-
lijson et al., 2014; Soudry et al., 2006). Generally, 
the group was accumulated under relatively high 
sedimentation rates (up to 2.7 cm/k.y.; Meilijson 
et al., 2014). The Paleocene era marks a deepen-
ing and transition from shelf to upper bathyal 
pelagic depositional environment (Ashckenazi-
Polivoda et al., 2018). The group is composed of 
four formations: the Menuha, Mishash, Ghareb, 
and Taqiye Formations, with a local total thick-
ness of ∼170 m. At the base of the Mount Sco-
pus Group is the Coniacian to Early Campanian 
(Meilijson et al., 2014) Menuha Formation. Only 
Santonian layers from the Menuha Formation 
are found at the investigated transect. The for-
mation is composed of hardpacked chalk lay-
ers of varying thicknesses (<∼11 m), thinning 
and disappearing completely toward the axis of 
the anticline (Fig. 4C). Where the Menuha For-
mation is no longer present, this depositional 
pattern results in the uncomfortable contact of 
Campanian and Turonian strata and indicates 
that folding has ensued before and during the 
Santonian. The Menuha Formation is overlaid 
by the Middle Campanian to lowermost Maas-
trichtian porcellanitic, chert, and phosphorite 
layers of the Mishash Formation. The porcella-
nitic and chert member onlaps the Menuha For-
mation and thins toward the axis of the anticline 
(Fig. 4D). The phosphorite member (40 m thick) 
is composed of chalky phosphate rocks, bearing 
high amounts of organic matter (Fig. 4E). Within 
this member, a thin (<1 m) breccia layer is pres-

Figure 1. Tectonic and geologi-
cal framework. (A) An over-
view map of the Syrian Arc fold 
system. Black lines highlight 
the axes of the elongated asym-
metrical folds that create the 
arc (Shahar, 1994). The loca-
tion of the Hatira monocline is 
denoted with a yellow star. (B) 
Simplified plate reconstruction 
for the Late Turonian (92 Ma; 
after Gürer et al., 2022) of the 
study area. (C) Simplified plate 
reconstruction for the Early 
Maastrichtian (70 Ma; after 
Gürer et al., 2022) of the study 
area.
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ent (inset in Fig. 4E) and is associated with a 
transition between onlap to offlap sedimentary 
structure (Fig.  5). The Maastrichtian Ghareb 
Formation, onlapping the Mishash Formation, 
is composed of a massive chalk unit followed 
by a unit of alternating chalk and marl (Fig. 4F). 
Above the Ghareb Formation, the 70-m-thick 
Taqiye Formation spans the Paleocene and is 
composed of fine gray-green marls with limo-
nite concentrations and gypsum veins (Fig. 4G). 
Its field appearance is of a single massive unit, 
but fine layering is preserved near the bottom 
and top of the formation. Finally, the top of the 
investigated section is represented by the Avedat 
Group. The contact between the Mount Scopus 

and Avedat Groups marks the transition from 
the Paleocene to the Eocene. In the investigated 
area, the Avedat Group is represented by the 
Lower Eocene Mor Formation, which is com-
posed of hard-packed chalk rich with glauconite 
(Fig. 4H). The Mor Formation locally reaches a 
thickness of 9 m and is truncated at the top by a 
Quaternary conglomerate (Zur, 1997).

METHODS

Growth strata structures preserve a record of 
the shortening that occurred during their depo-
sition (e.g., Anastasio et al., 2021; Riba, 1976; 
Suppe et al., 1992). Under the assumption that 

any deviation of the sedimentary layers from 
their original horizontal depositional orienta-
tion reflects folding, detailed documentation 
of their dip magnitude, coupled with biostrati-
graphic and geochronological dating, should 
unravel the timing when folding (i.e., shorten-
ing) occurred.

