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Abstract
The Dahal Hit cavern in Central Saudi Arabia is the only locality where the Tithonian Hith Anhydrite Formation is exposed in 
the Middle East. In 2010, a 28.5-m interval in the 90-m-thick Hith Formation was logged and described in the cavern as part 
of a study to evaluate its sedimentological and sequence-stratigraphic architecture and to identify potential high-permeability 
layers within the seal of the world’s most prolific petroleum system. Seven facies types were interpreted as reflecting sabkha 
(subaerial) or salina (subaqueous) settings, and their vertical stacking patterns revealed that the logged interval consists of 
three transgressive–regressive cycles and part of a fourth cycle. The cavern was revisited in 2016 but only to find that the 
water level had risen by about 50 m rendering further geological studies impossible. The higher level of the water suggests 
that the cavern was flooded by the flow in the subsurface of treated sewage water released into a former quarry. The quarry 
is situated about 10 km southeast of the cavern, and the storage of water in it started in 2008. The flow pathways to the Dahal 
Hit cavern are apparently well-connected karsts, caverns, and high-permeability flow zones present in dolomite layers.

Keywords Hith Formation · Dahal Hit · Sedimentological and sequence-stratigraphic analyses

Introduction

Several countries on the Arabian Peninsula, such as Saudi 
Arabia, are developing and deploying technologies aimed at 
 CO2 capture, utilization, and storage (CCUS) in candidate for-
mations (Fedorik et al. 2023; Vahrenkamp et al. 2021; Oelkers 
et al. 2022). The Upper Jurassic Hith Anhydrite Formation in 
Saudi Arabia has been considered a potential candidate for 
a CCUS project because storing  CO2 in it would also main-
tain pressure in its intra-formation reservoirs and those in the 
underlying Upper Jurassic Arab Formation. Furthermore, the 
Hith Anhydrite Formation is considered a regional aquitard, 
which separates two mega-aquifer systems (Rausch et al 2013; 
Rausch and Dirks 2024); however, the continuity and homo-
geneity of the aquitard properties across some regions in the 
Arabian Platform have not been quantitatively established.

This study is aimed at characterizing the formation’s 
stratigraphy in the subsurface and in its type locality in the 
Dahal Hit dissolution cavern. The cavern is located approxi-
mately 30 km south of Ar Riyadh at the foot of Jabal Hit 
escarpment (Fig. 1). The cavern and escarpment are the only 
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locality where the Tithonian Hith Formation of the Shaqra 
Group and the overlying Tithonian-Berriasian Sulaiy For-
mation of the Thamama Group are exposed in Saudi Arabia 
(Powers et al. 1966; Powers 1968; Wolpert et al. 2015).

As part of our study, some of the authors descended 
into the Dahal Hit cavern and recorded the groundwater 

level in 2010 and again in 2016 (Fig. 2) and noticed that it 
had risen by c. 50 m implying an average rise of about 8 m 
per year. This increase constitutes a significant change in 
our understanding of the Upper Jurassic hydrogeological 
system; it suggests that the cavern was flooded by treated 
sewage water released into a former quarry situated about 
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Fig. 1  Satellite image showing the location of the Dahal Hit cavern and the Hith-Sulaiy type locality Dahal Hit

Fig. 2  Stratigraphic column 
showing the age of the Hith 
Anhydrite Formation based on 
the International Chronostrati-
graphic Chart 2023/04 of the 
International Commission on 
Stratigraphy (www. strat igrap hy. 
org). The schematic sketch of 
the Dahal Hit dissolution cavern 
in the study area is modified 
from Wilson (2020). Positions 
of Jurassic maximum flooding 
surfaces MFS J10 and MFS J11 
and Cretaceous MFS K10 after 
Wolpert et al. (2015)
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10 km southeast of the cavern starting in 2008 (Michelsen 
et al. 2016).

In this likely scenario, the rapid rise in water level implies 
that a well-developed and well-connected flow-zone network 
is present in the Hith Anhydrite Formation, and probably in 
the carbonates of the underlying Arab and overlying Sulaiy 
Formations. To better understand the stratigraphy of the Hith 
Formation, this study characterizes its facies types, inter-
prets its sedimentological and sequence-stratigraphic archi-
tecture, and investigates the potential structural and strati-
graphic intra-Hith flow zones as well as the lateral continuity 
of geobodies. Such information can only be partly derived 
from cores, and hence, the outcrop at Dahal Hith provides a 
unique opportunity to investigate these features.

Data and methods

The entrance to the Dahl Hit cavern is a gap between large 
boulders (Fig. 3). Once inside, the cavern becomes much 
wider, and lateral and vertical facies trends are evident over 
several 10 s of meters (Fig. 4). Despite the challenging and 
unstable conditions in the cavern, a vertical profile of 28.5 m 
was logged (approximately 1/3 of the total thickness of the 
Hith Formation) and described at a 1:20 scale in 2010. The 
natural gamma radiation along the logged profile was meas-
ured at 20 cm sample spacing and a period of 20 s by a port-
able gamma ray device (model GS-256) (Fig. 5).

