
1. Introduction
The study of exhumed folds that developed at shallow depths in foreland basins can provide qualitative and quan-
titative information useful for the optimal exploitation of underground resources and for the mitigation of seismic 
hazard, both natural and induced, in regions that are commonly characterized by high population density. Buried 
folds in foreland basins also provide suitable sites for storing gas at depth, including CO2 sequestration (e.g., 
Urych et al., 2022) and power-to-gas storage solutions (e.g., Lehner et al., 2014). Effective exploitation of fluid 
storage potential in buried folds strongly benefits from a detailed knowledge of the structure geometries, fracture 
distribution and fluid mobility patterns inferred from suitable field analogs. Reliable 3D reservoir geomodels 
typically result from the combination of hard data, conceptual models (soft data), and the imaging of the subsur-
face (Cannon, 2018). The first two components require input information from the study of field analogs (Howell 
et al., 2014).

Fold evolution and kinematics in foreland basin systems is driven by multiple factors, including the mechanical 
properties of the folded multilayers (Corbett et al., 1987; Fischer & Jackson, 1999; Gross, 1993; Lacombe, 2010; 
Tavani et  al.,  2008; Wennberg et  al.,  2006), the presence of inherited, pre- or syn-orogenic fault zones (e.g., 
Butler, 1989; Storti et al., 2018; Tavani et al., 2018; Tavarnelli, 1996), and the ratio between tectonic uplift and 
foreland basin syntectonic sedimentation rates (Storti & Salvini, 1996) and the relationships of folds with under-
lying faults (e.g., Suppe, 1983; Tavani et al., 2006). In the last decades, fold trains in thrust and fold belts have 
mostly been interpreted as fault-related, neglecting the contribution of buckle folding to the regional contraction 
(Erslev, 1991; Jamison, 1987; Shaw et  al., 2005; Suppe, 1983). Kinematic models of fault-related folds have 

Abstract Contractional deformation structures at the front of transpressional orogens display complex 
three-dimensional geometries deviating from the interpretative templates commonly applied in thrust belts. 
Accordingly, detailed constraints on deformation patterns and associated paleofluid circulation are desirable, 
especially for fracture geometry and permeability predictive purposes. The Pag anticline, which is located in the 
Dinaric fold and thrust belt, provides an appropriate field site for studying fold- and fault-related deformation 
structures in a transpressive setting. We performed a multiscale structural analysis together with petrographic 
and stable isotope characterization of the deformation-related calcite cements. Structural mapping suggests that 
the Pag anticline is a detachment fold developed mainly by buckling, since large-scale thrust faults are absent. 
Fold tightening in a transpressive setting produced a complex deformational structure including two sets of 
N-S right-lateral and E-W left-lateral late-stage strike-slip fault sets trending oblique to the NW-SE fold axis. 
The pre-folding deformation pattern includes incipient normal faults likely related to the forebulge stage, veins 
and stylolites coherent with NE-SW layer parallel shortening contraction in a strike-slip regime, and metric 
to decametric scale conjugate thrusts coherent with layer parallel shortening in a compressive regime. Buckle 
folding preceded propagation of a series of accommodation structures during fold tightening. Petrographic and 
isotopic data indicate meteoric alteration of the Cretaceous platform carbonates in the prefolding stage, likely 
due to forebulge subaerial exposure. Layer parallel shortening and early syn-folding veins involved formational 
fluids resulting from mixed marine and meteoric fluids during folding at shallow burial conditions. Eventually, 
meteoric fluid infiltrated again along strike-slip faults, acting as cross-formational conduits in the postfolding 
stage.
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been extensively applied for estimating the displacement accommodated along blind thrusts for seismic hazard 
assessment purposes (Dolan & Avouac, 2007), although analogue and numerical modeling, and field studies 
suggest that a potentially large component of fold growth might be attributed to buckling in addition to slip on 
the underlying fault (Butler et al., 2018, 2020; Johnson, 2018; Mazzoli et al., 2022). A reliable interpretation of 
the structural style and partition of the contraction between faulting and folding is therefore crucial for estimat-
ing  the  size of seismogenic sources in thrust and fold belts.

An additional factor affecting the structural complexity of thrust and fold belts is the occurrence of components of 
oblique convergence (e.g., Teyssier et al., 1995). In a transpressional regime, the three-dimensional folding-related 
deformation patterns can significantly differ from the deformation structures expected in purely compressive 
settings (Cooper, 1992; Lacombe et al., 2012; Salvini & Storti, 2001; Stearns, 1968; Tavani et al., 2015), being 
typically characterized by additional complexity due to the combination of coaxial and non-coaxial strain (Ellero 
et al., 2012; Leever et al., 2011; Linzer et al., 1995). In such cases, availability of three dimensional templates 
from appropriate field analogs is certainly beneficial for better understanding fault-fold kinematics for academic, 
economic, and societal purposes.

Different deformative mechanisms produce distinctive patterns of fold- and fault-related fracturing, therefore 
controlling the temporal evolution of fluid circulation in thrust belts. Important information on fluid-rock inter-
actions and fluid flow at depth are provided by the study of cements associated with deformation structures 
(Beaudoin et al., 2022; Laubach et al., 2010 and references therein), which add further constraints on fluid origin 
and circulation paths, and the relative chronology of deformation (e.g., Berio et al., 2021; De Graaf et al., 2019; 
Roure et al., 2005; Storti et al., 2018).

Here we present the analysis of fold structure, fault-fold interplay, and folding-related mesoscale deformation 
structures exposed in the Pag anticline, in the northwestern sectors of the External Dinarides of Croatia. We inter-
pret the Pag anticline as a detachment fold, developed mainly by buckling, and crosscut by a late- to post-folding 
pervasive network of strike-slip faults producing an overall rotation coherent with the dextral oblique convergence 
in the region. Petrographic and isotopic characterization of vein cements indicate that deformation occurred at 
relatively shallow depth, with an opening of the system to cross-formational ingression of meteoric water in the 
late-to post-folding strike-slip faulting stage. Based on this multidisciplinary data set, we propose an evolution-
ary model for the Pag anticline, integrating deformation stages with fluid circulation pathways. Fracturing and 
fracture sealing produce also complex feedbacks with the evolution of effective stresses in tight carbonates, since 
confined, low-permeability fluid systems are potentially prone to the syn-tectonic buildup of fluid overpressures 
(e.g., Cerchiari et al., 2020; Cox, 2010).

2. Geological Setting
The Dinarides are a NW-SE striking, SW-verging fold and thrust belt belonging to the Alpine-Himalayan orogenic 
system (e.g., Dewey et al., 1989; McKenzie, 1978; Rosenbaum & Lister, 2002). The Dinarides are delimited 
to the N by the Periadriatic fault, to the NE by the Pannonian Basin, to the S by the Shkoder-Pec lineament 
and to the SW by the Adriatic foreland (Figures 1a and 1b). The Dinaric orogen developed by subduction and 
inden tation of the Adriatic microplate toward NE into the European plate, which caused the closure of the Balkan 
Neotethys and eastward escape of Tisza and Eastern Alps (Figure 1b) tectonostratigraphic domains toward the 
Carpathian paleo-embayment, from upper Jurassic times onward (Handy et al., 2015; Schmid et al., 2008). The 
southwest-vergent Dinaric nappe stack is composed of the Adria passive margin succession, which includes, 
from SW to NE, the Mesozoic Adriatic carbonate platform (ACP; consisting of the Dalmatian and the High Karst 
tectonic domains, Vlahović et al., 2005), the transitional marine succession of the Pre-Karst and the deep marine 
succession of the Internal Dinarides. The Western Vardar Ocean ophiolitic sequence and the Sava magmatic arc 
are juxtaposed above the former ACP units and define the suture zone between Adria and the Europe-derived 
tectonic blocks (Figure 1b; Dragičević & Velić, 2002; Herak, 1999). In the Albanides, Montenegro and southern 
Dalmatia, the Dalmatian and the High Karst tectonic domains are separated by the Budva inter-platform through 
which narrows and is not outcropping from Split toward the north (Gušić & Jelaska, 1993; Tari, 2002; Velić 
et al., 2002, 2015; Vlahović et al., 2002).

The High Karst domain was underthrust in Paleogene times by the most external tectonic unit of the Dinarides 
fold and thrust belt, the Dalmatian domain, bounded to the SW by the Dinarides deformation front (Figure 1b; 
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e.g., Schmid et  al.,  2008). The High Karst domain is composed of limestones and dolostones of the Dinaric 
carbonate platform sequence that underwent erosion due to subaerial exposure during the forebulge stage of the 
subducting Adria continental margin (Brlek et al., 2014; Tari-Kovačić, 1997; Tišljar et al., 2002). Late Creta-
ceous to middle Eocene sedimentary hiatuses are exposed in the northern Adriatic Islands (Pamić et al., 1998) 
and are unconformably covered by foraminiferal limestones marking the initiation of the “underfilled trinity” 
foredeep sequence (Sinclair, 1997) induced by flexural loading of Adria below the advancing Dinaric thrust belt 
(Babić & Zupanič, 2016; Ćosović et al., 2004, 2017). The foraminiferal limestones are covered by few meters 
of Globigerina marls (“transitional beds”) and by pelites and sandstones of the Dalmatian flysch, deposited in 
tectonically confined proximal basins (Babić et al., 1993; Bennett et al., 2008; Piccoli & Proto Decima, 1969; 

Figure 1. Geological setting. (a) Sketch map indicating the location of the Dinarides thrust belt in the circum-Adriatic geodynamic context. (b) Tectono-stratigraphic 
map of the Dinarides (adapted from Van Unen et al., 2019 and modified from Korbar, 2009; Schmid et al., 2008; Vlahović et al., 2005). Red triangle and trace refer to 
locations of (c) and (d). (c) Enlargement of the tectono-stratigraphic context around the studied area, including Pag island, the Velebit Mts. and the Lika region in the 
northeast. Faults are in red; black dots indicate location of exploration wells Ravni Kotari 1 and 2; red rectangle encompasses the area of Figure 3. (d) Cross-section 
(adapted from Grandić et al., 2002) from the central part of the Adriatic Sea in the southwest to the Split-Karlovac fault system in the northeast.
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Tari-Kovačić & Mrinjek, 1994). The ages of the syntectonic “underfilled trinity” span from Lutetian-Bartonian in 
the NW (Pag and Rab Islands), up to early Oligocene in the SE (Split). Two parautochtonous syntectonic clastic 
sequences deposited in the area during Paleogene: (a) the Promina alluvial deposits (Babić & Zupanič, 2007; 
Mrinjek, 1993) and (b) the Eocene-Oligocene Velebit (or Jelar) breccia, interpreted to be the product of multiple 
stages of subaerial thrusting and erosional unroofing and to possibly represent the proximal equivalent of the 
Promina deposits. The latter unconformably overlay the Dalmatian flysch, testifying for an articulated wedge-top 
depositional system and a general regressive trend during southwestward directed folding and thrusting of the 
Dinaric High Karst (Figures 1b and 1c; Babić & Zupanič, 2008).

Paleomagnetic data indicate no net rotation between Adriatic and European plates during the Eocene thrusting 
and folding stage (Márton et al., 2010, 2014, 2022). At the beginning of Oligocene, Adria changed from a north-
westward to a more westward compression direction. Therefore, the Periadriatic fault accommodated dextral 
strike-slip deformation in between Adria and Europe. The European slab underwent delamination or break-off. 
These tectonic events possibly led to dextral strike-slip tectonics and delamination of the Adriatic lithosphere 
below parts of the central and northern Dinarides (Belinić et al., 2021; Handy et al., 2015). Calc-alkaline magma-
tism in the Internal Dinarides has been related to astenospheric upwelling and partial melting of the Adriatic 
crust, that eventually led to extension in the Pannonian Basin (Mandic et al., 2012). Moreover, peneplanation 
surfaces and coastal terraces as high as 600 m a.s.l., are well preserved along the Velebit Mts., northern and 
central Dalmatia and are interpreted to be the result of uplift due to isostatic rebound in the High Karst domain, 
possibly induced by delamination of the Adriatic crust (Balling, Grützner, et al., 2021). The External Dinarides 
were affected by 20°–25° counterclockwise rotation with respect to stable Europe during Oligocene times. The 
Dalmatian domain and undeformed Adria underwent additional 5°–10° CCW rotation since Miocene to pres-
ent (De Leeuw et al., 2012; Ilić & Neubauer, 2005; Le Breton et al., 2017; Márton et al., 2003, 2010, 2014; 
Šumanovac et al., 2017; Ustaszewski et al., 2008).