We have measured the orientation of the lay-
ers with an analog Brunton compass (∼2° accu-
racy) every 2–10 m vertical separation. When 
the exposure of the layers was poor or over-
printed by erosion, the orientation was measured 
over relatively large exposures (tens of meters) 
using a Total Station GNSS (Global Navigation 
Satellite System) sensor (Trimble S6, accounting 
for ∼0.5° accuracy). The orientation of the lay-
ers documents the history of folding but is also 
influenced by other processes. For instance, dip 
magnitude could be affected by local structural 
complexities or the distance from the anticlinal 
axial surface. We have, therefore, identified the 
influence of the structural setting on the orien-
tation of the layers and corrected the measured 
orientation whenever necessary (for a detailed 
description of the structural complexities and 
corrections, see the Results section).

Our biostratigraphical analysis is based on 
planktonic foraminifera, benthic foraminifera, 
and nannoplankton. For foraminiferal analysis, 
the samples were crushed, soaked in water for 
two days, then washed through a 63-micron 
sieve, dried, and scanned for fossils under a 
Leica M205 C stereomicroscope. Important 
specimens were further examined by an electron 
scanning microscope. When carbonate obscured 
the fossils, the samples underwent ultrasonic 
treatment to dissolve it. In the final stage of the 
analysis, we identified biomarkers based on the 
collected fossils. For nannoplankton analysis, 
the samples were prepared according to the stan-
dard smear-slide technique (Bown, 1998; Bown 
and Young, 1998) and examined under a Leica 
DM750P optical microscope with a magnifica-
tion of 1600×. The Santonian and Campanian 
foraminifera chronostratigraphies, both ben-
thonic and planktonic, and the Mishash-Menuha 
Formations transition were adopted from Mei-
lijson et  al. (2014). Maastrichtian planktonic 
foraminifera biozonation was adopted from a 
Deep Sea Drilling Project study (Li and Keller, 
1998), incorporating results from two Atlantic 
drilling sites. Cenozoic planktonic foraminifera 
biozones were adopted from chronostratigraphic 
schemes correlating foraminifera occurrences to 
the geomagnetic polarity and the astronomical 
time scales (Berggren et al., 2006; Wade et al., 
2011). We have adopted the calcareous nan-
nofossil biozonation of Burnett (1998). The 
planktonic foraminifera biohorizons and the 
calcareous nannofossil biohorizons ages origi-

A

B

Figure 2. Geological setting of the Hatira monocline. (A) Geological map of the Hatira 
monocline, modified from Roded (1982). The black a–a′ line denotes the span of the cross 
section shown in panel B while the gray rectangle highlights the position of Figure 3B. (B) 
Schematic cross section of the Hatira monocline modified from Zilberman (2024). The cross 
section has a vertical exaggeration (V.E.) of 3.
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nate from the chronostratigraphies of Coccioni 
and Premoli Silva (2015) and Huber et al. (2008, 
2017, 2022).

Using geochronological methods, we have 
dated a single limestone sample with multiple 
calcitic gastropod fossils, collected from the 
Nezer Formation, for which no previous geo-
chronological dating has been done. Most Cre-
taceous gastropods originally precipitated their 
shells as aragonite, which commonly undergoes 
replacement by calcite during diagenesis (Brand, 
1989). Consequently, U-Pb dating of such cal-
cites typically records the timing of diagenetic 
recrystallization rather than primary shell for-
mation. However, aragonite-to-calcite replace-
ment in marine carbonates often occurs during 
early diagenesis (i.e., soon after deposition), 
particularly under shallow burial conditions 
(Marshall, 1992). Therefore, the U-Pb ages of 
the Cretaceous gastropods closely approximate 
the depositional age of the host strata. We have 
measured the U-Pb isotope ratios of the sample, 
along with several other isotopes, at the Laser-
Chron Laboratory located in the Department of 
Earth and Environmental Sciences, Ben-Gurion 
University of the Negev, Beer Sheva, Israel. The 
laboratory consists of a RESOlution-SE 193 nm 