Sedimentary structures and textures are well pronounced 
and are used for facies interpretation in this study. An 

Fig. 3  Entrance of the Dahal Hit 
cavern and the transition from 
the Hith to Sulaiy Formation

Sequence Boundary

Figure 6

Sulaiy Formation

Hith Formation

5 m

Fig. 4  View of the outcrop 
inside the Dahal Hit cavern

Dolomite layer



 Arab J Geosci (2024) 17:135135 Page 4 of 18

D
e

p
t
h

 
(
m

)

S
e

r
i
e

s

S
t
a

g
e

L
i
t
h

o
l
o

g
y

C
y
c
l
e
s

C
y
c
l
e
 
4

C
y
c
l
e
 
3

C
y
c
l
e
 
2

C
y
c
l
e
 
1

S
e
q

.
 
S

t
r
a
t
i
g

r
a
p

h
y

D
o

l
o

m
i
t
e

W
a

v
e

-
R

i
p

p
l
e

s

L
a

m
i
n

a
t
e

d

A
n

h
y

d
r
i
t
e

F
i
n

e
 
l
a

m
i
n

a
t
e

d

M
i
c

r
o

b
i
a

l

M
a

s
s

i
v

e
 A

n
h

y
d

r
i
t
e

T
e

p
e

e
 
d

o
m

i
n

a
t
e

d

A
n

h
y

d
r
i
t
e

N
o

d
u

l
a

r
 A

n
h

y
d

r
i
t
e

 
1

N
o

d
u

l
a

r
 A

n
h

y
d

r
i
t
e

 
2

< Proximal Distal >

M
a

s
s

i
v

e
 
D

o
l
o

m
i
t
e

F
o

r
m

a
t
i
o

n

U
p

p
e
r
 
J
u

r
a
s
s
i
c
 
(
J
U

)

T
h
it
h
o
n
ia

n
 S

ta
g
e

H
it
h
 F

o
r
m

a
ti
o
n

Gamma-Ray

(counts/second)

Sedimentary

Profile

0 20 6040 80

0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

22.0

23.0

24.0

25.0

26.0

27.0

28.0

29.0

30.0

Fig. 5  Sedimentological profile, gamma ray log, and sequence-stratigraphic interpretation based on facies stacking pattern analyses. See “Cycles 
in Dahl Hit cavern” for discussion of cycles 1 to 4
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interpreted vertical chart is shown in Fig. 5, which repre-
sents the proximal–distal arrangements of the characterized 
lithofacies types. This chart provides a quick overview of 
stratigraphic trends and architecture in evaporites. Samples 
for thin section analysis could not be recovered from the 
outcrop conditions.

Hith Anhydrite Formation, Shaqra Group

According to Powers (1968), the Hith Formation was first 
recognized in an unpublished ARAMCO report by Bram-
kamp and Barger (1938, unpublished), amended by Powers 
et al. (1964, unpublished ARAMCO report), and formally 
defined in Powers et al. (1966) at Dahal Hit (Fig. 1).

Powers (1968) divided the formation into the informal 
“main Hith anhydrite” and overlying Manifa Reservoir, 
named after the discovery of oil at the Manifa field in 1957. 
The main Hith anhydrite is typically between 60 and 120 m 
thick and 90 m thick at the type section at Dahal Hit (Powers 
1968). The main Hith anhydrite consists of massive, bedded 
anhydrite with minor intercalations of aphanitic limestone, 
dolomite, or calcarenite. The Manifa Reservoir occurs in 
northeastern Saudi Arabia, between the sharply defined top 
of the main Hith anhydrite and the base of the tight apha-
nitic limestone of the Sulaiy Formation (Powers 1968). The 
Manifa Reservoir, on average c. 18 m thick, is mainly oolitic 
calcarenite with variable amounts of nodular anhydrite, bed-
ded anhydrite, and aphanitic carbonate.

Powers (1968) interpreted the contact between the Hith 
Formation and the underlying Arab Formation as conform-
able, and the contact with the overlying Sulaiy Formation 
as a possible disconformity (see the “Hith-Sulaiy transition 
and boundary” section). The Hith Anhydrite Formation is 
considered Tithonian based on stratigraphic position.

Hith‑Sulaiy stratigraphy

Hith‑Sulaiy transition and boundary

The transition between the Hith and Sulaiy formations is 
exposed at the entrance of the Dahal Hit cavern (Figs. 2, 3 
and 6). The transition starts abruptly at the erosive “surface 
A” at the top of the Hith “laminated anhydrite” interval. 
Above surface A, “breccia 1” bed is about 1 m thick and 
consists predominantly of limestone clasts. The overlying 
section consists of a thin-bedded anhydrite bed bounded 
by “surfaces B and C” and “breccia 2” bed (2–3 m thick) 
consisting predominantly of limestone clasts. The upper 
“deformed anhydrite beds” start above “surface D” and 
represent the uppermost section of the transition. It is fol-
lowed by the “evenly bedded limestone” beds of the Sulaiy 
Formation.

The stratigraphic position of the boundary between the 
Hith and Sulaiy at Dahal Hit is variously defined and inter-
preted. Steineke et al. (1958) placed it at surface A between 
the massive laminated anhydrite and the breccia 1 bed and 
interpreted the contact as an unconformity. Powers et al. 