The Neogene tectonic scenario was characterized by indentation of Adria in the Alps accompanied by eastward 
escape of the Eastern Alps tectonic unit (Ustaszewski et  al.,  2008). The northward movement of Adria was 
accommodated in the northern and central Dinarides by localized strike-slip deformation along major dextral, 
NNW-SSE striking fault systems (Merlini et al., 2002; Picha, 2002; Placer et al., 2010; Van Unen et al., 2019) 
that often-reactivated Mesozoic extensional faults of the Adria passive margin, produced by E-W to ENE-WSW 
extension during the Neo-Tethys rift in the Jurassic (Burberry & Swiatlowski, 2016). During the early to middle 
Miocene, freshwater lacustrine sediments accumulated in intramontane basins in the High Karst and Pre-Karst 
domains (Dinaric Lake System). These depocenters are interpreted either as pull-apart basins related to the 
Oligocene dextral strike-slip deformation, followed by Pliocene NE-directed backthrusting of the Dinarides 
(Hrvatovic, 2005), or as basins that formed during a Neogene NE-SW extensional phase related with the devel-
opment of the Pannonian basin, followed by a right-lateral transpressional deformation with N-S directed σ1 
(Faivre, 2007; Ilić & Neubauer, 2005; van Unen et al., 2019). The main Post-Oligocene dextral strike-slip fault 
systems in the External Dinarides include the Split-Karlovac Fault, dissecting the High Karst Unit, and the NE 
Adriatic Fault (NEAF; Korbar, 2009). The former splays from the NEAF in a N-S direction moving northward 
the town of Split. The NEAF runs along the Croatian coastline from Montenegro in the southeast up to the 
Iulian Alps in Italy, crossing northern Dalmatia and Istria onshore. The NEAF is interpreted to be an inherited 
early Mesozoic extensional fault system reactivated with right-lateral transpressional kinematics and interacting 
with Cenozoic thrust fault systems of the Velebit Mts. antiformal stack (Figures 1b–1d; Korbar, 2009; Kovacs 
et al., 2007).

The complex structure of the region (Figure 1c) and the occurrence of thick clastic deposits of debated origin, 
named Velebit breccias, unconformably cover the pre-Oligocene contractional structure of the Velebit Moun-
tains, led to different interpretations of the subsurface structure of the Lika region and the northern Dalmatian 
area: (a) the Velebit Mts. area is a crustal scale antiformal stack and northern Dalmatia represents passive roof 
folds of the stack (Korbar, 2009); (b) the Velebit Mts. and the northern Dalmatia constitute the hanging wall of 
a foreland-ward dipping passive roof thrust system of a large antiformal stack having its core in the Lika region 
(Balling, Tomljenović, et al., 2021; Chorowicz, 1974); (c) the Velebit Mts. and the Lika region constitute the 
hanging wall of a major out-of-sequence thrust and the northern Adriatic Islands are located in the footwall 
(Prelogović et al., 1998; Tari-Kovačić & Mrinjek, 1994). The cross-sectional geometry illustrated in Figure 1d, 
according to interpretation (c), is based on Grandić et al., 2002 and shows the Velebit Mts. thrust stack char-
acterized by thick-skinned deformation, possibly interacting with the dextral transpressive NEAF, and passing 
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seaward to a thin-skinned imbricate fold train. In this interpretation, thrusting and folding in the external fold 
train is favored by evaporitic layers of Late Jurassic age, whose occurrence is restricted to the northern Dalmatian 
area according to well data (Ðurasek et al., 1981; Korbar, 2009). The younger crustal-scale Neogene strike-slip 
deformation is well evident, particularly by the broad transpressive crustal structure occurring to the NE of the 
Velebit Mts. antiformal stack, which emanates from the Split-Karlovac Fault (Figure 1d).

Neotectonic activity in the northern and central external Dinarides produces low intensity seismicity that high-
lights thrust fault arrays in northern Dalmatia interacting with the NEAF and other strike-slip and transpressional 
faults at the toe of the Velebit Mts. antiformal stack (Kuk et al., 2000). Seismic events with Mw higher than 
4.0 were recorded to the north in Kvarner area and to the south along the Split-Karlovac fault near the town 
of Split, while no comparable seismic activity was recorded but were not recorded in northern Dalmatia and 
Adriatic islands (ISIDe, 2007). Earthquake focal mechanics and geodetic measurements indicate that the princi-
pal contractional axis strikes NNE-SSW to N-S and the contraction rate is 0.2–0.3 mm/yr (Ivančić et al., 2018; 
Kastelić & Carafa, 2012; Pavasović et al., 2021). The area is characterized by extremely low geothermal gradients 
of 15°C/km and lower in the upper part of the crust (top 3 km): oil exploration wells recorded temperatures of 
30–40°C at 3 km depth in the External Dinarides (Grandić & Kolbah, 2009; Kovačić, 2013).

3. Methods
The geological map is based on field surveys integrated with the interpretation of high-resolution satellite images 
available from the Bing portal (https://www.bing.com/maps) and the geoportal of the Croatian Geodetic Service 
(https://geoportal.dgu.hr/). Field surveys were conducted on printed aerial photographs, or on GPS equipped 
tablets, mainly at the 1:5,000 scale, and locally at the 1:2,000 scale (see Mittempergher et al., 2019). The geolog-
ical cross-sections were constructed using the MOVE suite (Petroleum Experts Ltd., 2019) to combine informa-
tion from our field data, measured stratigraphic sections and published geological maps (Majcen et al., 1976; 
Mamužić & Sokač, 1973; Mittempergher et al., 2019; Sokač et al., 1976).

Four thousand nine hundred ninety structural data were collected in 54 structural stations. We acquired measure-
ments of orientations, kinematics, and crosscutting relationships of all the deformation structures at each station. 
Deformation structures are divided in four groups: (a) background deformation structures include elements which 
were collected far from fault damage zones; their attitude is referred to bedding and to the anticline axis trend 
(e.g., bed parallel, axial parallel or longitudinal, axial orthogonal or transversal); (b) deformation structures related 
with soft-sediment faults; (c) thrust related deformation structures; (d) strike-slip fault-related deformation struc-
tures. The measured structural elements include attitude and kinematics of faults, and orientation of veins and 
pressure solution surfaces. Stereographic projections were made using the Daisy3 software (Salvini, 2019). Field 
station positions and raw data are provided in Tables S1 and S2.

We attempted to calculate the paleostress field of the Pag anticline through the inversion of fault slip, veins, 
and stylolite data (e.g., Angelier & Mechler,  1977; Delvaux & Sperner,  2003). Stress inversion is based on 
three assumptions: (a) homogenous stress tensor, (b) infinitesimal strain and (c) no dynamic effects of defor-
mation (Sperner & Zweigel, 2010). The calculated tensor parameters are the orientation of the three principal 
stresses σ1 > σ2 > σ3 (with compressive stresses >0) and the stress tensor shape ratio R = (σ2 − σ3)/(σ1 − σ3) 
(Angelier, 1990). We used the Win-Tensor program for paleostress analysis following the method of Delvaux & 
Sperner, 2003. We calculated then the mean stress tensors for each deformation stage. To test the homogeneity 
and coherency of mean stress tensors, we applied a bootstrap modeling implemented in a custom Matlab® script 
(Figures 15c–15e; Bistacchi et al., 2012; Traforti et al., 2018). Bootstrap modeling assumes that the statistical 
relationships between a sample (mean stress tensor from field data) and the underlying population (the true stress 
tensor) should have the same form as those between a random resampling and the sample itself.

115 thin sections were cut from rock specimens sampled in the study area. Each sample was cut in two slabs, 
one of which was stained with Alizarin Red S and potassium ferricyanide to discriminate the different carbonate 
minerals including calcite and dolomite and their iron-rich equivalents (Dickson, 1966). The remaining slabs 
were used to obtain standard 30 μm thin sections. Petrographic optical analyses were performed with a Zeiss 
Axioplan 2 microscope. Moreover, cold cathodoluminescence (CL) microscopy was performed by a Technosyn 
8200 Mark II cold CL stage, mounted on a LEICA DM2700P optical microscope, at 10 kV and 256 μA gun 
current. Calcite cement types are indicated by different acronyms for host rocks (HR), intergranular (C), and 
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vein cements (V) and followed by suffixes representing the hosting formations. Vein cements with no suffix 
are hosted in undifferentiated Cretaceous limestones. Numbers from 1 to 3 indicate stages of progressive vein 
cement development and refer to pre-, syn-, and post-folding stages, respectively. VT calcite cement is hosted in 
thrust-related veins.

Following petrography and cathodoluminescence analyses, oxygen and carbon stable isotope ratios were deter-
mined on 289 selected samples of HR and cements. Stable isotope ratios are reported in ‰ notation relative to 
the V-PDB standard (Vienna Pee Dee Belemnite). 210 sub-samples of cements and HR were drilled directly from 
thin sections with an ESI New Wave Research Micromill with sub-micron step resolution and a milling chuck 
speed ranging from 1,200 to 35,000 rpm. An additional of 43 sub-samples were drilled from rock slabs using a 
dental drill with 500 μm wide drill bits. For the isotopic analysis of each sample, 150–200 μg of carbonate powder 
was loaded into a GasBenchII autosampler, interspaced with three different reference materials (NBS18, NBS19, 
and MAB99). After helium flushing, 100% orthophosphoric acid was added at 25°C and reacted at 72°C. Result-
ing gases were analyzed automatically using a Thermo Finnigan Delta V+ mass spectrometer. 40 peaks, in 10 
steps, were measured for each sample. Each sample was analyzed twice so the data uncertainty is ±0.10‰ and 
±0.15‰ for ẟ 13C and ẟ 18O, respectively.

4. Geology of the Pag Anticline
4.1. Stratigraphy

The Pag Island exposes the Upper Cretaceous (Cenomanian to Coniacian) rudist-bearing platform carbonate 
succession of the Adriatic Carbonate Platform (ACP; Vlahović et  al.,  2005), namely, the informal lithostrati-
graphic units known as Milna formation (fm. hereafter; Cenomanian), Sveti Duh fm. (Cenomanian-Turonian), 
and Gornji Humac fm. (Coniacian) (Figures  2 and  3) (Gušić & Jelaska,  1990,  1993). The Milna fm. mainly 
consists of a sequence of shallowing upward cycles of intertidal limestones with dominant supratidal facies, with 
stromatolite-rich beds, microbial laminites and oxidized paleosoils (Figure 2a). It is overlain by the intrashelf exter-
nal carbonate ramp deposits of the Sveti Duh fm., recording a regional transgressive event locally marked by a hard 
ground (Figure 2b; Korbar et al., 2012) and providing a useful reference horizon for stratigraphic correlations. The 
Gornji Humac fm. mainly consists of rudist-bearing platform carbonates, with wackestone and packstone facies 
interlayered with rudist debris forming storm beds and tidal sandwaves (Figure 2c). An erosional surface occurs at 
the top, with evidence for meteoric calcite cementation, karst dissolution and, locally, bauxite deposits (Figure 2d; 
Kovačević Galović et al., 2012). This long-lasting erosional phase is testified by a regional stratigraphic gap span-
ning from Coniacian-Santonian to Ypresian times (Jelaska et al., 1994; Korbar, 2009; Mittempergher et al., 2019). 
Sedimentation resumed in the Lutetian and Bartonian with the deposition of the ramp-carbonates regionally known 
as foraminiferal limestones (Figure 2e), passing upward to the transitional beds (Globigerina marls) (Figure 2f) 
and the predominantly shallow marine clastic succession of the Dalmatian flysch (Figure 2g; Persico et al., 2019). 
The Eocene-Oligocene Velebit breccia outcrop just NW of the Paški zaljev and unconformably cover the folded 
cretaceous substrate (Figure 2h). The youngest sediments exposed in the Pag Island are early Miocene freshwater 
lacustrine deposits, which unconformably lay on the folded and peneplanated substrate, and dip less than 20° to the 
north, testifying for mild deformation in the area since Miocene times (Figure 2i; Bulić & Jurišić-Polšak, 2009).

