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Abstract 

The Sivas Basin in Turkey displays in its central part an Oligo-Miocene halokinetic province which acts 

as a major outcrop analogue to study salt-sediment interactions. Based on field geology 

observations, the present paper focuses on the geometry and sedimentology of several minibasins 

having the particularity of being mainly filled by gypsiferous deposits. Such type of evaporite-rich 

minibasins remain difficult to identify and are poorly studied in other halokinetic provinces. In the 

Sivas Basin, the evaporites were recycled from diapiric salts and precipitated in saline ponds 

emplaced above deflating diapiric stems. Diapir deflation resulted either from local transtensive 

strain, cessation of diapir feeding and / or subsurface dissolution of the diapiric salt. Minibasin 

subsidence was likely enhanced by the fast emplacement rate of the capping evaporites, together 

with the high density of the depositional sulfates compared to the diapiric halite. The evaporite-rich 

minibasins stand out from their surrounding siliciclastic counter-parts by their small dimension 

(lower than 1 km-wide), their encased teardrop shape, and their high internal deformations. The 

later include well-developed halokinetic sedimentary wedges, aerial mega-slumps or inverted flaps. 

Such structural features probably resulted from the ductile rheology of the evaporite infill and the 

complex pattern of downbuilding. Although secondary evaporitic minibasins have never been 

identified in other ancient halokinetic settings, our study highlights that they could developed in any 

evaporitic environments, coastal or continental, such as in the Precaspian Basin. The secondary 

minibasins described here can also act as field analogues of other primary evaporite-rich minibasins 

already suspected in salt giant basins (e.g. in the Brazilian margin). 

 

Keywords: Sivas Basin, salt tectonics, secondary minibasin, gypsum, anhydrite, evaporite 

recycling. 
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I. Introduction 

Salt-related minibasins are restricted depocenters subsiding into thick salt accumulations (Callot 

et al., 2016; Hudec et al., 2009; Hudec and Jackson, 2007). In several halokinetic provinces, 

minibasins filled with marine to continental siliciclastic and carbonate deposits have been described 

and investigated in terms of salt-sediment interactions (e.g. Banham and Mountney, 2013a; Madof et 

al., 2009; Oluboyo et al., 2014; Poprawski et al., 2016; Ribes et al., 2016; Rowan et al., 2003). 

However, they are only a limited amount of work that focused on minibasins mostly filled by 

evaporitic facies. On outcrop, they have only been succinctly described in the Sivas Basin in Turkey 

(Collon et al., 2016; Ribes et al., 2016) and reported in recent deposits of the Precaspian basin (Barde 

et al., 2002; Belenitskaya, 2018). In subsurface, evaporite-rich minibasins have been confirmed by 

wells penetrating several of them in the Precaspian Basin (Fernandez et al., 2017; Jackson et al., 

2013). Elsewhere, due to limited seismic resolution and lack of well-penetrations in thick salt 

accumulations, evaporite-rich minibasins have just been inferred, as in the case of the Brazilian 

passive margin (Davison et al., 2012; Gamboa et al., 2008; Quirk et al., 2012) and of the North Sea 

(Clark et al., 1998; Stewart and Clark, 1999). The existence of intra-salt evaporitic minibasin is 

especially debated in the Santos basin (Brazil), with publications highlighting that intra-salt 

geometries may result from post-depositional deformations rather than from syn-depositional salt-

infilled minibasin subsidence (Dooley et al., 2015b; Jackson et al., 2015). To sum-up, evaporite-rich 

minibasins remain poorly understood and their tectono-sedimentary peculiarities still need to be 

constrained. 
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However, minibasins filled by evaporite facies may play an important role in the salt-tectonic 

related evolution of major oil provinces. First, evaporitic rocks display three properties that 

distinguish them from other sedimentary deposits, and that are directly related to salt tectonics: they 

have among (i) the fastest sedimentation rates (commonly ~ 5 cm/year for halite and ~ 1 cm/year for 

gypsum; Warren, 2016), (ii) the weakest rheologies (evaporites are 50 to 100 times less viscous than 

other sedimentary rocks; Davison et al., 1996; Warren, 2016), and (iii) the highest densities along the 

first 1000 m of burial (Fernandez et al., 2017; Hudec et al., 2009; especially for anhydrite, van den 

Belt and de Boer, 2007). Accordingly, specific salt-sediment interactions and/or structural features 

may be expected in evaporitic minibasins, and their description could significantly improve the 

analysis of seismic data during processing. Second, an entire petroleum system might be present 

interbedded with thick evaporite accumulations because (i) evaporitic environments are prone to the 

accumulation of organic-rich sediments (Warren, 2011), (ii) evaporites have good sealing capacities 

and (iii) evaporite facies can be interlayered with porous sediments (e.g. Al-siyabi, 2005). This 

explains why the intra-salt Permian sediment packages in the Precaspian Basin, and related 

evaporite-rich minibasins, are relevant targets for hydrocarbon exploration (Fernandez et al., 2017). 

Accordingly, the identification and understanding of evaporite-rich minibasins may ground the 

discovery of new oil resources. 
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The Sivas Basin in Turkey displays outcrop conditions that enable a better description of the 

sedimentary infill and small-scale geometries of evaporite-rich minibasins (EMBs). This foreland basin 

shows well-exposed km-scale minibasins, bordered by diapiric evaporites and filled with continental 

to marine siliciclastic sediment packages and/or gypsiferous deposits which have been recycled from 

nearby diapiric structures (Callot et al., 2014; Çubuk and Inan, 1998; Kergaravat et al., 2017, 2016; 

Legeay et al., 2019b; Pichat et al., 2018, 2016; Ribes et al., 2018, 2016, 2015; Ringenbach et al., 

2013). In the central halokinetic domain, four minibasins mostly filled by evaporite facies, have been 

previously identified with limited lithological description of the sedimentary infill (Kergaravat et al., 

2017; Ribes et al., 2016). In the course of this study, four additional ones with singular geometries 

have been studied through detailed field-mapping. 

On the basis of field-work and thin-sections inspection, the present study (i) outlines and 

characterizes the EMBs encountered in the Sivas Basin, in terms of sedimentology and geometry, (ii) 

highlights their specificities compared to other non-evaporitic minibasins, and (iii) discusses the 

mechanisms controlling their formation and evolution. 

 

II. Geological setting 

The Sivas basin is located in the centre-east of Turkey (Fig. 1). It developed above three crustal 

blocks: the Pontides arc to the north, the Tauride–Anatolide to the south, and the Kirşehir block to 

the west  (Cater et al., 1991; Yilmaz and Yilmaz, 2006). The basin is a foreland that initiated in the late 

Cretaceous, during the collision of the three crustal blocks, and after the obduction of ophiolitic 

materials of the Neotethys Ocean (Cater et al., 1991; Dilek and Sandvol, 2009; Görür et al., 1998; 

Gürer et al., 2016; Kergaravat et al., 2016; Legeay et al., 2019c, 2019a; Meijers et al., 2010; Okay et 

al., 2006; Poisson et al., 1996; Robertson et al., 2012; Rolland et al., 2010; Yilmaz and Yilmaz, 2006). 
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From the Maastrichtian to the Late Eocene, the sedimentation was mainly characterized by 

marine limestones (Teçer and Gürlevik Formations), alluvial to deltaic clastics (Bahçecik Formation) 

and deepwater volcanoclastics and turbidites (Çerpaçindere, Kozcula, Yapali and Bözbel Formations) 

(Fig. 2) (Aktimur et al., 1990; Altunsoy and Özçelik, 1998; Artan and Sestini, 1971; Cater et al., 1991; 

Kurtman, 1973; Legeay et al., 2019a; Poisson et al., 2010). 