excimer laser coupled to a Nu Attom single col-
lector inductively coupled plasma–mass spec-
trometer (ICP-MS). Laser ablation parameters 
were 100 μm spot size, a fluence of 2.5–3 J/cm2, 
ablation time of 30 s, repetition rate of 8 Hz, and 
20 s washout time for background measurement 
between ablations. The ICP-MS measured 100 
sweeps per integration with dwell times of 200 
μs for masses 202Hg, 204Pb, 208Pb, 232Th, and 238U, 
400 μs for 206Pb, and 1000 μs for 207Pb and 235U. 
Data reduction was performed in Iolite v4 (Paton 
et al., 2011) using the VisualAge UComPbine 
data reduction scheme (Chew et al., 2014). For 
drift normalization and mass bias correction, 
every seven unknown samples were bracketed 
by reference materials using WC-1 Calcite 
(254.4 ± 6.4 Ma; Roberts et al., 2017) as pri-
mary standard, and two unpublished secondary 
standards (WPT, 11.3 ± 0.3 Ma, and UCSB436, 
13 ± 0.5 Ma). While 207Pb/206Pb ratios were cor-
rected using SRM NIST614 in a second distinct 
analysis session, we note that the results of the 
two sessions were virtually identical. 202Hg was 
measured for reduction of 204Hg interferences 
from 204Pb in case a correction was required, but 
no 202Hg was detected. The U-Pb isotope ratios 
and the U and Pb concentration values are pre-

sented in the Supplemental Material.1 232Th was 
also measured during the analyses, but the mea-
sured concentrations were below the detection 
limit and therefore are not presented here.

Folding Rates

We have integrated the structural observations 
with the acquired ages to determine how folding 
rates evolved with time. We have applied Monte 
Carlo simulations to compute folding rates val-
ues and their associated uncertainties (Anasta-
sio et al., 2021). For each data point (i.e., dip 
magnitude, age, and their associated uncertain-
ties), we have assigned random values of dip 
magnitudes, sampled from a normal distribution 
within the uncertainty space, and an age, sam-
pled from a uniform distribution over the whole 
age uncertainty. Once a random folding rate path 
was computed, the accumulated dip magnitude 
reached at the end of each simulated path was 

1Supplemental Material. U-Pb isotope ratios and U, 
Th, and Pb concentrations used for geochronological 
analysis. Please visit https://doi​.org​/10​.1130​/GSAB​
.S​.30359176 to access the supplemental material; 
contact editing@geosociety​.org with any questions.
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Figure 3. The investigated sedimentary sequence and detailed geological map. (A) Stratigraphical column of the investigated sedimentary 
section with notable biostratigraphic markers denoted at their stratigraphic location. Dip measurement stratigraphic locations are denoted 
with red triangles and hiatuses with white circles. (B) Detailed geological map, adapted from Roded (1982), with the location of the investi-
gated transect (Fig. 4) shown by the dashed b–b′ white line.
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compared to the actual highest dip magnitude 
measured at the base of the section (i.e., 79.2° 
measured at the base of the structurally corrected 
Turonian Nezer Formation). If the observed and 
simulated dip angles were similar (i.e., within 
10%), the simulated path was accepted. The cal-
culated mean folding rate evolution path and its 
uncertainties were calculated based on 10,000 
accepted simulations.

RESULTS

We have measured the orientation of 18 lay-
ers spread across the investigated section (Fig. 6 
and Table 1). The observed dip magnitudes are 

generally decreasing up the section, with one 
notable exception found at the base of the sec-
tion. There, the three older Nezer, Menuha, and 
Mishash Formations present low dip angles 
relative to the adjacent overlaid strata, suggest-
ing that a local inflection, i.e., a change in the 
fold curvature (Nabavi and Fossen, 2021), exists 
(Fig. 6 and Table 1). Layers from the Mishash 
Formation are crossing the inflection continu-
ously; thus, assuming that the inflection resulted 
in a constant change in dip magnitudes for the 
different levels of the strata, these Mishash lay-
ers document the effect of the inflection. To 
link the affected dip measurements of the old-
est three formations with the rest of the section, 

we exploited the observed 29° change in dip 
magnitudes of the Mishash chert unit across the 
inflection. We have thus corrected the measured 
dip magnitudes of the lower three formations 
(Fig. 6C) by adding 29°.