4.2. Along-Strike Fold Geometry

In map view, one of the most peculiar features of the Pag anticline and of the adjacent folds in the surroundings 
of Povljana (Povljana anticline from here onwards) is that they are dissected by two sets of subvertical strike-slip 
fault zones striking E-W and N-S (Figure 3). The E-W striking set is dominant in the NW part of the Pag anticline, 
while the N-S set is better developed in the SE region and in the Povljana anticline. The boundary between these 
two structural domains is marked by a couple of E-W subvertical fault zones compartmentalizing the fold into two 
structural domains with average fold axes showing 20° of strike difference. The northwestward domain is rotated 
clockwise compared to the southeastern domain in map view. In the north-western sector of the fold, the axis 
plunges gently toward N318°, in the southwestern sector it is horizontal and trends N123° (Figure 3).

The Pag anticline geometry is described in detail based on six NE-SW cross-sections shown in Figure 3a–3f. The 
northern fold periclinal sector (Figure 3a) consists of a triangle zone composed of a gently southwest-dipping 
backthrust, that can be traced for about 3.5 km along strike, superposing the north dipping beds of the Gornji 
Humac fm. on the transitional beds and a forethrust juxtaposing the foraminiferal limestones on the transitional 
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beds in the backlimb (Figure  6b). The backthrust is segmented by east-west dextral transpressive faults and 
involves increasingly deeper structural levels moving toward the south (Figure 3b). In section B, the backthrust 
juxtaposes the anticline crest on a vertical to overturned backlimb, both consisting of limestones of the Gornji 

Figure 2. Stratigraphy of the Pag island. (a) Field picture of the Milna fm. showing multiple cycles of massive packstone and wackestone intercalated by stromatolitic 
layers. (b) Hardground stained by iron oxides and marked by bioturbation at the top of the Milna fm. (c) Outcrops showing Gornji Humac fm. characterized by 
alternations of white grainstones, packstones and greyish mudstones. Pen for scale. (d) Picture showing reddish paleosoil at the top of the Gornji Humac fm. (e) Pictures 
illustrating facies types of the foraminiferal limestones, that is, a lower wackestone sub-unit and an upper packstone one. (f) Picture shot looking southwards, showing 
the anticline forelimb north of Pag village; the sedimentary succession shown spans from the top of the foraminiferal limestones to the base of the Dalmatian flysch, 
transitioning through the transitional beds; tourists above marls for scale. (g) Photo, looking southeast, of poorly cemented, sandstone-rich beds of the Dalmatian 
flysch, outcropping on the southwest shore of the Paški zaljev, part of backpack for scale. (h) Detail of the Velebit breccia; photo taken northeast of Metajina village. (i) 
Outcrop picture showing coal-rich lacustrine sediments of the Crnika beach section, located on the southwest shore of Paški zaljev. (j) Shematic stratigraphic succession 
of Pag island; symbols of the sedimentary facies types are described in the lower part of the figure.
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Humac fm. The backthrust produces its maximum displacement around section B, while to the south it dies out 
through a series of low-displacement conjugate thrust planes, well exposed in the surroundings of section C 
(Figure 3c). The combined effect of the backthrusts and of the dextral strike-slip faults is a clockwise rotation of 
the anticline crest above the backlimb, causing the observed variation in the trend of the anticline axis in the north-
ern sector of the fold (Figure 3). From north to south (from sections A to F), the forelimb increases its dip angle 
from 35–40° to 50–70°. The backlimb, visible only in sections B and C, passes from being vertical to overturned 
in section B to dipping at about 70° in section C, where a backlimb syncline crops out. Accommodation structures 
at the decameter to hectometer scale such as top-to-the-hinge duplexes, conjugated thrusts in the hinge zone and 
out-of-the-syncline thrusts (Mitra, 2002; Price & Cosgrove, 1990) are widespread around section C (Figure 3c).

Along section D the anticline profile is nearly symmetrical, with forelimb and backlimb dipping at about 60°–70°, 
and no major thrusts cropping out. The anticline nucleus is exposed in this sector and consists of well bedded Milna 
fm. limestones tightly shortened into a hectometric triangle zone (Figure 3d). The Milna fm. is well exposed in 
the crestal area and is characterized by pluri-hectometric, asymmetric to symmetric parasitic folds and subsidiary 

Figure 3. Geological map of the Pag and Povljana anticlines from Mittempergher et al. (2019) with traces of the geological cross sections shown in A to F, from NW 
to SE; β axis and π plane obtained from cumulative bedding pole density contours of the northwestern part (southeastern part and Povljana) of the Pag anticline in blue 
(red) from our data set (Schmidt lower hemisphere stereographic projection; contour interval 2%) are shown in the upper right corner of the map; rose diagram showing 
cumulative azimuth distribution of strike-slip faults from our data set are shown on the left side of the map. (A–F) Geological cross-sections of the Pag anticline from 
NW to SE.

 19449194, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
007781 by U

niversity M
odena, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

LUCCA ET AL.

10.1029/2023TC007781

9 of 36

thrusts and backthrusts, typically localized in finely layered stromatolitic beds and paleosoils. Section D  inter-
sects one of the sinistral strike-slip faults dissecting the anticline forelimb and compartmentalizing the fold.

Along sections E and F (Figure 3e), the profile of the Pag anticline becomes asymmetrical again, with a vertical to 
overturned forelimb, a gently dipping backlimb and an open backlimb syncline. The forelimb is locally crosscut 
by splays of shallowly dipping secondary forethrusts, supporting the existence of a buried forethrust in this sector, 
as interpreted in the cross sections. Toward the foreland, a train of minor anticlines (Povljana anticline) exposing 
the Gornji Humac fm. in their nucleus is exposed. These anticlines are mostly symmetrical, except for the west-
ernmost fold, where only the backlimb is visible. The anticlines have a box profile, with steeply dipping limbs 
and flat or gently undulating crestal area. Section F (Figure 3f) intersects one of the N-S striking dextral strike-
slip faults dissecting the anticline forelimb in this sector compartmentalizing and tearing different domains along 
strike (Figure 3f). Moving toward the south, the interference between strike-slip faults and subsidiary thrusting 
is more complex and increases toward the southeast of Pag island producing rotated and dislocated blocks in the 
anticline crest. These dextral N-S strike-slip faults crosscut also the backlimb of the subsidiary forelandward 
anticline to the SW of the Pag anticline (Figure 3).

5. Structural Data Analysis
5.1. Deformation Structures Far From Fault Zones

Veins, joints and stylolites measured far from fault zones are referred to as background deformation structures. 
To simplify description and relative comparisons, data from adjacent stations were grouped in 15 field sites and 
are illustrated both unrotated and rotated to restore bedding to the horizontal (Figure 4). Information on station 
grouping into sites are provided in Table S1.

Bed-parallel stylolites are abundant both in Cretaceous carbonates and in foraminiferal limestones (Figure 5a). 
Mesostructures in the Cretaceous limestones include bed-parallel veins, few centimeters long, developed in 
re-opened bed-parallel stylolites, occurring both in the anticlinal crest and in the crest-limb transition zones. 
These veins are cross-cut by bed-perpendicular, longitudinal (axial-parallel) tectonic stylolites associated with 
transverse (axial orthogonal) calcite veins that commonly postdate stylolites (Figure 5b). Longitudinal stylolites 
are locally reopened and filled by calcite cement. Transversal veins commonly abut facies boundaries or bioclas-
tic levels in storm beds. The orientation of bed-perpendicular deformation structures depends on the position 
along the anticline axis, and it is influenced by the non-cylindrical fold shape in the pericline area, and by strike-
slip related block rotations about vertical axes. Indeed, mean strike of longitudinal stylolites is N140°E in the 
northwestern sector and N120°E in the southeastern one, whereas the corresponding transverse veins strike is 
N50°E and N30°E, respectively, testifying for fold compartmentalization in a NW and a SE sector, separated by 
a major E-W left-lateral fault that produced postfolding block rotations (Figure 4). The Gornji Humac fm. shows 
a different background deformation pattern in the northwestern pericline since bed-parallel and cross-fold veins 
do not occur here. Moreover, axial parallel stylolites are preceded by E-W striking stylolites (N100°), orthogonal 
to bedding, which locally show slickolites indicating left-lateral reactivation.

The oldest deformation structures in the foraminiferal limestones are rare NE-SW striking, transverse pressure solution 
cleavages, preferentially found in the forelimb. Apart from this local complexity, foraminiferal limestones are mainly 
affected by bed-perpendicular, longitudinal pressure solution cleavage striking NW-SE, associated with sub-vertical 
transverse veins striking NE-SW, a pattern like that found in Cretaceous limestones (Figures 4 and 5c). In the over-
lying Dalmatian flysch, thin longitudinal compaction bands occur, striking sub-parallel to the axis of the fold. They 
are crosscut by transverse joints, veins and by conjugate joints with acute angle bisector (60°) striking from N50°to 
70°E (Figure 5d). The latter are particularly abundant in well cemented globular concretions within sandstone strata.

The strike of subvertical cross-fold veins vary from NNE-SSW to ENE-WSW. The factors controlling the 
local orientation of cross-fold veins include: (a) block rotation due to late-stage strike-slip faults; and (b) the 
veins locally forming as hybrid extensional and shear veins arranged in right-lateral NNE-SSW and left-lateral 
ENE-WSW en échelon arrays (e.g., Site 5; Figure 5e). After back-rotating bedding to horizontal, right-lateral 
arrays strike N0°–10° (Figure 5f) and left-lateral shear vein arrays strike N70°–80° (Figure 5g). The formers are 
composed of N10° striking vertical veins associated with N100° striking vertical stylolites, partially re-opened 
and calcite cemented. The en échelon bed orthogonal shear vein arrays are deformation structures that accommo-
date local strike-slip and tearing deformation along the strike of the fold and occur also in other areas far from 
large thrusting related structures (N10°–30° veins in Site 12 in Figure 4).
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Figure 4. Orientation of the background deformation structures. Schmidt lower hemisphere stereoplots of the background deformation structures measured in the sites 
shown on a Schematic map of the Pag anticline and are colored based on lithostratigraphy. Stereographic projections are plotted on lower hemisphere, Schmidt net; pole 
density contours have intervals of 3% (in all figures). All structural elements are plotted both in their orientation (opaque stereonets) and after back-rotating bedding to 
horizontal (blue lined sharp stereonets).
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Meter-scale conjugated thrusts oriented at low angle to bedding have been observed in several outcrops of the Gornji 
Humac fm. in the backlimb of the Pag anticline. These thrusts appear to be passively rotated together with the fold 
limb (see Section 5.2). Upon bed restoration to horizontal, secondary thrusts are coherent with NW-SE contraction.