The Late Eocene records the closure of the foreland from the marine domain, and a transition 

from clastic and carbonate deposition to evaporite deposits (Tuzhisar Formation) (Kurtman, 1973; 

Özçelik and Altunsoy, 1996; Tekin, 2001; Yilmaz and Yilmaz, 2006). It was estimated that about 2 km 

of evaporites precipitated during this period (Kergaravat et al., 2016; Legeay et al., 2019c) in a 

marine-fed foredeep (Pichat, 2017).  

In the central part of the basin, these evaporites controlled the development of two generations 

of salt-walled minibasins during the Oligocene and the Miocene (Callot et al., 2014; Kergaravat et al., 

2017, 2016; Legeay et al., 2019b; Ribes et al., 2016, 2015; Ringenbach et al., 2013). The first 

generation of minibasins was filled by fluvial deposits (Selimiye Formation) and they were separated 

by emerging diapirs and walls (Kergaravat et al., 2016; Ribes et al., 2016). The second generation of 

minibasins developed above a large salt canopy fed by the former evaporite diapirs (Fig. 2; 

Kergaravat et al., 2016). These secondary minibasins were filled by three successive sedimentary 

formations: the Karayün, the Karacaören and the Benlikaya formations (Callot et al., 2014; 

Kergaravat, 2016; Ribes et al., 2018, 2016). The late Oligocene Karayün Formation corresponds to a 

distributary fluvial system and is subdivided into three units associated to playa-lake (Unit 1), fluvial 

(Unit 2) and lacustrine to sabkha environments (Unit 3) (Ribes et al., 2016). The early Miocene 

Karacaören Formation records a transgressive event and includes shallow water marine limestones, 

sandstones and marls (Ribes et al., 2018). The middle Miocene Benlikaya Formation is continental 

and also characterizes a distributive fluvial system. It is subdivided in two units: Unit 1 is marked by 

coarse-grained alluvial to fluvial deposits, whereas Unit 2 displays fine-grained deposits and 

evaporitic facies (Ribes et al., 2018).  
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At present, the Oligo-Miocene minibasins outcrop in the central part of the Sivas Basin within a 

wall and basin province (Fig. 2) (Kergaravat et al., 2017, 2016; Legeay et al., 2019b, 2019c). They are 

surrounded by diapiric evaporites made up of chaotic accumulations of residual sulphates (anhydrite 

and gypsum left after the dissolution of halite) more or less sheared and mixed with red to green 

clays (Pichat, 2017). Previous sedimentological studies highlighted that semi-arid conditions regularly 

triggered evaporitic deposition during the Oligo-Miocene (Çiner et al., 2002; Ocakoğlu et al., 2017; 

Pichat et al., 2016; Ribes, 2015; Ribes et al., 2016). Within the minibasins, significant evaporite-rich 

accumulations (up to 600 meters-thick) especially occurred (i) in the Upper member of the Karayün 

Formation, interlayered with lacustrine and sheet flood deposits, and (ii) in the Unit 2 of the 

Benlikaya Formation, interlayered with playa-lake deposits (Fig. 2, Ribes et al., 2016; Pichat, 2017; 

Ribes et al., 2018). Such deposits were favored by periods of low sediment supply and / or high 

accommodation regime linked to the flexural subsidence of the basin during the growth of the 

southern orogenic belt (Ribes et al., 2018, 2016). Finally, the dissolved elements feeding the 

evaporites were mostly provided by the meteoric leaching of the outcropping diapiric structures (i.e. 

recycled evaporites), with the local influence of marine-water in the Upper Member of the Karayün 

Formation (Pichat et al., 2018). 
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III. Data and methods 

Fieldwork investigations in the studied area (Fig. 2 A) were based on the 1/10,000 geological map 

compiled by Legeay et al. (2018) with the help of Google Earth satellite images. The 8 evaporites-

bearing minibasins presented on fig. 2 A, and covering ~9.5 km2, were first studied on satellite 

images (0.5 m resolution) and then studied on field outcrop for sedimentological and structural 

analysis. Due to outcrop conditions, the Inceyöl minibasin is the only one in which the sedimentary 

infill (~330 m) could be entirely logged and detailed. Facies analyses were complemented by 

petrographical observations made on 11 polished thin sections. Cross sections are based on the 

surface data and were built by using a digital elevation models with a resolution of 2m x 2m. Sub-

surface interpretations of the cross-sections are based on geometrical assumptions in accordance 

with (i) the faults, fold and strata surface measurements, (ii) the panoramic observations, (iii) the 

structural model of the Sivas Basin published by Kergaravat et al., (2016), Kergaravat et al. (2017), 

Legeay (2017) and Legeay et al. (2018) and (iv) the geometrical analysis from published subsurface 

data in other salt dominated provinces (e.g. Barde et al., 2002; Fernandez et al., 2017; Giles and 

Rowan, 2012; Hudec and Jackson, 2017)). 
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IV. Characterization of evaporite-rich minibasins 

A. General description 

a. Location 

 In addition to the four EMBs previously highlighted in other studies (namely Pınarca, Köy, Inceyol 

and Ulukapı; Collon et al., 2016; Ribes et al., 2016; Kergaravat et al., 2017), four other EMBs have 

been identified within the central halokinetic domain of the Sivas Basin (Koyuncu, Devrik, Cekmis and 

Damla) (Fig. 2 A). These basins lie directly above allochthonous evaporites and are surrounded by 

other continental to marine minibasins. The EMBs may locally be in contact with the surrounding 

siliciclastic minibasins, without any clear diapiric wall separating both minibasins. But these contacts 

often display shale-rich sinuous surfaces presenting isolated meter-wide patches of gypsum, 

associated with evidence of halokinetic structures along the contacts (e.g. halokinetic wedge or 

hooks). These contacts are thus interpreted as welds on map (e.g. the eastern border of the Köy 

minibasin, see Kergaravat et al., 2017). The Cekmis minibasin displays a southern border which is 

rather interpreted as a normal fault plane probably deeply rooted in the allochthonous evaporite 

sheet: the contact with the southern Oligo-Miocene deposits is straight, there are no remnant 

patches of diapiric evaporites along the surface and there is no evidence of halokinetic structures on 

either sides of the contact. 
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b. Age 

The Köy minibasin is the only one to have been dated from the Chattian (included in the Unit 3 of 

the Karayün Formation) based on charophyte fossils ocurrences (Poisson et al., 2012). Relative-age 

dating was used for the other EMBs, considering the age of the continental to marine formations in 

the nearby siliciclastic minibasins and the fact that the EMBs were most probably filled during 

evaporite-rich periods of the Oligo-Miocene. Accordingly, depending of its localization, we infer that 

some EMBs were completely filled during the deposition of Unit 3 of the Karayün Formation whereas 

other were filled during the Unit 2 of the Benlikaya Formation (Fig. 2 A). However, since absolute 

dating is lacking and since arid conditions were always favoring evaporite deposition during the 

Oligo-Miocene period (Ribes et al, 2016, 2018), we cannot exclude that some EMBs represent 

depocenters which formed during siliciclastic-rich periods (e.g. during the Unit 1 of the Benlikaya 

Formation) if they were isolated from the fluvial-inputs having fed the wider minibasins (Banham and 

Mountney, 2013a). 

 

c. Sedimentary infill 

Measured or estimated sedimentary thickness in the EMBs ranges from a few hundred meters to 

more than one thousand meters (e.g. Ribes et al., 2016). In the EMBs of Koyuncu, Cekmis and Damla, 

the sediments are only made up of regular alternation of gypsiferous beds and green to grey clays. In 

the other EMBs, up to 60 % of the sedimentary infill also records stratigraphic intervals characterized 

by red to green clays and pelites interlayered with isolated carbonate and sandstone beds. This type 

of bimodal sedimentary infill is illustrated on figure 3 with the 330 meter-thick sedimentary section 

of the Inceyol minibasin, in which the lower half part of the basin is mostly gypsum-free, whereas the 

upper half part displays 8 evaporitic units, 2.5 to 15 meters-thick interlayered with mud-rich 

gyspiferous intervals.  