Fig. 6  The Hith-Sulaiy transi-
tion at the entrance of the 
Dahl Hit cavern (Figs. 2 and 
3) is characterized by several 
lithological units bounded by 
surfaces A to D. Surface E 
represents the sequence bound-
ary (SB) at base of the evenly 
bedded limestones of the Sulaiy 
Formation. See photos and 
captions in Figs. 7 and 8 for 
detailed description of the units
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(1966) and Powers (1968), based on subsurface analyses, 
did not interpret the contact as a disconformity or uncon-
formity. Instead, they interpreted the breccia intervals at 
Dahal Hit resulted from the dissolution of the intercalated 
anhydrite, which caused a solution collapse-type breccia. 
Vaslet et al. (1991, p. 15, caption in their fig. 8) interpreted 
the top of the Hith Anhydrite as a disconformity truncated 
by the basal beds of the Sulaiy Formation. Hughes and Naji 
(2008) described the Sulaiy-Hith transition in the offshore 
Manifa Field, located approximately 500 km northeast of 
Ar Riyadh in Saudi Arabia, and suggested that the bound-
ary is a disconformity. Wolpert et al. (2015, this study) 
adopted a sequence-stratigraphic approach and placed the 
basal sequence boundary SB 1 of the Sulaiy transgression 
at surface E (Figs. 6, 7, and 8).

Results

Facies analyses

Alsharhan and Kendall (1994) discuss and compare the 
Upper Jurassic Hith facies with Holocene analogs. In this 
study, seven lithofacies types (LFT) have been identi-
fied within the investigated 28.5 m of the Hith Formation 
(Fig. 2). The main characteristics are summarized in Figs. 9 
and 10 and discussed in detail in the following section.

LFT 1: nodular anhydrite (nodules touching)

Observation This facies type is characterized by the nodular tex-
ture of the anhydrite (Fig. 11). The texture is commonly referred 
to as “chicken-wire” (e.g., Alsharhan and Kendall 1994).

Fig. 7  Detailed photos and 
interpretations of the main 
sedimentological intervals in 
Fig. 6, starting from lowest unit 
in photos a and b and con-
tinuing in Fig. 8 upwards to the 
Sulaiy Formation. a Laminated 
anhydrite is largely composed 
of parallel-bedded centimeter to 
decimeter thick beds. b How-
ever, the blue dashed line in 
photo b indicates an individual 
layer, which is interpreted as 
enterolithic folds and/or tepee 
structures. c Breccia 1 erodes 
the laminated anhydrite as indi-
cated by the lower red surface in 
photo d. Breccia 1 is composed 
of clasts typically 3 to 10 cm in 
size. e The anhydrite beds are 
parallel-bedded and several cen-
timeters in thickness highlighted 
in photo f 

a b

d

f

c

e

0.5 m

0.5 m

0.5 m 0.5 m

0.5 m

0.5 m
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Fig. 8  Detailed photos and 
interpretations of the main sedi-
mentological intervals in Fig. 6, 
continuing from Fig. 7 upwards 
to the Sulaiy Formation. a 
Breccia 2 bed is up to 2 m thick 
and b composed of very large, 
angular clasts up to several 
decimeters in size; the breccia 
is inversely sorted as marked in 
yellow. c The deformed anhy-
drite beds characterize the over-
lying interval, and d is highly 
deformed, as indicated by the 
black lines. e, f The evenly 
bedded limestones represent the 
lower Sulaiy Formation

a b

d

f

c

e

1 m

1 m

1 m

Fig. 9  Sedimentary structures 
and facies codes

LFT 7: Dolomite

LFT 5: Laminated Anhydrite

LFT 6: Massive Anhydrite

LFT 2: Nodular Anhydrite (separated)

LFT 1: Nodular Anhydrite (touching)

Wave-ripples (Dolomite)

Laminated (Anhydrite)

Massive (Anhydrite)

Chicken wire small (Anhydrite)

Chicken wire large (Anhydrite)

Enterolithic (Anhydrite)

Fine laminated (Microbial)

LFT 3: Microbial mats

LFT 4: Tepee dominated Anhydrite

Sedimentary structures Facies Codes
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Interpretation Chicken-wire anhydrite can form in a sabkha 
or playa environment (Butler et al. 1982) caused by intra-
sedimentary growth, due to high evaporation rates and an 
upward movement of porewater. Alsharhan and Kendall 
(1994) compare these anhydrites to Holocene sediments 
described by Shearman (1966) and conclude they formed 
within the capillary zone in an arid, supratidal setting. The 
LFT 1 touching anhydrite nodules most likely formed under 
stable conditions during a longer period and could grow to 
larger nodules compared to LFT 2.

LFT 2: nodular anhydrite (nodules separated)

Observation Two types of nodular anhydrite with chicken-
wire structure can be distinguished at the Dahal Hit outcrop. 
Unlike LFT 1 with its larger and touching anhydrite nodules, 

LFT 2 anhydrite nodules are smaller (c. > 3 cm) and separate 
(Fig. 12). The matrix between the anhydrite nodules was 
investigated and described by Leeder and Zeidan (1977) as 
quartz silt–rich, dolomitized grainstone hosts.

Interpretation A possible explanation for this observation 
could be the available time for the anhydrite nodules to grow 
within the capillary zone. The growth of the smaller and sepa-
rated anhydrite nodules (LFT 2) was limited either by a shorter 
period of time and/or changing depositional conditions.