In addition to the local deflection of the low-
ermost strata closest to the fold hinge, the struc-
tural position of the measurements with respect 
to the anticlinal axial surface (Fig. 2) may also 
affect the orientation of the layers. To evaluate 
this effect, we have continuously measured, at 
increasing distances from the fold hinge, the dip 
of the layer that has the longest exposure along 
the investigated transect, located in the center of 
the section, within the Ghareb Formation (high-

Figure 4. Representative field 
appearances of the various for-
mations present at the investi-
gated Mador Hill transect. (A) 
North-south view of the sec-
tion, along the b–b′ transect 
(for location, see Fig. 3B). The 
locations of the representa-
tive views of the different for-
mations (panels B–H) and of 
Figure  5 are shown with gray 
boxes. (B) Limestone of the 
Nezer Formation. (C) Chalks 
of the Menuha Formation. (D) 
Mishash chert and porcellanite 
member. The chert is overlay-
ing the porcellanite unit. (E) 
Mishash phosphorite member. 
Bottom right inset: the breccia 
unit present within the mem-
ber. (F) Ghareb Formation, 
a massive chalk unit overlain 
by a succession of chalk and 
shales. (G) Shales of the Taqiye 
Formation. (H) Chalk layers of 
the Mor Formation.
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lighted by a red arrow in Fig. 6B). The layer 
maintains a constant dip along the investigated 
part of the flank, showing no variations in ori-

entation as a function of distance from the fold 
hinge. Thus, we assume that at the structural 
position that we investigate, each layer maintains 

a constant dip. Therefore, we did not perform 
structural correction for the strata located above 
the Mishash Formation chert unit and assumed 
that changes in orientations of the different lay-
ers reflect the shortening history rather than dip 
magnitude decrease due to increased distance 
from the hinge line.

The Taqiye shales mostly lack measurable 
strata. Fortunately, the base and top of the Taq-
iye Formation preserve measurable fine layers 
that are tilted at almost the same angle. There-
fore, no shortening information is lost despite 
the absence of measurable strata. The similar 
dip magnitudes maintained across the 150 m 
horizontal distance between the base and the 
top of the Taqiye Formation (Figs. 6 and 7) also 
strengthens our assumption that the structural 
position (i.e., distance from the fold hinge) of 
our measurements has minimal impact on the 
orientation of the layers.

Our observations show that the first distinct 
dip magnitude change occurs at the Turonian, 
after which dip magnitude gradually decreases 
upward, indicating that folding started dur-
ing the Turonian and lasted until at least the 
Lower Eocene (Fig. 7). The oldest sharp angular 

Figure 6. A view of the south-
ern flank of the Hatira mono-
cline, shown along the Mador 
Hill b–b′ transect (Fig. 3B). (A) 
Selected dip magnitudes of rep-
resentative layers shown on top 
of a field photo. (B) Schematic 
illustration of the geological 
setting along the b–b′ transect 
shown in panel A. The sedi-
mentary formations are color-
coded. Interpreted structural 
and lithological transitions are 
marked with dashed lines. Cir-
cles mark the positions where 
structural measurements were 
taken. Red circles highlight the 
locations where no structural 
correction was made, while 
yellow circles highlight the lo-
cations where structural cor-
rection was applied. The red 
arrow denotes the well-exposed 
layer within the Ghareb For-
mation that was used to con-
strain the structural setting of 
the flank. Gray rectangle high-
lights the portion of the section 
that was structurally corrected 
(panel C). (C) Schematic repre-
sentation of the correction used 
to adjust the inflected lower 
part of the strata.

A

C

B

Figure 5. Field relationships be-
tween the Mishash and Ghareb 
Formations (see Fig.  4A for 
location). White lines in the 
upper panel highlight the loca-
tions of the boundaries between 
the different geological units, 
while the lower panel presents 
the same field photo, where the 
sedimentary interpreted struc-
tures are marked in black. The 
base of the phosphorite mem-
ber is onlapping the older chert 
layers, followed by offlapping 
within the phosphorite mem-
ber. The Maastrichtian Ghareb 
Formation is then onlapping 
the Mishash phosphorite mem-
ber. A breccia layer (inset in 
Fig. 4E) is associated with this 
onlap-offlap transition.
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TABLE 1. BIOSTRATIGRAPHICAL AND STRUCTURAL RESULTS FROM THE MADOR HILL SECTION (NEGEV DESERT, ISRAEL)