Figure 5. Field pictures of background deformation structures. (a) Field photo of a vertical section of Gornji Humac fm. in 
the crest to forelimb transition showing bed-parallel vein exploiting bed-parallel burial stylolites and crosscut by transversal 
vein. (b) Association of axial-parallel stylolites and clustered cross-fold veins in the Gornji Humac fm.; map view. (c) Outcrop 
of foraminiferal limestones displaying the same structural association: mutually crosscutting axial-parallel pressure solution 
wavy cleavage and V2F.L. veins; map view. (d) Picture showing the top of a medium angle, NE dipping Dalmatian flysch 
sandstone bed, where conjugate shear joints occur along with transversal joints and veins, and a third minor, discontinuous 
joint set, parallel to the bed strike on the right, which occurs along compaction bands. (e) Sketch of a bed surface of Gornji 
Humac fm. in the backlimb, back-rotated to the horizontal, showing a composite deformation pattern including two conjugate 
strike-slip vein arrays, orthogonal to bedding, a right-lateral NNE-SSW set (f) and left-lateral ENE-WSW set (g).
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5.2. Fold Accommodation Faults

Reverse faults outcropping in the Pag anticline accommodate displacements on the order of meters to hectometres 
(Figures 3a–3c). Well-developed discrete thrusts with hectometer-scale displacements are present in the northern 
backlimb of the Pag anticline, while accommodation structures such as minor thrusts and arrays of duplexes are 
widespread, especially in the backlimb and within the anticlinal core.

Figure 6. Field pictures of thrust structures. (a) Photo looking south highlighting the triangle zone defined by the main backthrust along the NE coast of Pag and by the 
subsidiary forethrust outcropping in the lower left corner of the image. (b) Outcrop picture shot looking SE, showing the subsidiary forethrust involving foraminiferal 
limestones above transitional beds cross-cut by a strike-slip fault zone. (c) Detail, looking NW, of the main backthrust illustrating pluridecametric thrust-related folds 
in both hanging wall and in the verticalized footwall strata. (d) Outcrop detail along a subsidiary thrust fault plane displaying both bed parallel veins and younger thrust 
related veins which dip toward the vergence direction of the associated thrust fault, for example, toward SW here. Stereonets in (a) and in (d) show thrust faults in red 
and other structures are according to the legend of Figure 4.
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The foreland-vergent thrust and the backthrust forming the triangle zone in section A (Figure 3a) consist of sharp fault 
surfaces bounding imbricated duplexes (Figure 6a). Thrusts dip at low to medium angle and determine significant 
bed rotations in their footwalls, where bedding is vertical to overturned (Figures 6b and 6c). The foreland-vergent 
thrust juxtaposes the foraminiferal limestone onto the transitional beds, which are squeezed in a tight footwall 
syncline showing accommodation structures such as subvertical out-of-the-syncline thrusts (Figure 6a). Subvertical 
bedding surfaces of transitional beds are exploited by late strike-slip faults. In a well exposed section of the main 
backthrust involving the Gornji Humac fm. and foraminiferal limestones, it is possible to appreciate its complex 
geometry consisting of multiple low angle slip surfaces, in turn composed of smaller scale anastomosing slip 
surfaces (Figure 6c). Slip surfaces are locally decorated by calcite slickenfibers indicating top to the north-east 
movement. The vertical to overturned backlimb is crosscut by a splay of minor thrust branches and develops kink 
bands with gently dipping axial planes ahead of blind thrusts (Figure 6c). The footwall of the backthrust, involving 
the Gornji Humac fm. and the foraminiferal limestones, shows axial parallel stylolites and bedding-parallel veins in 
verticalized beds, characterized by asymmetrical kink folds. The thrust fault core is composed of a half-meter thick 
coarse red fault breccia with interposed narrow cataclastic surfaces and abundant pressure solution. The shear fabric 
is composed of well-developed S-C structures. In the surroundings of thrusts crosscutting the Gornji Humac fm., 
fault-parallel to low angle en échelon arrays of thin veins occur. Crosscutting relationships indicate that thrust related 
veins cross-cut bed-parallel veins with an angle of about 15°–20° (Figure 6d). Thrust related veins are, in most cases, 
crosscut by cross-fold veins. Arrays of medium to high angle dipping (40°–70°) thrust related tectonic stylolites, 
bordering lens shaped domains, frequently occur adjacent to thrust surfaces defining S-C deformation zones.

Other frequent accommodation structures in the backlimb of the Pag anticline include limb wedge thrusts 
(Mitra, 2002; Price & Cosgrove, 1990) and duplex arrays, both showing top to the hinge kinematics (Figure 7). 
Wedge thrusts appear as high-angle, sharp faults bearing a meter-scale cataclasite layer and calcite slickenfib-
ers on the slip surface (Figure 7b). In other fold sectors, more complex thrust structures such as duplex arrays 
bounded by roof and floor thrusts develop. There, N40°–N50° dipping thrust fault zones with top to N220°–N230° 
kinematics (dip-slip) separate a vein rich hanging wall from a foliated cataclastic footwall. Main wedge thrusts 
are characterized by ramp-flat geometry where highly deformed shear lenses and duplexes form meter-thick 
deformation zones where bedding is sheared and bent, indicating top to the hinge shear. Verticalized thrust faults 
show strike-slip to slightly oblique transpressional kinematics, subparallel to the fold axis direction. The duplex 
imbrication and S-C foliation consisting of stylolites and calcite slickenfibers on the shear surfaces, indicate top 
to the hinge sense of transport (Figure 7c). Isolated thrusts and conjugated thrusts are found also in sectors of the 
backlimb apparently less deformed (Figure 7d). Such thrusts accommodate displacements on the order of few 
centimeters, dip at high angle and have an angle of less than 30° with bedding (Figure 7d). This evidence suggests 
that they formed and activated before folding and were then passively rotated during limb rotation.

The transition between backlimb and the gently dipping anticlinal crest occurs relatively sharply, and, where visi-
ble in cross-sectional exposures, it is marked by a stack of duplexes variably indented forming multiple fish-tail 
structures (Figure 7e). Thrusts bounding the duplexes dip to the SW in the crest, and to the NE in the backlimb, 
suggesting a transport toward the hinge from both sides.

The anticlinal core is intensely deformed by multiple subsidiary thrusts and indentation structures. The deforma-
tion pattern associated with thrust fault zones in the Milna fm. shows high heterogeneity and complexity, due to 
the frequent occurrence of detachment horizons consisting of paleosoils and biogenic laminites. Toward the fold 
nucleus, duplexing is accommodated at a larger scale by passive roof thrusting and, at a smaller scale, by ramp 
thrusting, polyharmonic folding, and rarely by bed parallel slip (Figure 7f).

The forelimb of the Pag anticline appears more regular than the backlimb, although parasitic folds and small-scale 
thrusts and duplexes are locally visible and could have been overseen because of the lack of cross-fold exposures. 
However, no evidence for map-scale reverse faults or thrusts have been found in the field.

5.3. Deformation Pattern Along Pre-Folding Fault Zones

Few fault zones are crosscutting the Gornji Humac fm. in the southeastern part of the Pag anticline forelimb show-
ing a distinct deformation pattern characterized by soft-sediment deformation. Fault zone segments in Cretaceous 
limestones strike NW-SE to NNW-SSE and are characterized by foliated domains subparallel to the fault surface 
and surrounded by intensely fractured, fault-bounded and rotated, limestone beds (Figures 8a–8c). Fault subparallel 
foliation surfaces locally bear pockets of breccias with a micritic matrix. Kinematics along the NW-SE fault planes 
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Figure 7. Field pictures of fold accommodation structures. (a) Field picture showing a forethrust in the backlimb, interpreted as an out-of-the-syncline thrust, and 
a roof backthrust at the transition with the crest. (b) Detail of the fault zone of the out-of-the-syncline thrust, composed of about 1 m of cataclasite arranged in S-C 
shear lenses. (c) Photo showing a thrust bounding decameter-scale duplexes in the backilmb, with top-to the hinge (right in the picture) sense of transport; structural 
measurements are plotted separately for each sector. (d) Field photo of Site 5 in the backlimb where bedding dips at medium to high angle and is crosscut by meter-scale 
conjugated thrusts; the thrusts dipping toward the NE have a very high dip angle, suggesting that they formed when beds were still horizontal, and were exploited as 
strike-slip faults upon backlimb rotation. (e) Field image of the backlimb (NE)—crest (SW) transition, consisting of a volume of superimposed and indented duplexes in 
a fishtail structure. Backpack for scale. (f) NE-SW trending valley exposing the anticline nucleus formed of superimposed hectometric duplexes in Milna fm., crosscut 
by E-W strike-slip faults; person circled in red for scale.
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can be inferred from fault planes and pressure-solution cleavage intersection relationships indicating top to the SW 
sense of transport (Figures 8d and 8e). Well-developed, systematic fracture patterns are not recognizable along 
these fault zones. The NW-SE fault zones dislocate the Cretaceous limestones only, showing ramp cutoff angles 
decreasing toward the older strata. Upon restoration of Gornji Humac fm. bedding to horizontal, the faults result 
dip at medium angle to the SW, with normal-oblique sense of movement. N-S strike-slip fault segments dislocat-
ing the foraminiferal limestones and the Dalmatian flysch join to, and partially reactivate, NW-SE fault segments. 
Dextral strike-slip reactivations are localized in fault segments with higher cutoff angles only (Figures 8d and 8e). 
In the reactivated fault segments, brittle deformation structures overprint ductile, soft-sediment structures.

5.4. Deformation Structures Along Strike-Slip Fault Zones

Strike-slip fault zones are widespread, especially in the southern and northern sectors of the Pag anticline, and 
in the south-eastern part of the Povljana anticline. In the central part of the Pag anticline, faulting is less intense 

Figure 8. (a) Field picture looking toward SE in site 21 showing sigmoidal partially bleached lenses formed subparallel to bedding during extensional soft-sediment 
deformation. (b) Sigmoidal, foliation-bounded soft sediment fault core lenses composed of compacted and cemented sub-rounded chaotic breccias. (c) Slumped beds 
in the damage zone of a ramp segment of the soft sediment extensional fault zone in site I. Orthophotomosaics of the architecture of soft-sediment faults in site 21 (d) 
and in site 22 (e); fault segments with soft-sediment deformation structures are colored in green, strike-slip faults are in red. Fault segment kinematics and reactivation 
are indicated in the legend. All the deformation structures are shown in the Schmidt lower hemisphere stereonets; bedding is in blue, faults in red, and pressure-solution 
cleavage planes in gray.

 19449194, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
007781 by U

niversity M
odena, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

LUCCA ET AL.

10.1029/2023TC007781

16 of 36

(Figure 3). Closely spaced strike-slip fault zones, each associated with several minor faults and their respective 
damage zones, causes the pervasive occurrence of fault-related veins in most of the study area. Fault-related veins 
are clearly recognizable from the cross-fold veins because they strike oblique to the folded bedding and maintain 
vertical attitude irrespective of bed attitude.

Strike-slip faults accommodating right-lateral offsets strike N-S, whereas those with left-lateral offsets strike 
roughly E-W. The latter are concentrated in northwestern sectors of the anticline, while the former mainly devel-
oped in the southeastern part. NE-SW striking faults are locally developed and are more frequent in the central 
and northern sectors of the fold. They produce moderate offset, both dextral and sinistral. Many fault zones are 
localized along the limbs and crest-limb transition zones, producing maximum offsets of up to about 300 m that 
typically decrease toward the fold crest area. This feature causes along-strike compartmentalization of the fore-
limb into variably rotated fault-bounded blocks.