LFT 3: tepee‑dominated anhydrite

Observation The laminated anhydrite often shows inter-
vals dominated by tepee structures and enterolithic folds 
(Fig. 13).

Fig. 10  Facies types and main 
characteristics Thickness

m to several m

m to several m

m to several m

cm thick layers

m to several m

dm to m

dm to m

Sedimentary structuresFacies
Facies

Code 

chicken wire structures, nodules >3 cm 

chicken wire structures, nodules 1–3 cm

Tepees, enterolithic structures

Very fine lamination

Lamination

massive

Wave ripples, amalgamated sheets

Nodular Anhydrite

(nodules touching) 

Nodular Anhydrite

(nodules separated)

Tepee dominated Anhydrite

Microbial mats

Laminated Anhydrite

Massive Anhydrite

Dolomite Layer

LFT 1

LFT 2

LFT 3

LFT 4

LFT 5

LFT 6

LFT 7

Fig. 11  Lithofacies type 1 (LFT 
1): nodular anhydrite (nodules 
touching), commonly described 
as “chicken-wire” (pencil for 
scale in both photos). LFT 1 
differs from LFT 2 in which the 
nodules are separated (Fig. 12)

a b

10 cm
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Interpretation Tepee structures are indicators of expo-
sure and range in vertical thickness from centimeters to 
decimeters. Enterolithic folds are a result of displacive 
intra-sedimentary growth (Alsharhan and Kendall 1994). 
Tepee-dominated anhydrite is associated with a very shal-
low subaqueous depositional environment, where laminated 
gypsum was precipitated. Occasional periods of exposure 
resulted in the formation of tepee structures. According to 
West (1979), if a flat gypsum sheet is present in sediment 
with minimal overburden (similar to modern sabkhas), it 
will expand through buckling in a direction perpendicular 
to the sheet after being hydrated.

LFT 4: microbial mats

Observation This facies type represents very fine laminated 
(millimeters) dolomitic layers, often only several centimeters 
in thickness (Fig. 14). LFT 4 was only observed in one inter-
val of the investigated 28.5 m of outcrop section at Dahl Hit.

Interpretation Alsharhan and Kendall (1994, 2003) 
observed recent algal mats/peat on the coastal sabkha flats 
in Abu Dhabi and Macleod (Australia), as part of evaporite 
cycles. They are associated with an intertidal depositional 
environment and are part of the vertical relationships of the 
Holocene evaporites and carbonates.

LFT 5: laminated anhydrite

Observation This facies type formed depositional intervals 
with a thickness of several decimeters up to tens of meters 
and dominates the upper part of the Hith Formation at Dahl 
Hit (Fig. 15). The lamination itself is fine with a variation 
from several millimeters to centimeters. The fine lamination 
is very regular and shows a great lateral extent.

a

b

5 cm

Fig. 12  Lithofacies type 2: nodular anhydrite (nodules separated)

Fig. 13  Lithofacies type 3: 
tepee-dominated anhydrite

a b

50 cm 1 m
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Interpretation The great lateral extent indicates a very flat 
relief. The laminated anhydrite is associated with deposition 
in a very shallow, subaqueous environment. Precipitation 
was primarily as laminated gypsum (e.g., laminated selenite, 
see Warren and Kendall 1985), and due to dehydration, the 
gypsum was converted into anhydrite.

LFT 6: massive anhydrite

Observation Massive anhydrite is decimeters to meters in 
thickness and shows almost no internal structure. Due to 
the lack of diagnostic features, it is difficult to assign it to a 
depositional environment.

Interpretation Alsharhan and Kendall (1994) suggested that 
deposition in a subaqueous salina or playa environment is 
most likely (Table 1). Warren and Kendall (1985) discussed 
the effect of diagenesis and the preservation potential of the 
primary sedimentological structures and textures in the geo-
logical record. They state that any subaqueous gypsum which 
is buried between 500 and 600 m will lose its original deposi-
tional texture as the gypsum dehydrates to nodular and mas-
sive anhydrite. Their fig. 5 shows, for example, the conceptual 
conversion of palmate (“siva”) gypsum into nodular anhydrite.

In the Dahal Hit cavern, LFT 6 shows faint traces of 
bedding, which could be remnants of the original sedimen-
tary structure (Fig. 16). Although speculative, the massive 

Fig. 14  Lithofacies type 4: very 
fine laminated microbial mats

a b

25 cm

Fig. 15  Lithofacies type 5 (LFT 
5): laminated anhydrite. a View 
of the entrance to the Dahal Hit 
cavern showing the upper Hith 
Formation is dominated by LFT 
5 intervals, which can be several 
10 s of meters thick. b Well-
exposed laminated anhydrite 
(previous gypsum) is related 
to the deposition within a very 
shallow, subaqueous environ-
ment

a b

1 m
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anhydrite might have been a laminated gypsum/anhydrite 
deposited in a shallow subaqueous environment and was 
converted by diagenesis into massive anhydrite.

Transitional lithofacies

In the Dahal Hit cavern, we observed a potential “transi-
tional” facies type that retains original facies types (e.g., 
lamination, bedding, teepee structures). The transitional 
facies type combines lamination (subaqueous) and nodular 
textures (subaerial) and hence cannot be associated with a 
depositional environment. This facies type might be a diage-
netic overprint as discussed in Warren and Kendall (1985).