Formation Lithology Dip 
magnitude

(°)

Corrected dip 
magnitude

(°)

Measurement 
method

Biomarkers Biozone

Mor Chalk 8 8 Brunton — —
Mor Chalk 10 10 Brunton Acarinina. esnaensis

Acarinina quetra
E3–E6 (Pearson et al., 2006)

Taqiye Marl 17 17 Total Station Morozovella acuta
Globanomalina 
pseudomenardii

P4 (Wade et al., 2011)

Taqiye Marl 19 19 Total Station Subbotina trivialis P1 (Wade et al., 2011)
Ghareb Marly chalk 28.6 28.6 Total Station — —
Ghareb Marly chalk 28.7 28.7 Total Station Plummerita hantkeninoides

Pseudoguembelina hariaensis
CF3 (Li and Keller, 1998)

Ghareb Marly chalk — — — Lithraphidites quadratus UC20a (Burnett, 1998)
Mishash Phosphorate 34 34 Brunton Uniplanarius gothicus

Uniplanarius sissinghii
Uniplanarius trifidus

UC15d (Burnett, 1998)

Mishash Phosphorate 36 36 Brunton — —
Mishash Phosphorate 38 38 Brunton — —
Mishash Phosphorate 36.8 36.8 Brunton — —
Mishash Phosphorate — — — Elhasaella alanwoodi First occurrence at 76.2 Ma (Meilijson et al., 2014)
Mishash Phosphorate 40.4 40.4 Brunton Uniplanarius gothicus

Uniplanarius sissinghii
Uniplanarius trifidus

UC15d (Burnett, 1998)

Mishash Phosphorate 50 50 Brunton — Calochortus plummerae (Meilijson et al., 2014)
Mishash Phosphorate 57.9 57.9 Brunton — Calochortus plummerae (Meilijson et al., 2014)
Mishash Chert 63/34 63 Brunton — Calochortus plummerae (Meilijson et al., 2014)
Menuha Chalk 42 71 Total Station Dicarinella concavata

Eohastigerinella watersi
Dicarinella asymetrica (Caron, 1985)

Nezer Limestone 47 76 Brunton — T7–Ca1 (Buchbinder et al., 2000)
Nezer Limestone 49 78.2 Brunton — T7–Ca1 (Buchbinder et al., 2000)
Nezer Limestone 50 79 Brunton — T7–Ca1 (Buchbinder et al., 2000)

 Note: Dip magnitudes and their adjustments are presented. The main biomarkers and their biozones are indicated, as well as biozones inferred from lithological 
formations and previous works (Buchbinder et al., 2000; Meilijson et al., 2014). Dashes indicate layers in which either dip magnitudes or biostratigarphical samples were 
not collected.

Figure 7. Folding evolution of 
the Hatira monocline. The up-
per panel shows the dip mea-
surements and dating results. 
The geological periods, rock 
formations, and the global 
biozones used for biostrati-
graphical dating (Burnett, 
1998; Wade et  al., 2011) are 
shown at the top of the panel. 
Circles denote samples dated 
with biostratigraphy. Star de-
notes the sample dated with 
geochronology. Triangles high-
light the layers to which only 
dip measurements were taken; 
thus, their ages are based on 
linear interpolation of the clos-
est dated layers. Yellow-filled 
symbols highlight data whose 
dip magnitudes were structur-
ally corrected, while red-filled 
symbols highlight data whose 
dip magnitudes were not struc-
turally corrected. Stratigraphic 
hiatuses and the breccia layer 
are marked with the letters 
“H” and “B,” respectively. Ma-

jor unconformities are marked with orange horizontal bars. The lower panel shows the folding rates (note the logarithmic scale) calculated 
based on the data shown in the upper panel. Green area marks the 1σ confidence. Vertical orange bars highlight the episodes that experi-
enced intense folding.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38425.1/7399509/b38425.pdf
by GSA RBAC user
on 05 November 2025



Fisch et al.