The facies and related depositional environments of the EMB are further described below. 
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d. Geometry 

Some of the EMBs display a sub-circular to elliptical shape cored by a central syncline (e.g. the 

Devrik and Koyuncun minibasins). Other EMBs bounded by welds and faults display a rather 

polygonal shape with three or more, usually straight, sides (e.g. Pinarca and Cekmis minibasins).  

The EMBs are characterized by their small dimension compared to other siliciclastic minibasins. 

The largest EMB is the Devrik minibasin, with a width of ~1.7 km and a length of ~2 km (Fig. 2 A). 

Other EMBs can be less than 1 km wide (e.g. the Inceyol minibasin, 0.5 km width). As a result, at the 

map scale, the EMBs cover areas lower than 2 km2 whereas other non-evaporitic minibasins cover 

areas commonly comprised between 5 and 60 km2 (Fig. 2 A).  

 

e. Origin 

The small-size of the EMBs, their confinement between wider and older siliciclastic minibasins, 

their lack of siliciclastic-rich deposits and the upper Oligocene age of the only EMB dated, altogether 

suggest that the EMBs are not primary but rather secondary, as previously proposed by Ribes et al. 

(2016) and Kergaravat et al. (2017). In other word, the EMBs formed as isolated minibasins having 

sunk into allochtonous salt-walls or diapirs (e.g. Hodgson et al., 1992; Hudec, 1992; Hudec et al., 

2009; Vendeville and Jackson, 1992). 

 

B. Facies associations and related depositional environments of the evaporitic 

minibasins 

The EMB are dominated by5 major facies associations (FAs): siliciclastic and carbonate deposits 

(FA1) laminated-banded gypsum (FA 2), enterolitic to nodular-banded gypsum (FA 3), selenitic 

gypsum (FA 4) and massive secondary gypsum (FA 5). In lower proportion, two other FAs are 

observed: nodular gypsum (FA 6) and siliciclastic-rich gypsum (FA 7). Each FA are hereafter described 

in interpreted, together with a last, specific, facies composed of post-depositional breccia. 
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a. Facies association 1: Siliciclastic and carbonate deposits 

Description: This facies association is characterized by fissile red pelites and green to grey shales 

enclosing thin beige carbonate beds and greenish sandstone bodies (Fig. 3). Carbonate beds forms 

bioclastic packstones that are centimeter to decimeter-thick, and rich in charophyte fragments, shells 

and molds of ostracodes and gastropods (Fig. 3 C and D). The sandstones beds are medium to fine-

grained, centimeter to 1.5 meter-thick, and tabular to channelized over tens of meters. They locally 

display lag deposits, are commonly slightly normally graded with parallel to cross stratifications and 

wave ripples (Fig. 3 E). 

 

Interpretation: The red clays are interpreted as having been deposited in alluvial plain 

environments whereas the green clays probably laterally settled in perennial and / or ephemeral 

lakes. In such environments, the isolated sandstone bodies record occasional flood events (Ribes et 

al., 2016). According to their fossil content, the carbonate beds accumulated in shallow-water 

brackish condition (Ribes et al., 2016), most probably over the margin of the former lake, where 

wave ripples could also develop atop the sandstone bodies.  

 

b. Facies association 2: Laminated-banded gypsum 

Description: FA 2 displays regular and thin alternations of millimeter- to few centimeter-thick 

beds of microcrystalline gypsum (composing 50% to 70% of the FA) and green to dark clays variably 

cemented by gypsum (Fig. 4 F, G). The gypsum layers are either continuous with a relatively constant 

thickness, sometimes discontinuous and lenticular. They are usually wavy, contorted or with 

crenulated structures (Fig. 4 F, G). The discontinuous gypsum layers display centimeter bowl-shaped 

structures (Fig. 4 F). Thickest gypsum layers (~2 cm) are commonly the most continuous and 

crenulated. Some of these layers show tepee-like structures (Fig. 4 G). Finally, small (mm-thick) 

gypsum micronodules interlayered in the muddy intervals are frequent (Fig. 4 F). 
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 Interpretation: The finest gypsum laminae interlayered with clays probably record former 

cumulates, precipitated at the air-water interface in a saline lake (Magee, 1991). The contorted 

aspect of the laminae may result from (i) soft sediment deformations due to diagenetic 

transformations (i.e anhydritisation of gypsum during burial and re-hydration of anhydrite into 

gypsum during exhumation, Shearman, 1978; Hussain and Warren, 1989), (ii) algal mat growth at the 

sediment surface (e.g. Castens-Seidell, 1984) or (iii) reworking of the gypsum crystals by wave current 

(e.g. Logan, 1987). The thickest and more continuous gypsum layers probably record former thin 

gypsum crusts precipitated at the sediment-water interface of the saline lake (Arakel, 1980; Castens-

Seidell, 1984; Hardie and Eugster, 1971). Their crenulated top would outline the crystalline shape of 

the former gypsum crystals, now erased by diagenetic transformations (e.g. Kirkham, 2011). The 

discontinuous or lensoidal gypsum layers fit with thin gypsum crust precipitated by efflorescence at 

the sediment-air interface in dry seasons (e.g. Bobst et al., 2001). The bowl-shaped structures of 

these layers, or the tepee-like shapes in the thickest beds, are interpreted as desiccation cracks that 

evidence desiccation events of the saline pond. Such events could have favored the early 

anhydritisation of the gypsum beds (erasing the primary gypsum textures) and the precipitation of 

the tiny gypsum nodules, through evaporitic pumping (e.g. Hussain and Warren, 1989; Kirkham, 

2011). Alternatively, the bowl like structures may have resulted from early dewatering process during 

shallow burial.  Finally, before settling in the lake, the clayey deposits were likely brought by (i) fluvial 

inputs during more humid periods, and /or (ii) by the wind (Aref et al., 1997; e.g. Castens-Seidell, 

1984; Raup and Hite, 1992). 

Accordingly, this FA is interpreted as characterizing a shallow and gypsum-saturated lacustrine 

environment (saline pond) that was subjected to seasonal salinity fluctuations and occasional 

desiccation periods associated to limited sabkhatisation processes (Aref et al., 1997; Hussain and 

Warren, 1989; López-Quirós et al., 2018; Magee, 1991). 
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c. Facies association 3: Enterolithic to nodular banded gypsum 

Description: FA 3 is made up of centimeter to decimeter-thick enterolithic to nodular continuous 

gypsum beds thinly interlayered with green clays composing ~40% of the FA (Fig. 4 H, I). The nodules 

are frequently vertically oriented resulting in a crenulated top of the gypsum beds (Fig. 4 I). Scarce 

flat and discrete erosive surfaces are locally observed above dome-like shapes up to 10 cm-high and 

15 cm-wide and formed by highly contorted entherolitic gypsum layers (Fig. 4 H).  