The photo in Fig. 17a shows an example of laminated 
anhydrite (LFT 5) and teepee structures (Fig. 17b). This 
transitional facies type has clearly preserved the primary 
sedimentary structures. It was initially deposited as lami-
nated gypsum in a very shallow subaqueous environment 
and temporarily exposed as evident by the teepee structures.

The photo in Fig. 17c shows another example of the tran-
sitional facies type. The interval is layered but not finely 
laminated. Instead, the texture of the layers consists of white 

nodules, some of which are surrounded by thin rims. The 
texture approximately resembles the “chicken-wire” matrix 
associated with intra-sedimentary growth of gypsum/anhy-
drite nodules. If this transitional facies is a diagenetic over-
print, the thin separation of these nodules could be impu-
rities, as described by Warren and Kendall (1985) when 
gypsum crystals dehydrate into anhydrite.

However, it may be over-simplification to associate all 
the nodular anhydrite textures as a purely diagenetic prod-
uct. Warren and Kendall (1985) state that the depositional 
cycle/sequence and vertical stacking of facies types need to 
be taken into account. In general, the investigated outcrop 
section at Dahl Hit shows a high cyclicity (see the “Cycles 
in Dahl Hit cavern” section), with sharp contacts, well-pre-
served sedimentary structures, and vertical stacking of facies 
types that are unlikely a purely diagenetic product.

LFT 7: dolomite layer

The photo in Fig. 18 shows an example of an intra-Hith 
dolomite layer interbedded between nodular anhydrite with 
a chicken-wire texture, reproduced from fig. 11 of Alsharhan 
and Kendall (1994). They interpret the formation of dolomite 

Table 1  Criteria for subaerial 
versus subaqueous settings after 
Alsharhan and Kendall (1994), 
modified from Warren and 
Kendall (1985). Observations 
made in the present study are 
marked in bold

Sabkha (subaerial) Salina and playa (subaqueous)

Progradation Aggradation
Along strike continuity Concentric bands
Peritidal Isolated basin
Low beach ridges High coastal dunes
Flood recharge Resurging groundwater
Carbonate-matrix dominated Evaporite dominated, minor carbonate matrix
Nodular and enterolithic anhydrite Massive, laminated, or rippled gypsum
Replacive and displacive evaporite Bottom-nucleated evaporites
Algal mats (intertidal) Stromatolites (subaqueous)
Localized tepees Extensive tepees
Penecontemporaneous dolomite Aragonite, calcite, and minor dolomite

a b

25 cm

Fig. 16  Lithofacies type 6 (LFT 6). a The massive anhydrite shows 
some faint traces of bedding highlighted in photo b, which could be 
remnants of the original sedimentary structure. It remains specula-

tive, but the massive anhydrite might have been a laminated gypsum/
anhydrite deposited in a shallow subaqueous environment and was 
converted by diagenesis into massive anhydrite
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and nodular anhydrite as “pumping” of evaporites in a suba-
erial sabkha environment.

Observation In the present study, we made additional obser-
vations regarding intra-Hith dolomite layers (Fig. 19). The 
dolomite layers are laterally very continuous; however, they 
are internally composed of amalgamated sheets which con-
tinue for several 10 s of meters and are 10 to 30 cm thick. 
Well-preserved wave ripples are the dominant sedimentary 
structures.

Interpretation The wave ripples clearly indicate deposition 
in a subaqueous environment, and most likely represent 
flooding intervals. Additionally, the dolomite layers overlie 
the laminated anhydrite, which is already an indication of a 
very shallow subaqueous environment.

An important difference between supratidal and subaque-
ous dolomite could be the potential geometry of the geo-
bodies. Whereas subaqueous dolomite layers seem to have 

sheet-like geometries, supratidal dolomites have facies-belt 
geometries. Because this study is based on outcrop observa-
tions at Dahl Hit, the interpretation is a general assumption 
and does not include regional well data for further evaluation.

Depositional model

The depositional environment of the Hith Formation has 
been the subject of several studies and discussions (Murris 
1980; Alsharhan and Kendall 1994; Hughes et al. 2009; Wil-
son 2020). Before focusing on the depositional setting, it is 
important to understand the regional context and the devel-
opment of the Arabian intra-shelf basin during the Jurassic. 
The evolution of the basin and the importance of the barrier 
towards the Neo-Tethys Ocean in the east is discussed in 
detail by Wilson (2020) and sketched in Fig. 20.

During the Jurassic, the intra-shelf basin tilted to the west 
resulting in increased accommodation space and thickness 

Fig. 17  Examples of transitional 
facies types. a, b Laminated 
anhydrite (LFT 5) deposited 
as gypsum in a shallow marine 
setting with teepee structures 
indicating temporary exposure. 
c, d Massive anhydrite with 
layers showing nodular texture 
that resembles LFT 2 “chicken-
wire” facies. The absence of 
fine lamination suggests gyp-
sum crystals may have become 
dehydrated and converted to 
anhydrite

a

c d

b

25 cm

25 cm
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of the Hith Formation in the west towards the location of 
the Hith outcrop area (this study). A 200–300-km-wide 
shallow barrier in the east controlled the connectivity to the 
Neo-Tethys Ocean. When the barrier was effective, the basin 
was restricted leading to gypsum-anhydrite deposition, and 
when the barrier was flooded, carbonates precipitated and 
prograded to the west. Strong paleo-trade winds controlled 
the energy levels in the basin leading to a wind-driven water 
flow from east to west. Vahrenkamp et al. (2015) concluded 
that the widespread deposition of Arab and Hith anhydrites 

are further evidence for tectonically driven basin isolation 
and evaporitic conditions in combination with eustatic sea-
level fluctuations.