8	 Geological Society of America Bulletin, v. 136, no. XX/XX

unconformities (7.9° and 9.6°), which account 
for >20% of the accumulated folding, are found 
within the phosphorite member of the Mishash 
Formation across three adjacent layers. This 
abrupt change of dip magnitudes, in a period of 
relatively constant sedimentation rates (Meilij-
son et al., 2014), is accompanied by a sedimen-
tary onlap to offlap depositional geometry and a 
breccia layer (Figs. 4E and 5). These observa-
tions indicate that high folding rates prevailed 
during the deposition of these strata (Hardy and 
Poblet, 1994). Two additional angular unconfor-
mities of ∼9° were measured at the interface of 
both the Ghareb-Taqiye and Taqiye-Mor Forma-
tions. These two unconformities are accompa-
nied by sedimentary facies changes, from chalk 
in the Ghareb Formation to the shales of the Taq-
iye Formation, and from the shales of the Taqiye 
Formation to the chalk of the Mor Formation. 
The latter unconformity is associated with an 

∼2 m.y. hiatus. The uppermost Lower Eocene 
layers have dip magnitudes of ∼10°, indicating 
that younger (i.e., post–Lower Eocene) folding 
has most likely occurred. The lack of younger 
marine sediments prevents us from document-
ing the timing and style of post–Lower Eocene 
shortening.

Geochronological analysis of the sample from 
the Nezer Formation (i.e., marking the base of 
the section) yielded an age of 92.87 ± 0.54 Ma 
(Fig.  8). The U-Pb age is derived from the 
calcitic gastropod shell and is interpreted as 
reflecting early diagenesis, when the aragonite-
to-calcite replacement occurs (Marshall, 1992). 
Given the analytical uncertainty associated with 
the U-Pb method (±0.54 m.y.), the age of calcite 
crystallization overlaps with the expected strati-
graphic age of the host layer (Buchbinder et al., 
2000). Our biostratigraphical analysis is based 
on 47 field samples and yielded 14 biomark-

ers, spanning 13 biozones (Fig. 3 and Table 1), 
resulting in a total of 10 biostratigraphic ages. 
The combination of various biostratigraphic tax-
onomical groups allowed us to cross-validate the 
dating results. The Santonian strata were dated 
with Eohastigerinella watersi and Dicarinella 
concavata, which mark the Dicarinella asymet-
rica biozone (Huber et al., 2017). The first sharp 
angular unconformity was dated using calcare-
ous nannofossils and benthic foraminifera. In 
particular, the presence of Uniplanarius gothi-
cus, Uniplanarius sissinghii, and Uniplanarius 
trifidus indicate the UC15d biozone (Burnett, 
1998); meanwhile, the first occurrence of Elha-
saella alanwoodi suggests an age of 76.2 Ma 
(Meilijson et  al., 2014). The unconformity 
between the Maastrichtian and the Paleocene 
was dated with the presence of Lithraphidites 
quadratus, which indicates biozone UC20a 
(Burnett, 1998), Pseudoguembelina hariaensis, 
and Plummerita hantkeninoides, whose presence 
indicates biozone CF3 (Li and Keller, 1998), in 
the Maastrichtian layers, and Subbotina trivialis, 
whose presence indicates biozone P1-P2 (Huber 
et al., 2017) in the Paleocene layers. Between 
the Paleocene and the Eocene, the unconformity 
was dated in the Paleocene with the presence of 
Morozovella acuta and Globanomalina pseu-
domenardii, which indicate biozone P4 (Wade 
et al., 2011). We dated the Eocene layers with 
the presence of Acarinina esnaensis and Aca-
rinina quetra, ranging from the top of biozone 
E3 to biozone E6 (Berggren et al., 2006). Over-
all, our dating of the Mador Hill transect yielded 
11 ages that resulted in a mean temporal reso-
lution of 3–4 m.y. Five of the dated layers are 
concentrated within the Middle Campanian, 
thus providing especially high temporal resolu-
tion (<1 m.y.) at the time of the intense folding 
episode (Fig. 7).