 

Interpretation:  The lateral continuity of the gypsum beds, the well bedded aspect and the vertical 

elongations of the gypsum nodules all together suggest that the gypsum layers record former 

accumulations of bottom-growth gypsum crusts having been intensively diagenetised during burial 

and exhumation (dehydration and rehydration; Hussain and Warren, 1989; Shearman, 1978). The 

related recrystallization processes are responsible for the enterolitic structures (Kirkham, 2011). The 

dome-like shapes probably formed through competitive growth of the former selenite crystals 

(Hardie and Eugster, 1971; Warren, 1982) whereas the capping erosive surfaces result from  

desiccation events, or possibly mark dissolution surfaces due to dilution events (e.g. Bąbel, 2007; 

Warren, 1982). The latter were induced by recurrent flooding having periodically brought the mud 

layers, above which new generations of gypsum crystals successively grew. 
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d. Facies association 4: Thick selenitic gypsum 

Description: FA 4 is characterized by crystalline gypsum of selenitic habit forming continuous and 

well-stratified centimeter- to meter-thick beds interlayered with thin (< 1 cm) mud to calcite layers 

constituting less than 10% of the FA (Fig. 5 A, B). Crystals can be few millimeters to 4 centimeters 

long (average ~1.5 cm). They are single or twined along the (100) plane (swallow-tail twin). In some 

layers, the crystals are preferentially vertically oriented and may form beds displaying crenulated to 

domal structures (Fig. 5 A, B). In some other layers, the crystals are un-oriented and embedded in a 

muddy and micritic matrix (Fig. 5 C, D). Such strata can also display current ripples (Fig. 5 E). Finally, 

thin strata display anhydritisation features (whitening of the crystals or small anhydrite nodules; Fig. 

5 A). 

 

Interpretation: These crystalline facies characterize a perennial shallow saline pan that allowed 

subaqueous free-growth of coarse crystals at the brine-sediment interface (Bąbel, 2007; Ortí, 2011). 

In this depositional system, shallowness is supported by the well stratified bedding which probably 

records repetitive fluctuations of the water salinity (Bąbel, 2007). The crystals were preferentially 

growing in a vertical position and the competitive growth of the selenites induced crystallization 

stresses that resulted in the domal shape of some beds (Castens-Seidell, 1984; Hardie and Eugster, 

1971). The rippled and non-oriented crystalline gypsum layers mixed with muddy material probably 

resulted from the reworking of selenites beds by storm events. Anhydritisation features, limited to 

tabular beds, may have formed during the most arid periods, when the pond was entirely desiccated 

or when the salinity of the pond was highly increased (Bąbel, 2007; Kasprzyk, 2003; Shearman, 1978). 

On the opposite, when the salinity of the pond was temporarily decreased, the gypsum crystallization 

was stopped and the calcite layers could precipitate. 
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e. Facies association 5: Massive secondary gypsum 

Description: FA 5 corresponds to tabular and continuous gypsum beds, 10 centimeters to several 

meters-thick (Fig. 6), displaying an alabastrine texture (milky-like gypsum, Fig. 6 A) that may laterally 

and vertically evolve to a texture made up of enterolithic folds and amalgamated centimeter- to 

decimeter-thick nodules (Fig. 6 B). The gypsum beds can be stacked over up to several tens of meters 

(Fig. 6 D). In these thick intervals, a centimeter- to decimeter-thick layering may be marked by thin (< 

0.5 cm) and continuous to discontinuous interlayers of green clays or grey carbonates, variably 

brecciated in the gypsum (Fig. 6 D and E). Such beds can scarcely display ghost of selenite crystals up 

to 3 cm-thick (Fig. 6 F). Thin section observations in the gypsum reveal radiated anhydrite laths being 

replaced by amoeboid gypsum or porphyroblastic to xenotopic gypsum with remaining relicts of very 

altered anhydrite crystals (Fig. 6 G and H). 

 

Interpretation: Amalgamated nodules and anhydrite laths observed on the thin sections are 

commonly attributed to primary gypsum deposits having been intensively dehydrated into anhydrite, 

whereas replacive ameboid gypsum evidences later rehydration of anhydrite into gypsum (Hussain 

and Warren, 1989; Kasprzyk, 2003; Rouchy et al., 1986). The local preservation of selenite shapes and 

the poor clay-content suggest that part of the primary gypsiferous deposits belonged to FA 4 (e.g. 

Warren and Kendall, 1985a). Conversion from gypsum to anhydrite could have occurred at shallow to 

moderate burial depth during temperature increase (> ~ 50-60°C) (Murray, 1964; Shearman, 1978; 

Warren, 1991, 2010; Warren and Kendall, 1985b). Alternatively, sabkha processes during long-lasting 

desiccation event with fluctuation of the water table could have as well contributed to develop 

primary and/or replacive nodular anhydrite under high salinity condition (Gindre-Chanu et al., 2015). 

Later rehydration probably occurred during exhumation of the basin, when anhydrite was pervasively 

rewatered in the shallow zone of active phreatic flow (e.g. Gindre-Chanu et al., 2015).  
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f. Facies association 6: Isolated to coalesced nodular gypsum  

Description: This FA is characterized by decimeters to 1 meter-thick intervals displaying 

millimeters to decimeters-thick isolated to coalesced gypsum nodules within laminated green clays 

composing ~60% of the FA (Fig. 7, A, B). The nodules are displacive, highly irregular in shapes and 

size, aligned in to the bedding or chaotically organized (Fig. 7, A, B). 

 

Interpretation: The gypsum nodules are interpreted as having precipitated in the capillary fringe 

of a dry and muddy soil profile trough evaporitic pumping of the groundwater (e.g. Ali and West, 

1983; Hussain and Warren, 1989; López-Quirós et al., 2018). This FA is thus interpreted as having 

formed in long lasting periods of desiccation, in a sabkha-like environment (Aref et al., 1997; 

Schreiber and El Tabakh, 2000; Warren and Kendall, 1985a).  

 

g. Facies association 7: Siliciclastic-rich gypsum 

Description: This facies association is characterized by decimeter to 1 meter-thick tabular to 

channelized beds made up of a massive to friable gypsum enclosing siliciclastic grains and pebbles 

and interlayered with reddish shales (Fig. 7 C, D and E). Channels are several meters wide and the 

pebbly facies are rich in isolated to coalesced gypsum nodules up to 3 cm-thick (Fig. 7 D). The beds 

locally display a normal grading as well as plane parallel laminations and tabular to cross-

stratifications (Fig. 7 A). 
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Interpretation: This FA is interpreted as characterizing reworked evaporitic deposits, i.e. 

gypsrudite to gypsarenite. The massive to friable texture results from multiple episodes of 

dehydration and hydration processes during burial and exhumation (see FA 5, Hussain and Warren, 

1989; Shearman, 1978). The primary texture of the clastic gypsum is thus not preserved in this facies, 

but inferred from (i) the occurrence of the detrital siliciclastic-grains and pebbles and (ii) from the 

gypsum nodules found in the pebbly beds, interpreted as reworked gypsum clasts which suffered as 

well from diagenetic transformations (Testa and Lugli, 2000). Such clastic evaporites were probably 

produced by flood events, which sourced the non-evaporitic content and reworked lacustrine to 

sabkha evaporites, or alternatively, by the mechanical reworking of the diapiric evaporites 

surrounding the minibasins (Lawton and Buck, 2006). 

 

h. Post depositional solution related breccia 

Description: This facies is characterized by several meter-thick strata intervals made up of faulted, 

brecciated and folded gypsum beds of the FAs 1 to 4 (Fig. 7 F to I). The brecciated intervals are 

laterally extended over all the available outcrop and deformation intensity decrease upward in each 

interval. The gypsum layers below the brecciated section are not affected by noticeable 

deformations. 

 

Interpretation: The deformations of this facies are interpreted as characterizing collapse breccias 

resulting from the dissolution of former interlayers of highly soluble evaporites, most probably halite 

(e.g. Bąbel, 1991; Testa and Lugli, 2000). It is not possible to constrain in which environment 

(subaqueous or subaerial) this halite precipitated. 
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2. Synthesis of depositional environments  

The dominant FAs 1 to 4 characterize a similar relatively shallow water setting in which the 

salinity saturation controlled the amount and the primary crystalline texture of gypsum (Fig. 8). FA 1 

developed during stratigraphic intervals marked by a brackish lake with undersaturated conditions 

preventing evaporite precipitation. With increasing salinity conditions, together with decreasing 

clastic inputs, gypsiferous FAs 2, 3 and then 4 could then successively develop in the same 

dominantly subaqueous environment. Such successive steps of gyspsiferous facies evolutions due to 

salinity increase are especially observed in 5 of the 8 evaporitic units logged in the Inceyol minibasin, 

except that FA 4 was transformed into FA 5 due to early or late diagenetic transformations (Fig. 8). 