Azer and Peebles (1998) and Warren (2006) consid-
ered the depositional setting of the Hith Formation as a 
saltern with subaqueous evaporite beds extending across 
100 s of kilometers. Warren and Kendall (1985) identi-
fied mixed sabkha and submarine and playa-like condi-
tions in the Arabian Platform region for the Hith Forma-
tion. Alsharhan and Kendall (1994) suggested the nodular 

Fig. 18  Dolomite layer associ-
ated with a sabkha environment 
from the Dahal Hit cavern docu-
mented by Alsharhan and Kend-
all (1994). The scale bar is 1 m. 
The dolomite layer is embedded 
into nodular anhydrite with a 
chicken-wire texture

1 m

Fig. 19  a Dolomite layers at the 
top of the investigated section 
at 0.0–0.8 m in uppermost cycle 
4 (Fig. 5). b Five amalgamated 
sheets (1–5) as well as well-
developed wave ripples at the 
base of each sheet (black dashed 
line in amalgamated sheet 3). c, 
d Dolomite layers at 23.20 m in 
the middle of the lower cycle 1 
(Fig. 5) composed of amalga-
mated sheets (1–3)

a b

c d

50 cm

25 cm

Laminated Anhydrite

1

1

2

2

3

3 4 5
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anhydrite formed within the capillary zone of an arid, 
supratidal setting whereas the laminated anhydrite prob-
ably accumulated in a subaqueous playa setting. They also 
proposed the existence of a north–south-oriented carbon-
ate/sabkha barrier along the eastern and southern margins 
of the Arabian Platform, towards the Neo-Tethys Ocean. 
This proposed setting is supported by the presence of lam-
inated anhydrite in much of the Hith Formation and the 
lack of abundant carbonates.

The extent of the Hith Anhydrite indicates that the 
marine setting was spread out farther than the underlying 
Oxfordian-Kimmeridgian Arab Formation (Wilson 2020). 
This extensive depositional setting is consistent with a 
steady rise in relative sea levels throughout the Late Juras-
sic. Despite the rise in sea level, Wilson (1985, 2020) rec-
ognized that the Upper Jurassic Arab carbonate-anhydrite 
cycles and overlying Hith anhydrite represent the most 
restricted phase of Jurassic sedimentation. They were the 
culmination of the progressive infilling of an open-marine 
shelf with a regressive sabkha and playa complex that was 
punctuated by brief, more open-marine episodes expressed 
as transgressive carbonate cycles. Table 2 shows a sum-
mary of facies types observed in this study and the relation-
ship between the depositional setting and the status of the 
barrier towards the Neo-Tethys Ocean.

Sequence‑stratigraphic interpretation

Review of interpretations

Several studies have interpreted the Hith Formation in terms 
of system tracts. Le Nindre et al. (1990) concluded that the 
Hith Formation has a subaqueous origin associated with 
restricted conditions during the late highstand. Al-Husseini 
(1997, his fig. 12) suggested that the Hith evaporites could 
have formed during both the late transgressive system 
tract and the early highstand, accumulating landwards of 
the Arab-A and Asab carbonates. Azer and Peebles (1995, 
Figs. 5 and 6; 1998) described five parasequences (fourth/
fifth order?) for the Hith Formation in Abu Dhabi and inter-
preted them as transgressive hemicycles.

Hughes et al. (2009) discussed the paleoenvironment 
of the Hith Formation focusing also on sedimentological 
and micropaleontological evidence in the Manifa Field. 
They divided the Hith Formation into three members and 
considered it a second-order sequence named the “Manifa 
sequence.” They interpreted the lower “anhydrite” mem-
ber as the lowstand system tract and represent hyper-
saline subaqueous deposition within a restricted deep 
basin. Their middle “transitional” member is comprised 
of interbedded anhydrite and carbonates and corresponds 
to the transgressive system tract. Their upper “carbonate” 

Fig. 20  Depositional model 
showing the geometry and 
development of the intrashelf 
basin during the latest stage and 
the deposition of the Hith For-
mation (modified from Wilson 
2020)

Onlap towards

Arabian Shield

Generally West Generally East

Locally Salt

Hith Anhydrite

Jubaila lime mud-rich facies

Arab A Arab B Arab C

Arab D

Present-day

outcrop

600–800 km

200–300 km

Westw
ard til

t

Tethys shelf

land barrier,

low-angle unconformity

Barrier effective

Table 2  Summary of results

Facies Setting Dimension Figure Barrier

LFT 1, LFT 2 nodular anhydrite Sabkha (subaerial) Several dm to 10 s of m thick 11 and 12 Closed
LFT 3 teepee-dominated anhydrite Sabkha/salina, intermittent exposure 

(subaerial)
cm to dm thick 13 Intermittently open

LFT 4 microbial mats Intertidal to peritidal (subaqueous) Several cm thick 14 Open
LFT 5 laminated anhydrite Extensive salina, very shallow (subaque-

ous)
Several dm to 10 s of m thick 15 Open

LFT 6 massive anhydrite Indeterminate Several dm to m thick 16 Indeterminate
LFT 7 dolomite Flooding interval (subaqueous) 0.2– > 1 m thick, 100 s m extent 18 and 19 Open
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member consists of prograding shallow-marine units that 
represent the highstand system tract. The investigated sec-
tion correlates most likely to the transitional or lower part 
of the carbonate member of the Hith Formation.