The initial folding rate was slow (∼1°/m.y.) 
and persisted for most of the section (Fig. 7). The 
Late Santonian strata document an increase to 
1.85°/m.y. ± 0.4°/m.y. folding rate, followed by 
a sharp increase (up to 15°/m.y. ± 9°/m.y.) that 
lasted between ca. 79 Ma and ca. 77 Ma. This 
folding pulse ended when the folding rate gradu-
ally decreased between ca. 76 Ma and ca. 73 Ma 
to reach the background slow folding rate. Two 
additional smaller folding pulses may have oper-
ated at the Late Maastrichtian (ca. 67 Ma to ca. 
66 Ma) and at the Paleocene-Eocene boundary 
(ca. 56 Ma to ca. 55 Ma). We note that the ages 
of the layers bounding these two unconformi-
ties are not well constrained. Nevertheless, as no 
hiatuses are observed at the same stratigraphical 
levels in the neighboring synclines (Honigstein 
et al., 2002; Shahar, 1967), we propose that these 
unconformities mark periods of elevated fold-
ing rates, albeit less intense than the Campanian 

Figure 8. U-Pb geochronological results of sample G-4b shown on a Tera-Wasserburg con-
cordia plot. Ellipses, showing the 2σ uncertainties, depict the two distinct analysis labora-
tory sessions where in the first session (green ellipses) an additional standard was used to 
correct Pb ratios. Red ellipses marked the results collected during the second session. Up-
per right inset presents the analyzed 73 spots colored according to the laboratory sessions. 
MSWD—mean square of weighted deviates.
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folding episode. Finally, we note that we cannot 
rule out that the slow background folding might 
have been accommodated by additional rather 
short and minor folding pulses; for instance, 
the ∼8° tilt difference between the Turonian 
(dip magnitude of 79°) and the Santonian (dip 
magnitude of 71°) strata could also potentially 
have been formed by a folding pulse. Neverthe-
less, the large (9 m.y.) temporal span between 
these two dip measurements is accompanied by 
a regional hiatus (Buchbinder et al., 2000); thus, 
the folding rate that prevailed during this period 
is clouded with uncertainties. If indeed addi-
tional undocumented minor folding pulses have 
occurred, they are most likely masked due to 
sedimentation rates that are not sufficient to pre-
serve the details of the shortening history and/
or by hiatuses that led to sedimentary age gaps.

DISCUSSION AND CONCLUSIONS

The folding history of the Hatira monocline 
suggests that starting in the Late Cretaceous, 
a long-lasting slow shortening prevailed for at 
least 40 m.y. This background folding accom-
modated roughly half of the total shortening and 
was punctuated by a prominent folding pulse (ca. 
79 Ma to ca. 77 Ma) and two rather minor pulses 
(at ca. 67 Ma to ca. 65 Ma and ca. 57 Ma to ca. 
54 Ma). Folding activity between the Late Creta-
ceous and the Eocene has previously been identi-
fied along most of the arc, from the Palmyrides 
(Chaimov et al., 1992; Salel and Séguret, 1994), 
through the Negev Desert, Israel (Hardy et al., 
2010), to Sinai, Egypt (Bosworth et al., 1999). 
While the folding pulses that we have uncovered 
in the Hatira monocline seem to have also been 
identified at other locations along the arc (Bos-
worth et al., 1999; Moustafa and Khalil, 1995; 
Salamon, 1987; Salel and Séguret, 1994; Wal-
ley, 1998), these studies had rather low temporal 
resolution as they mostly used the boundaries 
between the different stratigraphic formations to 
constrain the evolution of the folds. This knowl-
edge gap, in turn, prevents us from assessing the 
evolution of the arc in time and space.

The high-resolution reconstruction of folding 
rates presented here unravels the 40 m.y. shorten-
ing history of the Hatira monocline, central Syr-
ian Arc. As the major folding pulses observed are 
not associated with sharp changes in rheology 
or sedimentation rates (Meilijson et al., 2014), 
we propose that local basin-scale effects, such 
as sedimentary loading, could only play a minor 
role in the evolution of the Hatira monocline. 
Previous investigations proposed that a far-field 
stress regime controlled the development of the 
Syrian Arc (Eyal, 1996; Eyal and Reches, 1983), 
and the likely driver to induce these stresses is 
the northern African-Eurasian convergence plate 

boundary (e.g., Gianni et al., 2025; Şengör and 
Stock, 2014).