Under extreme salinity conditions, halite deposits were also able to precipitate and their 

subsequent dissolution resulted in post-depositional collapse breccias. Long-lasting desiccation event 

might have temporary favored sabkha processes of FA 6, and flood events could sometime be strong 

enough to produce siliciclastic-rich gypsarenite and gypsrudite deposits such as FA 7 (Fig. 8). 

The occurrence of each evaporitic facies was eventually dependent of the balance between the 

climate aridity and the restriction to fluvial inputs, this latter being halokinetically-controlled (Ribes 

et al., 2018, 2016; Banham and Mountney, 2013a). Moreover, it is not excluded that different FAs 

were laterally equivalent in the EMBs (e.g. selenitic gypsum crust of FA 4 located in basin center and 

laterally grading to sabkha deposits of FA 6 in basin border; e.g. Eugster and Hardie, 1978; Abrantes 

et al., 2016). However, such variations could not be observed due to outcrop conditions and 

meteoric alteration of the evaporitic deposits. 
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C. Internal deformation structures 

The EMBs display several internal deformational structures that evidence diapir-sediment 

interactions during the subsidence of the minibasins. These structures are summarized by focusing 

on representative EMBs examples. Specific features compared to other non-evaporitic minibasins of 

the Sivas Basin and in other halokinetic settings are also highlighted below. 

 

1. Sedimentary wedges and halokinetic sequences: example of the Koyuncu minibasin 

 Description: With the exception of the Cekmis minibasin, all the EMBs display sedimentary 

wedges flanking their diapiric borders, among which the Koyuncu minibasin (Fig. 9 A) shows the most 

striking ones. This minibasin shows a tight, asymmetric and contorted synclinal shape (Fig. 9 B). Along 

its western, northern and eastern flanks, the strata are folded and thinned over a distance of 50 to 

500 meters from the diapiric wall, with bed rotations reaching up to 140° (Fig. 9 B, C, D, E). It should 

be noted that the sedimentary wedges of the Koyuncu minibasin are not only localized at salt wall-

sediment interface but all over the minibasin. 

The sediment-diapir contacts are also locally characterized by the occurrence of halokinetic 

sequences (sensu Giles and Rowan, 2012). The best example of such structures can be observed 

along the north-eastern corner of the Koyuncu minibasin, where the satellite image highlights 

steepened strata displaying a hook-like fold unconformably capped by younger strata (Fig. 9 B). The 

hook shows a drape folding of less than 200 meters amplitude, is capped by a 90° angular 

unconformity and shows limited sedimentary thinning. The younger strata display a well-expressed 

folded sedimentary wedge in which we might as well spot discrete erosive surfaces (i.e. progressive 

unconformities) but with angular unconformities lower than 30° (Fig. 9 A and B).  
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Interpretation: The sedimentary wedges demonstrate the progressive bed rotation of the 

evaporitic deposits during their subsidence in the minibasin, and thus, the syn-sedimentary growth of 

the diapiric evaporites (e.g. Andrie et al., 2012; Poprawski et al., 2014). Moreover, the 3D asymmetric 

geometry of the minibasin and its bed orientations suggest the occurrence of an asymmetric 

synclinal depocentre with a basin-ward dipping growth strata at depth, as proposed on figure 9 F. 

Such a geometry suggests that bed rotation did not only occur because of relative diapir rise along 

minibasin borders, but have resulted from the westward tilting of the minibasin floor together with 

lateral flow of the evaporites below the minibasin. The development of a prograding sedimentary 

roll-over could have triggered the minibasin tilting, but such a process is commonly tied to large-scale 

prograding siliciclastic or carbonate systems (e.g. Ge et al., 1997; Kergaravat et al., 2017) and seems 

unlikely in the small-scale lacustrine evaporitic system of the EMBs . Accordingly, we rather interpret 

the asymmetric synclinal geometry of the Koyuncu minibasin as having been driven by other 

mechanisms of subsidence that might have involved the influence of (i) compressive strains having 

resulted in the preferential uplift of the eastern diapiric wall, (ii) a base-salt relief with or without 

translation of the minibasin during compression (Kergaravat et al., 2017; Kluth and Du Chene, 2009) 

and (iii) the asymmetric flow of diapiric salt influenced by the subsidence of surrounding siliciclastic 

minibasins (Fernandez et al., 2019; Hudec et al., 2009; Kergaravat et al., 2017; Kluth and Du Chene, 

2009). Following 2D numerical models recently performed by Fernandez et al. (2019), this last 

hypothesis seems especially supported by the fact that the Koyuncu mini-basin tilted westward, i.e., 

away from the three other siliciclastic mini-basins surrounding the EMB, where the diapiric salt could 

more easily and rapidly flow (Fig. 2 A and 9). 
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The geometries, wedge thickness and architectural patterns of halokinetic sequences usually 

account for interplays between the salt-flow rate and the sedimentation rate of the recycled 

evaporites (Giles and Rowan, 2012; Rowan et al., 2003). The hook-fold at the base on the Koyuncu 

minibasin especially highlight a period during which the diapir flow rate temporarily exceeded the 

precipitation rate of evaporites, allowing the flowing evaporites to reach the surface (Giles and 

Rowan, 2012). The coeval westerly stacked sedimentary wedges with low-angle unconformities could 

form tapered composite halokinetic sequences (sensu Giles and Rowan, 2012). Such sequences 

would highlight that, despite relative fluctuation between the diapir-rise rate and evaporite 

precipitation, the overall precipitation rate of evaporites remained higher than the diapir-rise rate, 

preventing the diapir to ever reach the surface by uplifting enough its sedimentary roof (Giles and 

Rowan, 2012).  

 

2. Folds and faults: example of the Köy and Cekmis minibasins 

Description: Over the first 100 meters of the EMBs borders, tight folds and reverse faults are 

frequently observed, such as in in the Köy and Koyuncu minibasins (Fig. 10). Fold axes can be parallel 

to the adjacent diapiric wall, or more chaotically oriented. The sedimentary infill of the minibasins is 

also affected by small-scale normal faults displaying meter-scale offsets (Fig. 10 C). 
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In the Cekmis minibasin (Fig. 11 A and B), the large extent of folding and faulting stands out from 

other EMBs. The western side of the minibasin lies on a diapiric unit and its southern part is steeply 

delimited by a vertical fault. The presence of a sinuous vertical weld is inferred along the north-

eastern border of the minibasin according to (i) the geometry of strata that are steep to overturned, 