Hughes et al. (2009) further subdivided the Manifa 
sequence into third- and fourth-order sequences but 
remained undecided as to whether the anhydrite inter-
vals represent the sea-level lowstands and transgressions, 
or the highstands and regressions. The lower third-order 
sequence represents the “anhydrite” and “transitional” 
members and the lowermost part of the “carbonate” 
member (option 1). This sequence is composed of three 
higher-frequency sequences (1A, 1B, and 1C). The upper 
third-order sequence is composed of four fourth-order 
sequences (labelled 2A, 2B, 2C, and 2D.

Alsharhan and Scott (2000) describe the Hith Forma-
tion as the final regressive, supratidal stage of the last 
major Jurassic cycle. Alsharhan and Whittle (1995) and 
Alsharhan and Kendall (1994) characterized the Dahl Hit 
type locality as follows: “The anhydrite has a chicken-
wire texture with some dolomite in the lower part of the 
section, grading upward to a similar nodular texture and 
becoming laminated at the top including some fine-grained 
carbonate material.” However, the overall increase of car-
bonate layers (from anhydrite to transitional and carbon-
ate member) can also be interpreted as increasing trans-
gressive events, where a permanent trend of sea-level rise 
leads to an end of the marine isolation and the dominance 
of evaporite deposits of the Arabian Intrashelf Basin (Wil-
son 2020; Hughes et al. 2009, Le Nindre et al. 1990).

Al-Husseini (2009) interpreted the Arab-A and main 
Hith interval as one depositional sequence separated by 
sequence boundaries SB 10 and SB 10.6 following the 
concept of the Arabian Orbital Stratigraphy (AROS), 
which calibrates the MFS and sequence boundaries (SB) 
based on the model of Al-Husseini and Matthews (2008). 
This leads to a duration of 2.8 Myr for the Arab-A and 
main Hith sequence (excluding the Manifa reservoir).

Cycles in Dahl Hit cavern

The following sequence-stratigraphic interpretation focuses 
on the logged 28.5 m outcrop section in the Dahl Hit cavern 
(Fig. 5). It shows three transgressive–regressive cycles and 
one transgressive hemicycle, with thicknesses of up to 10 m. 
The stratigraphic position of the logged section in relation 
to the top of the Arab Formation and to the Hith Formation 
in boreholes is not constrained. As such, it is not possible 
to integrate our interpretation with the second- and third-
order sequence-stratigraphic frameworks of other authors 
(e.g., Hughes et al. 2009; Wilson 1985).

Cycle 1, Observation Cycle 1 is 9.8 m thick. An approxi-
mately 0.3-m-thick dolomite layer marks the base of this 
cycle. It is overlain by 3.5 m of nodular anhydrite with 
a chicken-wire texture and a 0.5-m-thick layer of mas-
sive anhydrite. The massive anhydrite quickly grades into 
an 80-cm-thick interval of laminated anhydrite, and a 
0.3-m-thick wave ripple-dominated dolomite sheet marks the 
top of the succession and represents the turning point. From 
then onwards, the facies stacking shifts again and nodular 
anhydrite with a chicken-wire texture dominates the regres-
sive succession, which is 4.8 m thick.

Interpretation The transgressive part of cycle 1 is inter-
preted as a shift from a sabkha environment represented by 
the nodular anhydrite to a subaqueous environment indi-
cated by laminated anhydrite. The wave-ripple-dominated 
dolomite is also interpreted as subaqueous and represents 
an amalgamation of event deposits. The regressive part of 
cycle 1 is reflected by a fast transition to nodular anhydrite 
with a chicken-wire texture again, interpreted as sabkha 
deposits.

Cycle 2, Observation Cycle 2 is 6.7 m thick. The lower 
part is composed of 0.8 m of nodular anhydrite, followed 
by 0.9 m of laminated anhydrite with tepee structures and 
enterolithic folds. The succession is overlain by very thin 
(centimeter thick) fine-laminated microbial mats which 
alternate with laminated anhydrite (1.8  m). The maxi-
mum flooding interval is expressed as facies “turnaround” 
(Schlager 2005; Pawellek and Aigner 2004), rather than a 
distinct interval or surface. 3.2 m of laminated anhydrite 
follows the succession with an increasing presence of tepee 
structures towards the top.

Interpretation The base of cycle 2 is associated with the 
presence of nodular anhydrite and deposition in a sabkha 
environment. A shift of facies types to tepee-dominated anhy-
drite and fine-laminated microbial mats along with laminated 
anhydrite is interpreted as subaqueous deposits and there-
fore as a transgressive hemicycle. The maximum flooding 
surface is not a sharp layer or interval, but rather a turning 
point represented by laminated anhydrite and abundant tepee 
structures at the top of the succession. This is interpreted as 
a regressive hemicycle where the tepee-dominated interval 
represents exposure and the upper boundary of cycle 2.