Both N-S and E-W fault sets trend obliquely with respect to the fold strike and their acute intersection angle varies 
between 80° and 90° (Figure 9a). Strike-slip E-W and N-S fault damage zones in Cretaceous carbonates involve 
arrays of subsidiary splay faults trending sub-parallel to the master faults. Vertical to subvertical calcite veins 
are abundant and strike typically oblique (35°–45°) and parallel to the main slip surfaces (Figures 9a and 9b). 
Calcite cement fills both vein sets, has brownish to reddish color, and is extremely abundant in fault cores and 
damage  zones of both strike-slip fault sets. Vertical, strike-slip fault-related tectonic stylolites are also abundant 
but show a higher spatial heterogeneity in the anticline compared to the veins. Sub-orthogonal vein and stylo-
lite sets mutually crosscut (Figures  9c and  9d). Locally, within E-W strike-slip fault damage zones, NE-SW 
veins associated with NW-SE stylolites, indicating left-lateral kinematics, are mutually cross-cut by deforma-
tion patterns indicating right-lateral reactivations (Figure 9a). N-S right-lateral fault zones are characterized by 
fault-parallel veins whereas fault-parallel stylolites are rare and locally occur in the forelimb and in the NW 
pericline (Figure 9d). Moreover, few N-S fault zones show dip-slip normal slickenlines and extensional offset.

The strike-slip fault pattern recognized in foraminiferal limestones along the forelimb of the Pag anticline is char-
acterized by the formation of meter-wide domains of rhombohedral lithons bounded by pressure-solution seams 
and shear surfaces, in a S-C arrangement, associated with oblique calcite veins. In the overlying Dalmatian flysch, 
subsidiary E-W left-lateral and NE-SW right-lateral strike-slip fault zones occur (Figure 9a), associated with en 
échelon vein arrays and foliated S-C domains (Figure 9e). Near vertical ESE-WNW to E-W left-lateral strike-slip 
faults also affect late Miocene lacustrine sediments.

6. Diagenetic Cements and Microstructures
6.1. Petrography of Host Rocks and Cements

The Milna fm. lagoonal limestones (Korbar,  2009; Korbar et  al.,  2012) contain pseudoprimary, planar-E to 
porphyrotopic dolomites formed in the peritidal depositional environment (Figure 10a) that were later calcit-
ized to produce micritic and microsparitic calcite cement with dolomite habit. Host rock limestone matrix show 
dull red luminescence in CL (HRMilna; Figure  10b). The Sveti Duh fm. mudstones and wackestones (HRS.D.; 
Davey & Jenkyns, 1999; Korbar et al., 2012) show homogeneous orange matrix luminescence in CL. The grain-
stones, packstones and subordinate wackestones of the G.H. fm. (HRG.H.; see Figures 10m and 10n; Brlek & 
Glumac, 2014; Korbar et al., 2012). display dull purple color in CL.

Intergranular cement is composed of granular mosaic calcite while rare fenestrae and molds are occluded by 
drusy calcite cement. Both cements show intense Type I twinning and are non-luminescent in CL. Paleosoils 
(HRtopK) and cements (CtopK) at the top of the G.H. fm., related to the K-T unconformity, show non-luminescence 
in CL. Cements are hosted in up to meter thick bed-parallel karst dissolution pockets, from which they grow 
inward with layered columnar habit (Figure 10c). Foraminiferal limestones HR (HRF.L.) are composed by two 
main facies types, wackestones and nummulitic grainstones, that show a dull purple and orange luminescence, 
respectively. Other types of calcite cements occur, namely CD.F. (Figures 10e and 10f). and Clate (Figure 10d), 
that fill intergranular porosity in the Dalmatian flysch and clog fractures related to late exposure (telogenetic), 
respectively.

Calcite cements in tectonic veins have been subdivided into four groups (V1, V2, V3, and VT) based on their 
petrographic characters, as detailed below. V1 cement is found exclusively in bed-parallel veins. V1 calcite 
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crystals are “milky white,” show a blocky structure, include pervasive Type I twinning (Burkhard, 1993), and 
are non-luminescent in CL (Figures 10c and 10d). VT calcite cement is hosted in thrust related veins and is char-
acterized by non-equigranular habit, non-luminescent in CL with intense Type I twinning (Figures 10e−10h). 
V2 calcite fills crossfold veins and conjugate shear vein arrays orthogonal to bedding and are composed of a 
non-equigranular mosaic calcite, non-luminescent in CL and with rare Type I twinning, less intense than in V1 
and VT calcites (Figures 10c–10f, 10i, and 10j). In proximity of the unconformity at the top of the Gornji Humac 
fm., V2 calcite cement has dull orange color in CL (Figures 10c, 10d, 10i, and 10j) while vein rims show solid 

Figure 9. Orientations and field pictures of fault related deformation structures. (a) Schematic map of the Pag anticline with stratigraphic and structural lineaments 
as in Figure 4. Sites are colored following lithostratigraphy. Legend shows elements in stereographic projections, which are plotted on lower hemisphere Schmidt 
stereonets. Faults represented in this image have strike-slip kinematics. (b) Field image of N-S striking right-lateral fault with reddish fault core in the Milna fm.; red 
line marks fault core-damage zone boundary; green and gray marks represent fault related veins and stylolites. (c) Detail of mutually crosscutting fault related N-S and 
roughly E-W (ENE-WSW) veins in the Gornji Humac. fm. (d) Outcrop detail of Gornji Humac fm. in the pericline area displaying mutually crosscutting N-S and E-W 
stylolites. (e) Field image showing the fault core of a left-lateral fault producing pluridecametric offset between the foraminiferal limestones and the Dalmatian flysch, 
in map view.
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inclusions zones with dolomitic habit that emit a purplish color in CL. Fracture-filling dolomites are recognizable 
by their inclusion zones habit even in transmitted light only and are planar-E (Figures 10c, 10d, 10i, and 10j). 
Cross-fold V2 veins in foraminiferal limestone host blocky, dogtooth, fibrous and microsparitic calcite cements 
(V2F.L.), characterized by different Type I twinning intensities. They share the same CL color with their encasing 
HR, therefore, V2F.L. calcite veins in wackestones show dull red to purple colors, while those that cut through 

Figure 10.
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nummulitic grainstones are orange (Figures 10k–10n). V3 calcite cement shows non-luminescent, yellow, and 
bright orange growth zones in CL (Figures 10b–10h and 10j–10n). Type I twinning locally occurs. Where V3 
precipitated along re-opened and cemented axial parallel stylolites, calcite crystals show smaller dimensions, 
rounded habit and a marked yellowish to reddish halo in transmitted light. Along strike-slip fault zones, V2F.L. 
are re-opened by V3F.L. calcite cement (Figures 10m and 10n), similarly to V2 and V3 in Cretaceous formations 
(Figures 10i and 10j). The Dalmatian flysch host transversal veins which are composed of calcite cement with 
rare Type I twinning and show the same orange color in CL as the intergranular calcite cement (CD.F.). Finally, 
brownish, banded karst-related calcite cements (Clate), tenths of centimeters thick, occur in late extensional pock-
ets, mainly along N-S and E-W strike-slip zones, independently of stratigraphy, and show non-luminescence 
in CL.

6.2. Carbon and Oxygen Isotope Ratios of Host Rocks and Cements

Results of carbon and oxygen stable isotopes analyses are illustrated in Figure 11a and in Table 1. Mean and 
standard deviation values of the results are shown in Figure 11b along with the diagenetic fluid types. The legend 
above the results illustrates cements in a relative time framework and relates them to the fluid types and the 
tectonostratigraphic context. The green dashed squared area indicates the range of ẟ 18O‰ and ẟ 13C‰ (V-PDB) 
values of limestones precipitated in equilibrium with Late Cenomanian to Early Coniacian seawater (Figure 11a; 
Veizer et al., 1999). Eocene seawater ẟ 18O and ẟ 13C values are not shown in the plot: they are comprised between 
−1‰ to +0.5‰ and +0.8‰ to +3.6‰, respectively. ẟ 18O values of Cretaceous limestone HR show a simi-
lar range comprised between −6‰ and −3.5‰. Their ẟ 13C values show slightly different ranges, comprised 
between 0‰ and +3‰. Host rocks and cements, at the top of the Gornji Humac fm., have ẟ 18O values in the 
range of Cretaceous HR but ẟ 13C values are highly depleted compared to HR and range from −10‰ to −2‰. 
The foraminiferal limestone HR show the most enriched ẟ 18O values, from −4.5‰ to −2.5‰, and ẟ 13C values 
comparable to the Cretaceous limestones. V1 and VT calcite cements have ẟ 18O values 1‰ depleted compared to 
the Cretaceous limestones but similar ẟ 13C values. V2 calcite cement has the most depleted ẟ 18O values, ranging 
−9‰ to −6‰ and ẟ 13C from −4‰ to +2‰. V2F.L. calcite have ẟ 18O and ẟ 13C values comparable to V1 and 
VT. The Dalmatian flysch hosts intergranular calcite cement filling also transversal veins, CD.F., that shows ẟ 18O 
values ranging from −5‰ to −3‰ and ẟ 13C values around 0‰. V3 and V3F.L. calcite cements have a ẟ 18O range 
of −6.5‰ to −4.5‰ and ẟ 13C values of −7‰ to −1‰, like HRtopK and CtopK. Fault cores of strike-slip faults 
show lower ẟ 18O and ẟ 13C values compared to the undeformed HR, from −6‰ to −3‰. Late calcite cements 
(Clate) along strike-slip faults show ẟ 18O values comparable to HRtopK, CtopK, V3, and V3F.L. and depleted ẟ 13C 
values, from −11‰ to −7‰.

7. Discussion
7.1. Relative Chronology of Deformation Structures and Progressive Fold Evolution

Here, we first reconstruct the evolution of deformation structures in the Pag anticline based on the combination 
of field structural data and the petrography of vein cements (Figure 12a) for both background (Figure 12b) and 
fault-related deformation patterns (Figure 12c). According to our results, the oldest structures are soft-sediment 
normal faults which affected the Cretaceous limestones just after deposition of the Gornji Humac fm. Their 
orientation after bed restoration to the horizontal is oriented almost parallel to the present-day NW-SE dominant 

Figure 10. Petrography of carbonate cements. TSS stands for thin section scan; PPL for plane-polarized; cold cathodoluminescence (CL) for cathodoluminescence. 
(a) TSS of Milna fm. mudstones showing wavy laminated layers including peloids and algal mats. (b) Enlargement of A in CL illustrating calcitized idiotopic matrix 
dolomite crystals and V3 vein formed by calcite crystals with well evident non-luminescent and yellow-orange growth zones. (c) PPL image of CtopK geopethal calcite, 
showing halos of growth zones that were not overprinted by recrystallization, cross-cut by V1 calcite vein. (d) XPL detail of Clate calcite showing growth zones 
intercalated by silty, solid inclusion rich bands. (e, f) PPL and CL images of Dalmatian flysch showing the homogeneous orange-colored interparticle calcite cement. 
(g) TSS of Gornji Humac fm. showing crosscutting relationships between V1 and V2 veins; V1 shows extremely twinned calcite crystals, V2 is characterized by rims with 
solid inclusions zones and dissolution halos. (h) CL detail of C illustrating non-luminescent, highly twinned V1 calcite crosscut by V2 which is composed by a purplish 
calcite cement V2(d), replacing fracture-filling dolomite, visible by inclusion zone halos, and by orange calcite cement overgrowths V2(c). (i) PPL and (j) CL image 
showing part of V2 en échelon vein crosscutting VT vein; they are characterized by non-luminescent calcite cements with different twinning intensities. (k) PPL and (l) 
CL images of VT veins, filled by intensely twinned non-luminescent calcite, crosscut by a non-twinned V3 vein. (m) PPL and (n) CL microphotographs illustrating well 
preserved dolomite habit in V2(d), overgrown by V2(c) and later antitaxial fracturing of V3 non-luminescent and yellow calcite cement. (o) PPL and (p) CL images of a 
V2F.L. vein in the foraminiferal limestones; they are cemented by elongate-blocky to fibrous calcite with twinning Type I and have the same CL color of the host rock. (q) 
TSS of the foraminiferal limestones including a V2F.L. showing syntaxial re-opening by V3F.L. (r) Detail of (q) showing CL of V3F.L., which looks dark orange and dull but 
preserve the distinct growth zones typical of V3.
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Figure 11. Stable isotope geochemistry of host rocks (HR) and calcite cements. (a) Plot illustrating results of δ 18O‰ versus δ 13C‰ of analyzed limestone HR and 
calcite cements. See legend above the plot for cement types with respect to stratigraphy and relative timing. HR are HR, V are vein cements, and C are other types of 
cements. Dashed green box indicated with K.SW shows the range of values of limestones which precipitated in equilibrium with Cenomanian to Coniacian seawater. (b) 
Plot illustrating mean and standard deviation values of the calcite cement types along with the diagenetic processes responsible for their evolution.
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structural tend in the area. These extensional structures could be related to 
destabilization of the carbonate platform environment and to foreland flex-
uring during the forebulge stage of Adria, which was likely to be subparallel 
to the thrust and fold belt (Beaudoin et al., 2022; Tavani et al., 2015, 2018). 
Then, Cretaceous formations were exposed to long-lasting subaerial condi-
tions and erosion although other fracture systems and deformation structures 
related to this stage were not identified in the Pag anticline (Mittempergher 
et al., 2019).