(ii) the occurrence of an erosive surface above overturned evaporites, suggesting an halokinetic 

sequence, and (iii) a hook fold and associated sedimentary wedge in the alluvial conglomeratic 

deposits along the northern side of the weld (Fig. 11 B, C). The core of the inferred weld is marked by 

shales densely affected by gypsum-filled fractures with sheared gypsum blocks. On its western part, 

basal evaporitic deposits of the minibasin are 90° tilted (Fig. 11 A and B). There, satellite images 

clearly highlight two, 400 meters-long, faults (NW-SE oriented), which merge at the contact with the 

diapiric core bounding the minibasin base, and which define two tilted blocks, with an offset of 

approximately 100 meters. Eastward, these normal faults are sealed by vertical and intensely folded 

evaporitic strata (Fig. 11 A and B). At a regional scale, within the folded area, fold axes tend to be 

parallel to the western and north-eastern borders of the minibasin, and the main synclines and 

anticlines mapped on figure 11 B are not representative of the folding complexity observed at the 

outcrop scale (Fig. 12 A). Finally, along the eastern border of the minibasin, within the youngest 

deposits, we also note a thick accumulation of reworked evaporitic facies with channelized 

gypsarenites and conglomerates of the FA 7 (Fig. 7 C and D). 
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Interpretation: As previously described, the folds and faults may result from collapse structure 

controlled by the dissolution of former halite interlayers. However, the preferential occurrence of 

such deformations along the minibasin borders and the absence of brecciated evaporites rather 

suggest a different origin. Indeed, the folds can be interpreted as (i) gravitational slumps related to 

the steepening of the evaporitic strata (especially when fold axes are oriented parrallel to the 

bordering diapiric wall, e.g. Alsop et al., 2000; Trude et al., 2012) and/or as (ii) deformations related 

to the squeezing of the diapiric wall as a result of tectonic shortening in the Sivas Basin. On the other 

hand, the normal faults probably accommodated the fast subsidence of the EMBs together with the 

uplift of the minibasin borders (Alsop et al., 2000; Kergaravat, 2016), as they generally shows 

unidirectional dip direction away from the inferred diapir or wall topographic high.  

Accordingly, the faults of the Cekmis minibasin are interpreted to have formed originally as 

normal faults (before being verticalized up to their outcropping position), and the folds as aerial 

slumps (Fig. 12 B). These gravitational structures would be related to the eastward tilting of the 

overall minibasin. According to this scenario, the growth of a diapiric relief along the western border 

of the minibasin triggered the normal faulting (due to outer-arc extension) until the slope became 

steep enough to induce the eastward collapsing of the evaporitic strata as mega slumps. The normal 

faults are thus sealed by the basal decollement surface of the slumped deposits (Fig. 12 B). The 

following erosion of the steepened and folded deposits probably sourced the gypsrudites to 

gypsarenites observed along the eastern border of the Cekmis minibasin. 

 

3. Overturned flap: the example of the Devrik minibasin 

Description: The Devrik minibasin displays evaporitic deposits with tilted flanking strata drawing a 

simple synclinal shape, as commonly observed in the other EMBs (Fig. 13 A). However, along the 

northeastern border of the minibasin, from the north to the east, the evaporitic strata progressively 

steepen and become overturned up to a 180° rotation over 600 meters (Fig. 13 B and C). 
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Interpretation: Although the lacustrine to sabkha facies of the evaporites makes the 

determination of bed polarity difficult, all the northeastern border of the minibasin appears 

overturned as compared to the rest of the minibasin. Accordingly, the Devrik minibasin displays the 

structure of an inverted flap (Fig. 13 D) (Callot et al., 2016; Graham et al., 2012; Rowan et al., 2016). 

The evaporitic deposits were likely overlying the diapiric stem along its eastern border, before being 

tilted and inverted by diapiric inflation and salt sheet emplacement. The latter was probably quite 

poor in insoluble residues (increasing its ability to extrude rapidly) and its dissolution plus erosion did 

not leave any residual material on outcrop.  

 

4. Internal diapiric deformations 

a. Central diapiric stem: example of the Inceyol minibasin 

Description: The Inceyol minibasin displays a tight, closed synclinal shape with tilted to 

overturned strata along its western, northern and eastern borders, forming a teardrop geometry (Fig. 

14). The centre of the minibasin has the peculiarity of being penetrated by a small diapiric stem 

linked to the western diapiric wall of the minibasin. The central diapir progressively pinches out 

toward the north, and closes at the junction between two tight peripheral synclines arranged around 

the diapiric stem (Fig. 14). 

 

Interpretation: The central diapiric structure is interpreted as a former local topographic high on 

the surface of the diapir that existed in the early stage of the minibasin development. Alternatively, 

this local structure might have separated two initial depocenters that finally coalesced during the 

evolution of the EMB. During the subsidence and late exhumation of the EMB, compressive tectonic 

strains most possibly contributed to (i) develop the topographic relief into a small-scale diapiric stem 

that finally got squeezed (Kergaravat et al., 2017), and (ii) tighten the minibasin up to its final highly 

encased geometry.  
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b. The proto minibasins of the Fadlun diapir 

Description: To the east of the Devrik minibasin, the Fadlun diapir is covered by patches of 

lacustrine to sabkha deposits forming 6 rafts distributed chaotically  and disconnected by few 

hundred meters of diapiric evaporites (Fig. 15). The rafts are 100 to 300 meters-large and up to 1.3 

kilometers-long, with a sediment thickness that can hardly be constrained but which can be 

estimated to be of few hundred meters for the bigger one in the central part (Fig. 15). These deposits 

are folded, display highly irregular contours and do not show mature minibasins structures such as 

those described above (Fig. 15). 

 

Interpretation: Two hypotheses can explain the origin of such distributed evaporitic 

accumulations. They may have constituted a former evaporitic sedimentary cover that has been 

fragmented, brecciated and deformed by diapir inflation (e.g. Dooley et al., 2015a). Otherwise, the 

lacustrine to sabkha sediments were initially deposited in isolated small-scale depocenters, partly 

disconnected by topographic reliefs on the roof of the diapir, such as it was proposed for the early 

stage of the Inceyol minibasin. In both cases, such deposits would represent the relics of one to 

several EMBs that have been aborted early due to the rejuvenation of the diapir. Such a stronger 

upward flow of the salt compared to minibasin subsidence might have been caused by (i) tectonic 

shortening and associated squeezing of the diapir (Duffy et al., 2018; Kergaravat et al., 2017), (ii) 

subsidence of the surrounding minibasins, especially the coeval evaporite-rich Devrik minibasin 

westward (Fernandez et al., 2019). Lateral expansion of the diapir topography in response to 

spreading under its own weight then also probably contributed to fragment and folding the 

evaporitic raft (Dooley et al., 2015a; Duffy et al., 2018). 
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V. Discussion 

1. Initiation of the evaporite-rich minibasin 

In order for the EMBs to start developing in the Sivas Basin, the following factors must have been 

met: (i) a semi-arid climate together with limited fluvial or marine inputs allowing evaporite 

precipitation conditions to prevail (evaporation > water input), (ii) a source of dissolved salt allowing 

thick evaporitic accumulations in response to the former factor, and (iii) an outcropping diapiric body 

with an almost flat top allowing to be capped by evaporites (Fig. 16 A). 

In the Sivas Basin, the climatic and hydrologic conditions were favorable to evaporite precipitation 

during the Oligo-Miocene (Çiner et al., 2002; Ribes, 2015) and the salt-induced topographic reliefs 

likely increased the hydrographic isolation of some EMBs (Ribes et al., 2018, 2016). Also, as 

evidenced by Pichat et al. (2018), the dissolved elements necessary for significant accumulations of 

evaporites were provided in abundance by the leaching of the diapiric structures themselves. The 

dissolution of the diapiric bodies could occur at the surface, along the outcropping diapiric walls 

bordering the EMBs. Alternatively, it could have occurred in the sub-surface (e.g. Rodriguez et al., 

2017), producing saline springs at surface, such as those presently observed in several locations of 

the Sivas Basin (Fig. 8) (Gunay, 2002; Kaçaroğlu et al., 2001; Pichat et al., 2018). 
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Several factors may then have simultaneously allowed the diapiric bodies to be covered by 

evaporitic facies. First, Ribes et al. (2016) have shown that the Unit 2 and 3 of the Karayün Formation 

recorded a period of high regional accommodation and sedimentation supply, superimposed on salt-

controlled accommodation, prone to the burial of diapirs under continental sediments. More 

recently, Kergaravat et al. (2017) have also proposed that some of the EMBs they identified west of 

the Emirhan minibasin were located within relay systems of a transtensive zone, where the diapirs 

could be locally deflated in pull-apart systems. Without extension, the diapir stems might simply 

have stopped rising due to the decrease in the evaporite sourcing at depth, as the mother salt was 

locally welded below the surrounding primary minibasins. It is also probable that the surface and 

subsurface dissolution of the diapiric salt significantly contributed to the deflation of the diapirs. 