Cycle 3, Observation Cycle 3 is 7.0 m thick. It is dominated 
by a 5.0-m-thick interval of laminated anhydrite, overlain 
by a 1.1-m-thick interval of massive anhydrite along with a 
0.9-m-thick zone of nodular anhydrite with a chicken-wire 
texture.
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Interpretation The relative thick interval of laminated 
anhydrite is interpreted as a transgressive hemic cycle. No 
tepee structures or enterolithic folds were observed. This 
indicates stable subaqueous depositional conditions for a 
longer period. The transgressive hemicycle clearly domi-
nates the character of cycle 3. The regressive hemic cycle is 
represented by massive anhydrite and nodular anhydrite with 
chicken-wire textures associated with a sabkha environment.

Cycle 4, Observation Cycle 4 is 4.5 m thick. It starts with 
nodular anhydrite at the base and grades into massive anhy-
drite (1.0 m) followed by laminated anhydrite (3.0 m). An 
over 1.0-m-thick dolomite layer with wave-ripple structures 
represents the top of the logged interval.

Interpretation Cycle 4 is interpreted as a transgressive 
hemicycle, which evolves from nodular anhydrite at the 
base (sabkha) to laminated anhydrite to dolomite with wave 
ripples (transgressive events) at the top. The 3.0-m-thick 
laminated anhydrite interval is interpreted as subaqueous 
deposits, and the maximum flooding interval is represented 
by the dolomites.

This interpretation implies that dolomitization is not only 
associated with a supratidal environment in the Hith Forma-
tion (Alsharhan and Kendall 1994) but is also well devel-
oped in transgressive deposits. A possible important differ-
ence between supratidal and subaqueous dolomites could 
be the geometry of these geobodies. Whereas subaqueous 
dolomite layers have sheet-like geometries, supratidal dolo-
mites have facies-belt geometries.

Fractures and internal deformation

Three types of internal deformation features were observed 
in the Hith Formation (Fig. 21): (1) decimeter thick brec-
ciated shear zones, (2) slickensides, and (3) small-scale 
faults/folds (centimeter to decimeter thick) were commonly 
observed at major facies boundaries. These features tend to 
develop at the contact between nodular and the laminated 
anhydrites, which may represent a major change in geome-
chanical properties. The orientation is typically bedding-
parallel to sub-parallel.

No open or partially open fractures were observed in the 
outcrop section. Also, the brecciated layer interpreted as a 
fault/fracture damage zone shown in Fig. 21a has no visible 
porosity and permeability due to the tight character of the 
anhydrite-dominated matrix and the horizontal orientation 
of the feature. Figure 21b shows a slickenside, which was 
frequently observed within the laminated anhydrite inter-
vals. It shows that some sections of the Hith Formation are 
relatively unstable (e.g., the laminated anhydrite) and react 
with bedding-parallel shear movements to stress. Other 

intervals, especially the nodular anhydrite, are more “mas-
sive” in texture and show almost no fractures or internal 
deformation features (Fig. 21c).

Summary and conclusions

A 28.5-m interval in the exposed section of the Tithonian 
Hith Anhydrite Formation in the Dahal Hit cavern in Saudi 
Arabia was investigated. The interval represents approxi-
mately one-third of the 90-m-thick formation, but its strati-
graphic position above the top of the Arab Formation is 
not constrained. Seven facies types were identified in the 

a

b

c

50 cm

Fig. 21  Examples of deformation features in the Hith Formation: a 
brecciated shear zone, b slickenside within the laminated anhydrite 
interval, and c small-scale fault and fold
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interval, and their depositional environments are interpreted 
as alternating between salina (subaqueous) and sabkha (sub-
aerial). The vertical stacking patterns of the facies reveal 
three complete transgressive–regressive cycles with thick-
nesses of up to 10 m, and the lower part of a fourth cycle that 
likely extends above the logged section. The facies analyses 
show faint traces of laminations in the massive anhydrite, 
which suggests it was deposited in a subaqueous environ-
ment and diagenetically altered.

Structural features, such as shear fracture and parallel-
bedded deformation zones, were observed. They seem to 
have a very tight character and might not contribute to poten-
tial intra-Hith flow zones. However, more vertical fractures/
faults could well provide fluid pathways, as known from the 
Manifa field, where hydrocarbons from the Arab Formation 
breached the seal and leaked into the Hith seal/reservoir. 
Similar observations were made in Qatar ( Van Buchem 
et al. 2014).

The 50-m rise of the groundwater level in 6 years in the 
Dahal Hit cavern implied a well-connected karst and/or per-
meability network is present in the greater Ar Riyadh area, 
which most likely connects the cavern to the treated sewage 
water lakes situated 10 km to the south. The pathway of 
the water flow is most likely associated with anhydrite dis-
solution features along with possible karstification, as well 
as high-permeability flow zones present in dolomite layers. 
Dissolution features and high-permeability networks are also 
reported in subsurface studies of the Hith Formation. These 
observations highlight the importance of further studies 
related to the potential storage of  CO2 or other geo-energy 
applications, as there is clear evidence for fluid flow and 
pathways within the world’s most prolific hydrocarbon seal, 
the Hith Anhydrite Formation.
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