Deposition of the foraminiferal limestones marked the onset of the fore-
land basin stage in the region, in Ypresian times (Babić et al., 1993; Pamić 
et  al.,  1998; Persico et  al.,  2019; Piccoli & Proto Decima,  1969). In the 
foreland basin stage, the burial of Cretaceous limestones reached at least 
600 m (Sokač et al., 1976) due to the deposition of the Lutetian-Bartonian 
Dalmatian flysch, providing the necessary sedimentary load for development 
of bedding-parallel stylolites, that formed in the studied Upper Cretaceous 
carbonate succession (Figure 12b).

Folded bed parallel veins in Cretaceous limestones, locally reopening burial 
stylolites and associated with longitudinal tectonic stylolites perpendicular 
to bedding (Figure  12b), indicate a pre-folding Andersonian compressive 
stress field with a vertical minimum principal axis of the stress ellipsoid 
σ3 (Figure  13a). Longitudinal tectonic stylolites orthogonal to bedding 
occur both in the Cretaceous and in the foraminiferal limestones. Folded, 
bed-perpendicular longitudinal compaction bands in the Dalmatian flysch 
indicate that the pre-folding contraction in synorogenic strata occurred in 
soft sediment conditions. Overall, the pre-folding synorogenic background 

deformation pattern indicates a maximum principal axis of the stress ellipsoid σ1 oriented perpendicularly to 
the fold axial trend, mainly from N40° to N50°. This deformation pattern was likely produced during the layer 
parallel shortening stage.

Folded deformation patterns include conjugate thrust pairs, thrust-related veins cemented by VT calcite at low 
angle to bedding, and stylolites oblique to bedding that mostly strike N130° to N140°, that is, parallel to thrusts. 
Bed restoration to the horizontal allows to reconstruct an Andersonian compressive stress field with vertical 
σ3 and NE-SW (N40° to N50°) striking σ1 (i.e., in very good agreement with that inferred from pre-folding 
bed-perpendicular stylolites, Figure 13a). Conjugate thrusts likely formed when layer-parallel shortening transi-
tioned to multilayer folding. Local shear failure led to localization of compression in conjugate thrusts and other 
minor structures, which were then involved in folding. This generally occurs in thick competent units (Mazzoli 
et al., 2022; Morley, 1994; Price & Cosgrove, 1990; Ramsay, 1981). In the northwestward pericline of the Pag 
anticline, older WNW-ESE striking, mesoscale thrust fault zones and associated contractional deformation struc-
tures are cross-cut by NW-SE striking thrusts, backthrusts and fold-accommodation structures. Many  tectonic 
stylolites far from fault zones strike E-W in the pericline in the Gornji Humac fm. Additionally, in the northwest-
ern sector of the forelimb, the oldest deformation structures in the foraminiferal limestones are NE-SW striking 
tectonic stylolites. These azimuthal variations may suggest local rotations of the compressive stress field trajecto-
ries, that could be related with the migration of the pericline in the early stages of buckle folding.

Formation of NE-SW striking cross-fold veins V2 and V2F.L. in Cretaceous limestones and foraminiferal limestones, 
respectively, and continuing nucleation of axial parallel tectonic stylolites as suggested by mutual crosscutting 
relationships (Figure 12), indicate the switch between σ2 and σ3 stress axes, possibly triggered by the onset of 
folding and later by amplification of the Pag anticline (Figure 13b; Marshak, 1988; Macedo & Marshak, 1999; 
Tavani et al., 2015). Increasing the vertical load by sedimentation of the proximal turbidites in a tectonically 
controlled basin may have favored buckle folding of the multilayer and the switch from a contractional (vertical 
σ3) to a strike-slip stress field configuration (vertical σ2; Babić & Zupanič, 2008; Persico et al., 2019). The strike 
of V2 veins indicates that the direction of σ1 during the folding stage was still from N40°E to N50°E, while the 
direction of σ3 was parallel to the axis of the Pag anticline, that is, a strike-slip stress field configuration. The 
timing of folding is well constrained by the occurrence of the Promina alluvial deposits along strike of the Pag 

Cement type

δ 18O‰ (V-PDB) δ 13C‰ (V-PDB)

Range Mean

St. 
dev. 

(±1σ) Range Mean

St. 
dev. 

(±1σ)

Clate (8) −6.5/−5.1 −5.77 0.39 −11.1/−7.2 −9.19 1.08

V3F.L. (14) −6.5/−4.7 −5.64 0.42 −5.9/−2.1 −3.72 1.15

V3 (53) −6.7/−4.7 −5.61 0.50 −7.3/−0.7 −4.22 1.77

CD.F. (10) −5.3/−3.3 −4.20 0.70 −1.1/+1.9 −0.18 0.72

V2F.L. (37) −9.3/−4.2 −5.92 1.14 −1.2/+2.5 +0.91 0.95

V2 (34) −9.0/−5.6 −7.57 0.65 −4.4/+2.2 −1.15 1.96

VT (20) −7.3/−4.5 −6.09 0.74 −1.1/+1.5 +0.36 0.60

V1 (3) −6.6/−4.6 −5.81 0.84 −0.7/+0.3 −0.06 0.41

HRF.L. (21) −4.6/−2.5 −3.43 0.56 −0.8/+2.1 +1.16 0.77

CtopK (12) −6.1/−5.0 −5.42 0.28 −9.8/−1.5 −6.03 2.39

HRtopK (12) −6.2/−4.4 −5.25 0.50 −7.1/−2.6 −4.85 1.47

HRG.H. (33/36) −6.2/−3.4 −4.63 0.75 −0.8/+2.4 0.75 0.79

HRS.D. (6/9) −5.6/−3.6 −4.50 0.83 +1.1/+3.4 2.02 0.79

HRMilna (6) −5.5/−3.5 −4.14 0.98 −0.3/+3.1 1.66 1.02

Table 1 
Calcite Cement Types and Related ẟ 18O‰ and ẟ 13C‰ (V-PDB) Ranges, 
Mean, and Standard Deviation Values

 19449194, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
007781 by U

niversity M
odena, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

LUCCA ET AL.

10.1029/2023TC007781

22 of 36

anticline toward the SE, which are represented by a late Eocene to early Oligocene synfolding shallow marine 
to alluvial succession, unconformably overlying the Dalmatian flysch (Babić & Zupanič, 2007; Mrinjek, 1993; 
Tari-Kovačić & Mrinjek, 1994). E-W stylolites that previously formed in the pericline, were reactivated by sinis-
tral transpression, and NE-SW stylolites that formed in the forelimb were re-opened and filled by V2F.L. calcite, 
as transversal veins (Figure 13b).

Fold-related deformation structures consist mainly in accommodation structures concentrated in the hinge zones 
and in the backlimb. After significant bed rotation fold locking likely produced strain hardening. These structures 
eventually propagated into thrusts and backthrusts showing high cutoff angles in the fold limbs and into out of 
syncline thrusts (Mazzoli et al., 2022; Morley, 1994; Price & Cosgrove, 1990; Ramsay, 1981). Fold tightening 
was also characterized by strike-slip reactivation of previously formed prefolding and synfolding deformation 
structures, including conjugate strike-slip shear fracture arrays, and rotated thrust fault zones. Lastly, right- and 
left-lateral strike-slip faults, with N-S and E-W azimuths respectively, favored differential limb tearing and 
rotation about vertical axes of fault-bounded blocks (Figures 12c and 13c; Evans & Fischer, 2012; Fischer & 
Jackson, 1999; Lefticariu et al., 2005; Mitra, 2002).

The tectonic activity of N-S right-lateral and E-W left-lateral strike-slip fault zones continued in the late to 
post-folding stage, in an overall right-lateral transpressional tectonic regime (Korbar, 2009; Placer et al., 2010; 

Figure 12. Summary of background and fault-related deformation structures. (a) Deformation structures summarized in a stratigraphy versus relative timing 
framework. Cretaceous carbonates have been grouped in a single unit since they show consistent deformation patterns. (b) 3D block model showing deformation 
structures far from fault zones and schematic table indicating their crosscutting sequence; view orthogonal to bedding. (c) 3D block model illustrating deformation 
structures localized along fault zones.
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Figure 13.

 19449194, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
007781 by U

niversity M
odena, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

LUCCA ET AL.

10.1029/2023TC007781

24 of 36

Van Unen et al., 2019), as indicated by fault-parallel compression of E-W 
fault zones, recorded by fault-parallel stylolites, and dilation along N-S fault 
zones, recorded by pervasive N-S striking V3 and V3F.L. calcite veins. Longi-
tudinal stylolites and transversal vein arrays were re-opened by V3 cements, 
which also mineralized veins locally formed along thrust faults, documenting 
their strike-slip re-activation in the post-folding stage (Figure 13c; Schmid 
et al., 2008; Van Unen et al., 2019). Onset of strike-slip fault-related deforma-
tion may be associated with the tectonic evolution that affected the Dinarides 
Orogen since the Oligocene, which caused the CCW rotation of stable Adria 
and the Adriatic islands by 20°–25° respect to the European plate and facili-
tated fold tightening (De Leeuw et al., 2012; Ilić & Neubauer, 2005; Kastelić 
& Carafa,  2012; Korbar,  2009; Márton et  al.,  2003,  2010,  2014; Merlini 
et al., 2002; Ustaszewski et al., 2008). Additional rotation of the region from 
Miocene to present was less than 10° CCW (Le Breton et al., 2017). In the 
Pag anticline, transpressional tectonics resulted in a strike-slip stress field 
with a N40° to N50° oriented σ1 that led to localization of dextral shearing 
along N-S to NNE-SSW strike-slip faults and right-lateral shearing on E-W 
to ENE-WSW strike-slip faults (Figure 13c).

Toward the northern periclinal termination of the Pag anticline, the fold axis 
trend is rotated by about 20° compared to the central sector, the fold crest 
is bounded by a backthrust and the fold profile is asymmetric and verges 
toward the hinterland (Figure  3). The backthrust associated with the E-W 
trending left-lateral strike slip faults are kinematically coherent with a clock-
wise rotation of the whole northern fold sector (Figure 14): the offset deter-
mined by the backthrust is maximum toward the northern pericline and fades 
toward  the central sector of the fold. The observed rotation of the periclinal 
sector likely occurred in the late stages of fold propagation since it is associ-
ated with a backthrust clearly crosscutting the folded strata (Figure 6c).

The observed clockwise rotation could be caused by an incipient oblique 
linkage (e.g., Nabavi & Fossen, 2021) of the Pag anticline with the periclinal 
termination of the overturned fold present to the NE (Figure 14). A clockwise 

rotation is also coherent with the regionally inferred dextral transpression of the area (Korbar, 2009), although the 
relationships with the NEAF remain uncertain due to the lack of precise information about the NEAF location, 
orientation, and kinematics.