Moreover, the capping of the diapirs could have been promoted by previous erosion and flattening 

during the deposition of the coarse fluvial sediments which preceded the two episodes of evaporite 

deposition (i.e. Unit 2 of the Karayün Formation and Unit 1 of the Benlikaya Formation, Ribes et al., 

2016, 2018). Finally, the covering of the diapirs have certainly been also favored by the high 

sedimentation rates characteristic of evaporitic environments (Rouchy and Blanc-Valleron, 2006; 

Warren, 2016), sustained in particular by the high supply in dissolved elements provided by the 

nearby diapirs (Fig. 16 A) (Pichat et al., 2018). 
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2. Evaporite-rich minibasin infill and subsidence 

Once the diapirs were covered by recycled evaporites, local extensive stress (Kergaravat et al., 

2017) and / or sustained surface and subsurface dissolution of the diapiric salt (Pichat et al., 2018) 

could have maintained subsidence of the EMB together with their filling by recycled evaporites (Fig. 

16 B). Depending on the climate and the hydrology, and by analogy with modern outcropping diapirs 

in arid to semi-arid climate (in Iran and Israel especially), dissolution and induced subsidence rate of 

the diapiric salt might have been on the order of 0.5 millimeters to few centimeters per year 

(Bruthans et al., 2010, 2009; Frumkin, 2000, 1994; Galve et al., 2009; Roosta et al., 2019; Zarei et al., 

2012). 

Different timing of evaporite dissolution vs deposition might have occurred. The dissolution of 

exposed diapiric evaporite occurred during humid periods or seasons, before deposition of recycled 

evaporites during dryer periods. On the opposite, subsurface dissolution of diapiric salt could have 

been permanently coeval with the deposition of the new evaporites in the minibasins. If climatically-

controlled (e.g. Ocakoğlu et al., 2017), coeval EMBs might share the exact same sedimentary stratal 

pattern and facies evolution. Alternatively, if controlled by halokinetically-influenced fluvial inputs 

(e.g. Banham and Mountney, 2013b; Ribes et al., 2016), each minibasin might have recorded its own 

salinity fluctuation and related evaporite depositional cycles. Detailed stratigraphic correlations 

would be necessary do decipher such an issue, which could unfortunately not be performed in the 

frame of this study. 
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The high density of the sulphate-rich evaporites also probably played a key role in driving a fast 

subsidence of the minibasin. Indeed, the densities of gypsum (2.2 - 2.4 g/cm3) and of anhydrite (2.9 - 

3.0 g/cm3) are higher than that of halite (2.1 - 2.2 g/cm3) and of poorly buried siliciclastic sediments 

(< 2.2 g/cm3 above ~800 - 1000 m depth; e.g. Jackson and Talbot, 1986; van den Belt and de Boer, 

2007; Hudec et al., 2009). Accordingly, Fernandez et al. (2017) recently demonstrated that only a 

small amount of gypsiferous deposits could considerably enhance the subsidence of minibasins by 

dramatically reducing the depth of density inversion between the salt diapir and the minibasin 

overburden. The high proportion of gypsum-anhydrite beds in the EMBs strongly suggests the 

efficiency of density driven subsidence (Fig. 16 B). 

Finally, because gypsum deposits can precipitate at an average rate of 1 cm/year (Warren, 2016),  

it is noteworthy that the recycled gypsiferous deposits in the EMBs could have easily compensated 

(in addition to inducing) subsidence rates which can be also as high as 1 cm/year (Prather, 2000). 

 

3. Influence of evaporite rheology 

We have highlighted that the EMBs are structurally characterized by (i) their small dimension with 

an encased morphology and (ii) the variety of their internal deformations that include halokinetic 

sequences, well-developed sedimentary wedges, gravitational slumps and overturned flap. 

Small-scale encased minibasins with the same dimension to those of the Sivas EMBs (0.5 to 2 km 

wide) are actually uncommon in the literature, and the rare analogies that we were able to find 

involve mud-rich deposits in distal margin settings (Fort et al., 2004) or other possible primary 

evaporite-rich mini-basins in the Precaspian (Fernandez et al., 2017). 

Even if they are well developed in the EMBs, the halokinetic sequences and sedimentary wedges 

observed in the EMBs do not display characteristic evaporite-related pattern, compared to similar 

structures in the Sivas Basin (Kergaravat et al., 2017; Ribes et al., 2016, 2015) and in other halokinetic 

provinces (Hudec et al., 2009; Poprawski et al., 2016; Rowan et al., 2003; Volozh et al., 2003). 
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Slumped deposits such as those of the Cekmis minibasin have not been identified in surrounding 

siliciclastic minibasins of the Sivas Basin. Elsewhere, gravitational collapse structures above diapirs 

occur in marine settings where the water content of the sediments trigger their instability (Davison 

et al., 2000; Pilcher and Blumstein, 2007; Madof et al., 2009). However, compared to those of the 

EMBs, such slump intervals are commonly of higher-scale extension (over several kilometers) and 

produced debris-slide and debris flow deposits which were not observed in the EMBs of the Sivas 

basin. 

The overturned flap observed in the Devrik minibasin does not have equivalence in other 

minibasins filled by siliciclastic deposits in the Sivas Basin (Kergaravat et al., 2017; Ribes et al., 2016). 

However, similar order of fold amplitude were reported in other halokinetic domains involving as 

well evaporitic deposits: (i) in evaporite-rich minibasins of the Precaspian Basin (Fernandez et al., 

2017), (ii) in intrasalt shale-rich formations constituting the limb of the Sedom diapiric wall in the 

Dead Sea (Alsop et al., 2015) and (iii) in intrasalt diapiric deformation of thick evaporite accumulation 

in the Santos Basin, Brazil (Jackson et al., 2015). 

All of such structural peculiarities of the Sivas EMBs, and the rare analogies with other mud- and 

evaporite-rich minibasins elsewhere, strongly suggest that the weak rheology of the evaporitic 

overburden significantly influenced the evolution of the minibasins. The low stiffness of the 

evaporite- and clay-rich overburden could probably not significantly prevent the rising of the 

bordering diapiric walls (i.e., no capacity of stopping the diapir rise by burring it), allowing their 

sustained growth over the time (e.g., Fernandez et al., 2016). The borders of the minibasins were 

thus easily tilted and inverted, triggering the formation of slumps, flaps and sedimentary wedges, 

and facilitating the encasement of the minibasin in the deflating diapir (Fig. 16 C). The rapid 

subsidence and tilting of the minibasins, as previously discussed, probably also favored the minibasin 

encasement and deformation. Multiple detachment surfaces present in the layered evaporites might 

have as well facilitated slumping events. 
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VI. Conclusion 

1) Evaporite-rich minibasin refer to mini-basins for which 50 to 100% of the sedimentary infill is 

composed of evaporite-rich facies. Despite their importance in halokinetic setting, such type 

of minibasins remains poorly understood. Some of them outcrop in the central halokinetic 

province of the Sivas Basin and were studied on the field. 

2) The evaporite-rich minibasins of Sivas developed above deflating diapirs, during periods of 

limited fluvial input when the diapiric structures were outcropping with insignificant 

topography. The minibasins were filled by more than 50 % of lacustrine gypsiferous facies 

recycled from the dissolution / re-precipitation of the diapiric salt. 