The various time scales in which folding 
occurred hint at different geodynamic processes 
that may have induced shortening (Fig. 9). The 
initiation of shortening during the Turonian tem-
porally coincided with a major Africa-Eurasia 
relative plate motion change, whereby conver-
gence motion rapidly accelerated in northeastern 
Africa at ca. 92 Ma due to the emergence of a 
strong slab pull force induced by the northern 
Tethys double subduction zone system (Gürer 
et al., 2022; Fig. 1). Numerical modeling pre-
sented recently by Gianni et  al. (2025) sug-
gested that the northern double subduction zone 
system may have induced the driving compres-
sional intraplate stresses that drove the initiation 
of shortening along the Syrian Arc. The major 
Campanian folding pulse, between ca. 79 Ma 
and ca. 77 Ma, coincided with a period of a sharp 
Africa-Eurasia deceleration of convergence 
rates, possibly related to the arrest of the Tethyan 
double subduction system (Gürer et al., 2022). 
This period also coincided with a metamorphism 
peak of the Cretaceous Tethyan ophiolites (spe-
cifically at the Oman ophiolite, Fig. 1C, at ca. 
79 Ma), which was suggested to mark their 
emplacement onto the continental margins (War-

ren et al., 2005). Interestingly, the duration of 
the Tethyan ophiolite obduction process was on 
the order of 10–15 m.y. (Warren et al., 2005), 
possibly corresponding to the elevated folding 
rates that prevailed prior to and after this fold-
ing pulse. The two younger folding pulses could 
be temporally correlated to several processes 
occurring along the convergence front. The Late 
Maastrichtian (i.e., ca. 67 Ma to ca. 65 Ma) 
folding pulse is temporally correlated with a 
slab breakoff that occurred along the northern 
Arabian Plate margin (Agard et al., 2011), i.e., 
the Mesopotamian slab (van der Meer et  al., 
2018). Additionally, from the Maastrichtian to 
the Eocene, several accretions of continental 
nappes occurred along the northern Tethyan 
margin (van Hinsbergen et al., 2020, and refer-
ences therein), now exposed in Turkey (Fig. 1C). 
These continental accretions might have induced 
intraplate compressional stresses onto the trail-
ing African plate. Alternatively, the intraplate 
shortening might have been driven by processes 
occurring at the leading down-going subducting 
oceanic slab. For instance, slab buckling (van 
der Wiel et  al., 2024), or plume-push (Jolivet 
et al., 2016) might have induced compressional 
intraplate stresses. While intriguing, because 
our work presents the history of shortening of a 

Figure 9. Africa-Eurasia relative plate motions during the past 120 m.y. Convergence rates 
(i.e., plate motion in the north-south direction) were computed based on the Africa trajec-
tory shown in the inset. Shadings show the 1σ uncertainties of the convergence rates. A sim-
plified representation of the major folding history of the Hatira monocline is denoted within 
the plot (based on the results presented in Fig. 7). Regional geodynamic events that occurred 
along the eastern part of the northern margin of Africa are marked at the top. The numbers 
in the inset highlight the ages in Ma along the calculated African trajectory. Calculation was 
based on the Euler pole parameters presented in Gürer et al. (2022).
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single fold structure, and because the temporal 
resolution of the existing African-Eurasian plate 
kinematic models is rather crude (Fig. 9), corre-
lating the observed shortening history to specific 
geodynamic drivers is still highly speculative.

Overall, plate boundary conditions, plate 
kinematics, and local structural crustal weak-
nesses interact in a complex manner to form the 
observed intraplate shortening. Our results open 
new avenues for improving the understanding 
of the governing processes and forces acting at 
the confining plate boundaries and within the 
trailing continental lithosphere. Further investi-
gation of other fold structures along the Syrian 
Arc, a new generation of high-temporal resolu-
tion plate kinematic models, and new geody-
namical numerical simulations are needed to 
unravel the relative importance of the governing 
geodynamic processes acting in the subduction 
environment.
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