The southern sector of the Pag anticline shows higher structural complexity, and the periclinal termination is not 
visible; there the fold asymmetry is opposite than in the northern sector, a forethrust is locally emerging and the 
footwall syncline is tighter than in the central and northern sectors (Figure 3). The opposite asymmetries of the 
fold profiles are generally coherent with a component of clockwise rotation of the whole fold, in a framework of 
dextral transpression. However, in the southern sector the activity of the N-S right lateral faults appears unrelated 
with the activation of the forethrust: they produce a shift of the fold axial plane to the south, and a counterclock-
wise rotation of the limb blocks in both the Pag and Povljana anticlines, where bedding strikes nearly ESE-WNW.

7.2. Pag and Povljana Anticlines Folding Mechanism and Detachment Depth

The structural style in the study area is well illustrated by a cross-section cutting through the Pag and Povljana 
anticlines, traced in the central sector of Pag Island (Figure 15, section E in Figure 3). Only the Povljana anticline 
is entirely exposed and shows an almost symmetrical double pop-up with a “crestal syncline” separating two 

Figure 13. Cartoon showing the proposed evolutionary steps for the deformation pattern of the Pag anticline. (a) Schematic representation of the nucleation of bed 
parallel veins V1 and incipient conjugate thrust pairs associated with thrust-related veins VT and tectonic stylolites striking parallel to the fold axis. (b) Progressive 
contraction caused buckle folding of the multilayer and the switch of σ2 from sub-horizontal to sub-vertical, triggering the nucleation of V2 transversal veins and 
associated stylolites. Transversal veins also formed en échelon arrays locally organized in incipient strike-slip deformation zones. (c) The V3 pattern mostly developed 
along strike-slip fault zones and re-opened earlier structures; bed perpendicular stylolites, V2 veins, and faults and veins along thrust faults reactivated with right-lateral 
strike-slip kinematics.

Figure 14. Simplified tectonic sketch showing the relations between the Pag 
anticline and fault zones: possible block rotations and interactions between 
thrusts in the pericline, and strike-slip faults along the fold.
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opposite-verging, subsidiary folds. Conversely, the Pag anticline in the southern structural sector has a markedly 
asymmetrical shape, verging to the SW, and is affected by limited thrust breakthrough at the transition between 
the forelimb and the adjacent outer syncline. Overall, field data can be interpolated by a train of folds associated 
with subsidiary fold accommodation faults, a structural style which can be interpreted as due to buckling (e.g., 
Butler et al., 2020; Price & Cosgrove, 1990). We applied the excess area construction (Epard & Groshong, 1993) 
to geometrically constrain the depth of the supposed detachment level. Based on this construction, the detachment 
of the Pag anticline is estimated to lay between 2.5 and 2.9 km below sea level, that is, in the Upper Jurassic Evap-
orite Complex (sensu Tari-Kovačić & Mrinjek, 1994), identified in wells located a few tens of km southeast of the 
Pag anticline (RK, Ravni Kotari; see Figure 1c). The detachment depth calculated for the Povljana anticline results 
to be 1 km deeper, at 3.9 km depth. The difference in the depth to detachment compared with the Pag fold can be 
explained due the composite fold shape that lowers the gradient of the regression line or simply due to random 
fold nucleation pattern in the multilayer (Price & Cosgrove, 1990). The depth of the Pag anticline agrees with 
that proposed by Ðurasek et al. (1981) and Korbar (2009) for the basal detachment of the Ravni Kotari-northern 
Dalmatia tectonic unit. However, since the incompetent unit underlying the competent mechanical control unit 
has no thickness constraints, the calculated detachment depth represents a minimum value. Results of the excess 
area analysis indicate that the fold train in the cross-section accommodated a horizontal shortening of about 16%.

The geometrical characteristics of the Pag and Povljana anticlines are here discussed to interpret the mechan-
ical behavior of the folded carbonate multilayer in the area, consisting of at least 1.65 km of layered platform 
carbonates (Figure 15a). The Pag anticline and the northern sector of the Povljana anticline have a consider-
able hinge line length, up to 40 km based on the geological map of Croatia (Mamužić & Sokač, 1973; Sokač 

Figure 15. Analysis of detachment depth. (a) Geological cross-section of Figure 3E, adapted from Mittempergher et al. (2019). Detachment depth was calculated 
according to the excess area method of Epard and Groshong (1993). (b) Plot of excess area versus depth of reference levels. Regression lines for the different anticlines 
shown in the cross-section intersect the horizontal axis at the calculated minimum detachment depth for that anticline. Horizontal axis reports depth from sea level 
datum; the reference level was set at −2 km depth.
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et  al.,  1976). Long anticlines with fully connected hinge lines generally result from in-phase buckle folding 
(Butler et  al.,  2020; Price & Cosgrove,  1990; Ramsay, 1981). It is shown by analogue models that buckling 
becomes self-organized (in-phase) with a dominant wavelength which depends on layer thickness after 35% 
shortening (Dubey & Cobbold, 1977), which is much more than the shortening observed in the Pag-Povljana area 
(16%). Accordingly, the wavelength of the northern Dalmatian fold train is ∼4–5 km but is not systematic and 
shows local heterogeneities, like in the Povljana anticlines (∼3 km). The length and regularity of the fold hinges 
in the area cannot thus be ascribed to in-phase buckling of a unique mechanical layer encompassing the Jurassic 
and Cretaceous platform carbonates. Another evidence suggesting that the carbonate sequence did not behave 
as a single mechanical layer comes from the analysis of the slenderness ratio, that is, the ratio between the fold 
wavelength and the thickness of the control unit. The slenderness ratio lays between 2.4 and 3, too low to induce 
buckling in a single layer, which requires a minimum value of 4 (Price & Cosgrove, 1990; Ramsay, 1981). This 
implies that the Cretaceous limestones in northern Dalmatia can not be considered as a single mechanical unit 
but behaved as a complex multilayer sequence containing different control units (Butler et al., 2020; Price & 
Cosgrove, 1990; Ramsay, 1981). Buckling preferentially occurs in layered, anisotropic sequences rather than in 
an isotropic unit with equivalent thickness (Price & Cosgrove, 1990; Ramsay, 1981), and at burial depths lower 
than the dominant wavelength. The buckling process is, in fact, favored at shallow crustal depths because the crit-
ical buckling envelope is intersected before the shear fracture envelope (Jamison, 1987). The variable mechanical 
properties of the carbonate multilayers cropping out in the Pag anticline, including bed thicknesses and strength 
of the bed interfaces, caused the formation of polyharmonic and parasitic folds, that is, folds having a shorter 
wavelength in the Milna fm., in the fold nucleus, which is characterized by thin limestone strata separated by 
weak interfaces consisting of oxides-rich paleosoils and microbial laminites (Figure 7f; Ramsay, 1981; Price & 
Cosgrove, 1990).

Fold amplification in multilayers deformed by buckling produces box-fold geometries, with oblique axial planes 
and regular fold spacing (Blay et al., 1977; Price & Cosgrove, 1990), characters which are well represented in 
the uppermost structural levels of the Pag and Povljana anticlines. Conjugate box-folds, as the Pag anticline, 
develop in mechanical multilayers characterized by well-spaced stiff layers with different thicknesses, and limited 
flexural slip due to the relatively high frictional strength of bed interfaces. In the Pag anticline, flexural slip is 
mostly localized in the hinge zones between the backlimb and the crest, and between the crest and the forelimb. 
Layer thickness is constant throughout the fold profile, characterized by convergent cleavage (i.e., fold type 1B; 
Ramsay, 1967). This strain distribution is typical of multilayers deformed by tangential longitudinal strain and 
with low mechanical anisotropy (Biot, 1965; Honea & Johnson, 1976). The occurrence of a series of accommo-
dation structures such as a major backthrust, out-of-syncline thrusts, fish-tail duplexes in the backlimb, however, 
documents significant flexural slip folding compared to the forelimb. This asymmetrical strain distribution might 
come from the interaction of the backlimb with the front of the Velebit mountains (Figure 1) located immediately 
behind the Pag anticline. The localization of flexural slip, flexural flow and accommodation structures close to 
the hinges indicates that fold amplification occurred mainly by limb rotation, after brittle failure along the hinges 
(Price & Cosgrove, 1990; Ramsay, 1981).

7.3. Paleostress During the Evolution of the Pag Anticline

We inverted fault slip, tectonic veins and stylolites data after separating them according to their deformation stage 
to reconstruct the paleostress during the tectonic evolution of the Pag anticline (Figures 16a and 16b). Unfortu-
nately, faults with slickenline data are scarce, but compensated by the amount of veins and stylolites data. Results 
of different structural sites, illustrated in Table 2, are quite inconsistent between each other and not robust. None-
theless, they show a NE-SW oriented σ1 in almost all the cases. Thrust-related deformation structures formed in 
a contractional stress field with vertical σ3, while both background deformation structures far from fault zones 
and those related to strike-slip fault zones formed in a strike-slip to transpressional stress field with vertical 
σ2 (Figures 16a and 16b). Our bootstrapping allows calculating the confidence contours for the principal axis 
orientations and the confidence interval for the stress tensor shape ratio R of the mean stress tensors by applying 
a random sampling with substitution scheme. Confidence intervals and shape factor ratios are shown in Table 2. 
The calculated mean stress tensor of the thrust-related deformation structures is characterized by a N50° directed 
σ1 in a contractional stress field (Figure 16c). The stress tensor calculated from background deformation struc-
tures indicate a N47° directed σ1 in a transpressional stress field (Figure 16d). The stress tensor calculated from 
the post-fold fault-related structures, similarly to the latter, is characterized by a transpressional stress field, and 
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a N41° oriented major stress axis direction (Figure 16e). Coherent results from paleostress analysis in the pre-, 
syn- and post-folding evolutionary stages further confirms that all the studied mesoscale deformation structures 
in the Pag anticline developed in the main Dinaridic tectonic phase (sensu Blaškovic, 1998, 2005), mostly charac-
terized by NE-dipping and SW-verging thrusts and related folds. Initially, the Dinaridic tectonic phase imprinted 
a contractional stress field in the study area that transitioned to a transpressional one during evolution of the 
Pag anticline. The post-fold fault-related stress field tensors show a higher dispersion compared with the other 
groups of tensors and include one site with an apparently extensional stress regime (site 4). The extensional tensor 
agrees with dip-slip normal lineations sporadically occurring on few N-S subvertical faults. Post-folding normal 
faulting has been documented also in paleostress reconstructions in other areas of the External Dinarides and 
interpreted as related with the deposition of the Miocene intramontane basins of the Dinaric Lake System (e.g., 

Figure 16. Paleostress analysis. (a) Paleostress results derived by thrust related deformation structures are shown in red (prefolding) while results derived by inversion 
of transversal veins and longitudinal pressure solution planes are indicated in blue (synfolding); results are displayed with dashed margins when poorly constrained. (b) 
Paleostress results derived by inversion of structural elements localized along strike-slip faults (postfolding); results are displayed with dashed margins when poorly 
constrained. (c–e) Results of bootstrap statistics of tensors derived by inversion of structural data, respectively for thrusting (red), folding (blue) and postfold strike-slip 
faulting (orange).
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Ilić & Neubauer, 2005; Palenik et al., 2019; van Unen et al., 2019; Žibret & Vrabec, 2016). The wide dispersion 
angle of σ1 is likely due to the homogeneous orientation of subsidiary faults and veins around the main strike-slip 
faults, and the consequent inhomogeneous strain distribution. The most robust results are obtained in sites where 
fault planes orientations are more scattered (e.g., site 14).