3) The capping of the diapiric stems by recycled evaporites was promoted by (i) periods of high 

regional accommodation, (ii) erosion of the diapiric crests by the fluvial system preceding 

evaporite deposition, (iii) deflation of the diapirs following local transtensive stress and / or by 

surface to subsurface salt dissolution, and (iv) fast sedimentation rate of the evaporites. 

Subsequent development of the evaporitic minibasin was then probably primarily driven by 

the high density of gypsum and anhydrite in the overburden, compared to halite in the 

diapirs. 

4) Compared to other siliciclastic minibasins of the Sivas Basin, the evaporite-rich minibasins 

stand out by (i) their small dimension (< 1 km), (ii) their teardrop encased shape and (iii) 

amplified internal halokinetic deformations. The latter especially include well-developed 

halokinetic wedges, mega-slumps or inverted flaps. It is suggested that such structural 

specificities were favored by the ductile rheology of the evaporitic overburden. 

5) Although secondary evaporite-rich minibasins have never been identified in other ancient 

halokinetic settings, our study emphasizes that they may have developed under arid 

continental or coastal environments. Such secondary evaporitic minibasins, and the primary 

ones already inferred in other halokinetic provinces, could share the structural and 

sedimentologic peculiarities highlighted in the evaporite-rich minibasins of the Sivas Basin. 
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Figures caption 

Figure 1: Tectonic map of Eastern Mediterranean, with the main continental blocks (differentiated 

by grey tints), major suture zones and the Oligo-Miocene Sivas basin deposits (after Ribes et al., 

2015a modified from Okay et al., 2006). BZSZ: Bitlis-Zagros Suture Zone, EAF: East Anatolian Fault 

Zone, IAES: Izmir-Ankara-Erzincan Suture Zone, ITSZ: Inner-Tauride Suture Zone, NAF: North 

Anatolian Fault.  

 

Figure 2: A: Geological map of the study area with the location of the identified evaporitic 

minibasins (after Kergaravat et al., 2017; Legeay et al., 2019b). B: Regional composite 

lithostratigraphic column of the central Sivas Basin, with average thickness of the various 

stratigraphic units (after Legeay et al., 2019b). C: Cross-section of the central halokinetic domain of 

the Sivas Basin (after Kergaravat et al., 2017)  

 

Figure 3: Sedimentary log of the Inceyöl minibasin with illustration of the facies associations in the 

gypsiferous units. 
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Figure 4: A: Clay-rich stratigraphic interval displaying green to red clays interlayered with 

carbonate beds (white dots) and a sand body (yellow dots). B: Laminated green to grey carbonaceous 

shales interlayered with a thin sandstone bed (yellow dots). C: Carbonate bed with molds of former 

gastropod fossils (yellow arrows). D: Thin section of a carbonate bed showing numerous charophyte 

and shell fragments. The pink arrows point gyrogonite fragments of charophytes. The yellow arrow 

points a preserved ostracode shell (optical photomicrograph, PPL). E: Wave ripples in a fine 

sandstone bed. F and G: Examples of laminated banded gypsum and clay layers of FA2. The black 

arrow on picture F points a highly crenulated gypsum layer. The pink arrows points discontinuous 

gypsum layers displaying bowl-shapes. The yellow arrow on picture F points to clay layers displaying 

tiny gypsum nodules. The yellow arrows on picture G point to teepee-like shapes. H and I: Examples 

of nodular banded gypsum layers of FA3. The yellow dots on picture H highlight discrete erosive 

surfaces cutting the crest of mushroom-like shapes made up of entherolithic gypsum (black dots). 

The yellow arrow on picture I points a gypsum layer displaying a highly crenulated top. The pink 

arrow points a gypsum layer with vertically-aligned tiny nodules. 

 

Figure 5: A: Selenitic gypsum accumulations interbedded with thin carbonates layers (yellow 

arrows). Note (i) the displacive nodular gypsum beds in the bottom part of the picture (pink arrows), 

(ii) the whitened crystalline bed in the middle part (black arrow) and the dome-like shapes of some 

beds (green arrow). B: Selenitic gypsum crust with upward oriented crystals and dome-like shapes. C 

and D: Non-oriented selenitic gypsum crystals embeded in a micritic matrix. E: Wavy ripple marks in 

tiny non-oriented gypsum crystals. 
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Figure 6: A: Massive alabastrine gypsum. B: Nodular and entherolithic gypsum to anhydrite. C: 

Continuous tabular gypsum beds of alabastrine texture interlayered with clays. D: Thick 

accumulations of alabastrine to nodular gypsum beds. Note the distinguishable layering. E: Layered 

alabastrine gypsum displaying a thin and brecciated carbonate bed (yellow arrow). F: Ghost of 

selenitic gypsum crystals in an alabastrine gypsum layer. G: Anhydrite laths (left, An) partly replaced 

by amoeboid gypsum (right, G) (optical photomicrograph, XPL). H: Xenotopic gypsum (G) enclosing 

relics of anhydrite crystals (optical photomicrograph, XPL). 

 

Figure 7: A and B: Isolated to coalesced gypsum nodules within laminated green clays. Picture A 

illustrates a stratigraphic surface. C to E: Siliciclastic-rich and channelized coarse-grained gypsum 

beds. Note the parallel and cross-stratifications on picture C. The nodules on pictures D are 

interpreted as former gypsum pebbles. F to I: Stratigraphic interval displaying folded, brecciated and 

sheared massive to banded-laminated gypsum beds. 

 

Figure 8: Synthesis of the depositional evaporites in an evaporite-rich minibasin of the Sivas Basin. 

 

Figure 9: A and B: Google Earth satellite image and geological map of the Koyuncu minibasin (see 

figure 1 C for location of the minibasin). The white square on picture B highlights a hook-fold 

probably forming a halokinetic sequence. C, D, and E: Panoramas of the sedimentary wedges and of 

the synclinal shape of the Koyuncu minibasin (see A for location of the panoramas). F: Cross section 

of the Koyuncu minibasin (see figure 11 B for location of the cross-section). 

 

Figure 10: Satellite images (A and D) and field pictures (B and C) of the small-scale folds and faults 

observed along the diapiric borders of the Koy minibasin (A to C) and the Koyuncu minibasin (D, see 

figure 1 C and 11 B for the location of the satellite image).  
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Figure 11: A and B: Google Earth satellite image and geological map of the Cekmis minibasin (see 

figure 1 C for location of the minibasin). C: Panorama of the weld inferred along the eastern border 

of the Cekmis minibasin. The black arrows point to the top of the beds. The dotted black line 

represents an erosive surface marking the transition from the Benlikaya Formation to the Injesu 

Formation. 

 

Figure 12: A: Tight folds within the evaporitic facies (see figure 13 A for location of the picture). B: 

Cross-section the Cekmis minibasin (see figure 13 B for location of the cross-section). 

 

Figure 13: A and B: Google Earth satellite image and geological map of the Devrik mini-bassin (see 

figure 1 C for location of the minibasin). C: Panorama of the Devrik mini-bassin (see A for location of 

the panorama). D: Cross-section of the Devrik minibasin (see B for location of the cross-section). 

 

Figure 14: A et B: Google Earth satellite image and geological map of the Inceyol minibasin (see 

figure 1 C for location of the minibasin). C: Panorama of the Inceyol minibasin (see A for location of 

the panorama). D: Cross-section of the Inceyol minibasin (see picture B for location of the cross-

section) (Modified after Kergaravat et al., 2017). 

 

Figure 15: Interpreted Google Earth satellite image of the Fadlun diapir (see figure 2A for location 

of the picture). 

 

Figure 16: Synthesis of the main factors that might have triggered the initiation, subsidence and 

deformation of evaporite-rich minibasins in the Sivas Basin. 
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