7.4. Fluid Sources and Diagenetic Environments of Cements Precipitation

Here, we discuss the possible interpretation of stable isotope data based on the main fluid sources likely to be 
involved in the tectonic evolution of the area, that is, seawater and meteoric water, and their possible evolution 
due to the interactions with the wall rock. Light ẟ 18O values, like those of Cenomanian to Coniacian limestones 
in the Pag HR (Figure 11), have been extensively documented in Cretaceous limestones of the Adriatic Carbonate 
Platform and have been interpreted as proof of limestone precipitation in coastal and lagoonal environments 
influenced by freshwater dilution (Tesović et al., 2011; Vlahović et al., 2005). Nevertheless, considering that 
the Gornji Humac fm. was eroded by a long lasting sub-aerial exposure, its ẟ 18O values could have been slightly 
modified by meteoric diagenesis (Figure 17a). Paleosoils (HRtopK) and cements (CtopK) associated with the uncon-
formity, at the top of the Gornji Humac fm., display strongly depleted ẟ 13C values. Their oxygen stable isotope 
ratios are comparable to the most depleted values of Cretaceous limestones HR supporting meteoric alteration of 
the Cretaceous platform during the forebulge stage. Their ẟ 13C values are as low as −10‰ and their mean value 
is comprised between −5‰ and −6‰, respectively, indicating that their carbon source is derived from micro-
bial organisms and/or vegetation that colonized the Adriatic carbonate platform top during sub-aerial exposure 
(Figure 17a; Brlek & Glumac, 2014; Vlahović et al., 2005; Korbar, 2009).

The foraminiferal limestone HR show ẟ 18O values comparable to other carbonates that deposited in early Eocene 
times, in the Neo-Tethyan realm. ẟ 18O values of limestone HR ranging from −2.5‰ to −4.5‰ can be the result 

Figure 17. Conceptual 3D block diagram showing the fluid types and their migration pathways in the study area. Timing and relative burial are also proposed. (a) 
Paleocene forebulge stage; (b) Early Eocene layer parallel shortening stage; (c) Late Eocene folding stage; (d) Oligocene postfolding stage.
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of direct precipitation from seawater at water temperatures higher than 30°C. The latter phenomenon occurred 
in surficial waters during the Early Eocene Climatic Optimum, which is contemporaneous to foraminiferal lime-
stone deposition (Figure 17b; Dinçer, 2016; Holail, 1994). Host rocks ẟ 13C values support this interpretation 
since they are in the range of Eocene marine waters (Veizer et al., 1999). Intergranular calcite cement, CD.F., that 
precipitated after nucleation of compaction bands induced by layer-parallel shortening (Figure 17b) hosted in the 
Dalmatian flysch shows the heaviest ẟ 18O values amongst the studied cements. This could be both the result of a 
minor temperature effect, being the Dalmatian flysch the shallowest studied unit, or due to null contributions of 
meteoric fluids during syntectonic precipitation.

Vein cements host only monophase aqueous fluid inclusions indicating that their precipitation temperatures are 
reasonably below 50°C. This is further corroborated by the shallow burial conditions experienced in the area 
and by the low geothermal gradients (see Section 2). V1 and VT vein calcite cements have ẟ 18O values slightly 
depleted compared to their HR, indicating that during layer-parallel shortening Cenomanian to Coniacian marine 
fluids, that constitute most of the volume of connate fluids (excluding the top of the Gornji Humac fm. interested 
by significant meteoric diagenesis), were slightly heated and precipitated at temperatures up to maximum 10°C 
higher than seawater (Figure 17b; Hoefs, 1997; Muchez et al., 1995; O’Neil et al., 1969). If this interpretation is 
correct, the lighter oxygen values are mainly the result of syntectonic precipitation temperatures higher than that 
of seawater during primary precipitation rather than other meteoric fluid inputs.

V2 and V2F.L. vein calcite cements precipitated during the synfolding stage and are characterized by the most depleted 
ẟ 18O values. V2 calcite has ẟ 18O mean values 3‰ lighter than Cretaceous HR values and, similarly, V2F.L. calcite 
is characterized by ẟ 18O values 2.5‰ lighter than foraminiferal limestones HR, indicating that fluids migrating 
during folding precipitated at temperatures of 50 and 45°C if mostly connate and seawater-derived (assuming equi-
librium precipitation), or that they were affected by a certain degree of mixing with meteoric fluids expelled by 
topography-driven flow of the already exposed fold and thrust belt (Figure 17c; Friedman & O'Neil, 1977; O’Neil 
et al., 1969). ẟ 13C values in V2 calcites show a decreasing trend approaching the top of the Gornji Humac fm. due 
to the Cretaceous to Paleocene meteoric/phreatic diagenetic inheritance. All the others ẟ 13C values of V2 and V2F.L. 
calcites are in the range of carbonates precipitated from seawater (0‰ to +2‰). Therefore, we deduce from stable 
isotope ratios that the carbon source for calcite cements V1, VT, V2, and V2F.L. was locally provided by connate and 
seawater-derived fluids that equilibrated with the hosting limestone strata. Only few synfolding calcite cements show 
highly depleted ẟ 18O values indicating that meteoric fluids could have locally mixed at a higher degree with connate 
diagenetic fluids prior to calcite precipitation indicating very shallow burial conditions during the synfolding stage.

V3 and V3F.L. vein cements are characterized by ẟ 18O and ẟ 13C values comparable to HRtopK and CtopK cements, 
indicating that meteoric fluids infiltrated and migrated along strike-slip faults, carrying in solution  12C light 
carbon produced by organic matter at the surface, testifying for uplift and emersion of the Pag anticline during 
late to post-folding strike-slip deformation (Figure 17d; Allan & Matthews, 1982; James & Choquette, 1990).

7.5. Coupling Tectonics and Paleofluid Evolution

Fracture permeability is of primary importance in low-porosity carbonate rocks that were affected by intense 
cementation and primary porosity occlusion as in the case of the Pag anticline. Long-lasting subaerial expo-
sure caused abundant eodiagenetic meteoric calcite precipitation which reduced intergranular porosity, drasti-
cally diminishing the matrix permeability of the carbonate rocks (James & Choquette, 1990). The Pag anticline 
structure developed by buckle folding of a carbonate multilayer. Brittle deformation structures constituted most 
of the permeability network in these rocks, where abundant dissolution and cementation processes occurred.

During layer-parallel shortening, conjugate thrusting, and early buckle folding, the permeability was essentially 
controlled by bed parallel veins, longitudinal stylolites and by meter to decameter-scale conjugate thrusts and fish-
tail structures (e.g., Fischer & Jackson, 1999). The short extent of these structures, combined with an essentially 
local origin of the fluids involved in vein cementation document a poor connectivity among mesoscale deforma-
tion structures. Bed-confined, layer-parallel veins, strongly buffered at the bedset-scale, likely caused decreasing 
permeability orthogonal to bedding, impeding vertical fluid migration after cementation. Layer-parallel shorten-
ing and the first stages of buckle folding therefore occurred in a closed, compartmentalized fluid system, possibly 
subject to rises in fluid pressure, which was relieved only locally by the opening of extensional fractures with 
limited length. Buckle folding of multilayers at shallow depth requires high fluid pressure to overcome the shear 
strength of bed contacts (Ghosh, 1968; Jamison, 1987). Folding-related transversal fracturing and accommodation 
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structures propagation progressively created the conditions for an efficient open, compartmentalized, 3D fracture 
permeability structure (Beaudoin et al., 2022), in which modified seawater fluids migrated laterally in the shallow 
burial environment, still influenced at the bedset-scale, by the preceding eodiagenetic meteoric inheritance, as 
documented by isotopic results. The fold tightening to post-folding activity of N-S and E-W strike-slip fault zones 
ensured hydraulic connectivity between fold limbs and produced effective conduits for vertical and lateral fluid 
flow during uplift (Evans & Fischer, 2012; Lefticariu et al., 2005; Muchez et al., 1995). Hydraulic connectivity 
likely allowed fluid pressure discharge and the build-up of higher differential stresses during the post-folding 
strike slip faulting, as testified by the abundance of fault related fracturing, shear failure and the widespread 
occurrence of cataclasites (e.g., Cox, 2010).

Overall, we infer that fluid migration pathways were compartmentalized (bedset to stratigraphic unit scale), from 
the layer parallel shortening stage up to the incipit of post-folding (Beaudoin et al., 2022; Berio et al., 2022; Roure 
et al., 2005). As soon as both inherited and newly formed fault zones increased their damage-related fracture 
network permeability during fold tightening, and subsequently, strike-slip faulting, the system opened and fluid 
mixing between adjacent reservoirs occurred. Moreover, when strike-slip faults eventually breached the surface, 
they acted as conduits for direct and abundant infiltration of meteoric fluids in the whole fracture network.

8. Conclusions
We performed a structural, petrographic, and isotopic study of the deformation structures and related cements 
exposed in the Pag anticline, in the External Dinarides of Croatia. Field and laboratory data have been integrated 
with geological mapping and cross-section reconstructions. The results of our work can be summarized in the 
following points:

1.  The Pag anticline has a box fold geometry crosscut by high-angle to vertical left- and right-lateral strike-slip 
fault zones trending E-W and N-S, respectively. The fault sets make a wider angle than expected for transver-
sal conjugate strike-slip fault pairs associated with folding.

2.  Fold geometry suggests buckle folding of the multilayer as the main mechanism, dominated by flexural flow 
in the backlimb and by a higher degree of tangential longitudinal strain in the forelimb. Depth-to-detachment 
calculation indicate that the Pag anticline could detach in the Upper Jurassic evaporitic complex, at minimum 
depths of 2,500–2,900 m. This is an example of shallow burial fold, whose amplification was likely to have 
been controlled mostly buckling and not by the propagation of an underling fault of comparable size.

3.  The geometry of the Pag anticline is strongly controlled by the interaction and overstepping of systems of 
thrust-backthrust faults. In the northern sector of the fold, backthrust activity produced northeastern facing and 
a steeply dipping to near vertical backlimb, whereas the forelimb dips more gently and has a very regular along 
strike geometry. Moving southward, the overlap area between backthrust-dominated and forethrust-dominated 
is characterized by a tighter fold geometry: the forelimb gradually becomes vertical to overturned and the 
backlimb maintains a high angle dip and is affected by a higher structural complexity with subsidiary thrust 
faults forming an articulated and anastomosed hectometric wide deformation zone in map view. Further to the 
south, fold asymmetry switches to a southwestward facing.

4.  Paleostress analysis indicates that the evolution of the Pag anticline occurred in a stress field that transitioned 
from contractional to transpressional, maintaining a N40°–50° oriented major stress axis during the main 
Dinaridic tectonic phase that occurred in late Eocene to early Oligocene.

5.  Evidence from structural diagenesis supports the evolution from a bedset confined fluid system to a 
cross-formational one only during late-stage fold tightening. Such a switch in the fluid circulation was favored 
by the development of strike-slip faults dissecting the anticline. This implies that particular attention should 
be paid in reservoir structural characterization to the presence of late-stage, low-displacement strike-slip faults 
because of their role of effective conduits for vertical fluid flow. Moreover, we remark the role of inherited 
eodiagenetic fluids for influencing later cement isotopic patterns and changing the mechanical properties of 
the rocks. Specifically, eodiagenesis produces a stiff, irregular, mechanical unit with low porosity that could 
act as a mechanical flaw of the multilayer.

6.  This work indicates that, despite some additional complexity, a quite classical fold-related fracture defor-
mation pattern formed in the Pag anticline, which grew by buckling in shallow burial conditions. A major 
role in controlling final fold geometry and paleofluid flow is played by two misoriented transversal sets of 
low-displacement strike-slip faults, and by their interaction with subsidiary fold accommodation structures. 
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The presence and, particularly, the abundance of such deformation features are difficult to constrain in seis-
mic reflection data sets because of the low displacement values. We, consequently, stress the importance of 
studying appropriate field analogs by multiscale and multidisciplinary approaches, for the comprehensive 
understanding of fault-fold interaction, and the associated incremental deformation patterns.

Data Availability Statement
Structural data and coordinates of structural sites presented in this study are available in Table S1 and S2 and the 
Mendeley Data repository (https://data.mendeley.com/datasets/ry7cy2k7hb/1). There are no restrictions to this 
data usage.
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