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1. Introduction 
This thesis is part of a cooperation of the geological and palaeontological institutes of the 

German universities of Stuttgart, Würzburg and Mainz with the Natural Resources Authority 
(NRA) of Jordan. Aim of the cooperation was the analysis of a Cretaceous terrestrial to 
marine depositional setting in South Jordan with regards to sedimentological, sequence 
stratigraphical and palaeontological aspects. The study area in south Jordan provided good 
and numerous outcrops along a more than 80 km long escarpment. On the German side the 
cooperation was financed by the Deutsche Forschungsgemeinschaft (DFG). 

The palaeontological and carbonate sedimentological aspects of the studied sediments are 
covered by the Ph.D. thesis of Roman Berndt (Berndt, 2002). Both, the presented work and 
the study of Roman Berndt are based on the same stratigraphical sections, which were logged 
during joined fieldwork with Jordanian colleagues from the NRA. Though separate works, 
both studies complement each other. 
 

1.1 Aim of the study 
Aim of the presented study was to establish a sequence stratigraphic framework for the Late 

Cretaceous (Cenomanian to Coniacian) deposits of south Jordan. Beyond that, it was 
proposed to improve the correlation of the established stratigraphy of north and central Jordan 
to south Jordan, where facies changes and clastic dominated lithologies hamper a well defined 
biostratigraphic correlation. In order to achieve these goals, several methods were applied, 
which will be presented in two parts: 
Part 1 

This part focuses on the sedimentology and sequence stratigraphy of the study area. The 
various facies associations, depositional environments and their sequence stratigraphic 
framework are investigated and the controlling factors of the sequence stratigraphy are 
discussed. Furthermore, in order to provide a timeframe for the predominantly siliciclastic 
sediments, K-Ar dating on glaucony was performed. 
Part 2 

Part 2 provides additional petrographical and geochemical studies of the Cretaceous clastic 
sediments. The gathered information was used for sediment classification, provenance 
analysis and for palaeo-climatological aspects. The results provide information on possible 
changes in the hinterland/source area, which influence the stratigraphic architecture of the 
deposits. 
 

1.2 Geographic overview 
The Hashemite Kingdom of Jordan, “Al Mamlakah al Urduniyah al Hashimiyah” 

(conventional short form: Jordan), is situated between latitudes 29°30’ and 33°30’ N and 
longitudes 35° and 39° E of Gr. in the northern part of the Arabian peninsula (Fig. 1.1). 
Amman, the “White City” situated in the north-west is the largest city and capital of the 
country. With its 88.946 km2, Jordan is slightly larger than Austria. Major rivers are the 
perennial Jordan and Yarmuk rivers in north Jordan, which are very important for the water 
supply of the country. With -408 m below sea-level (Bender, 1974), the Dead Sea is the 
lowest point of Jordan, and actual of the world. The highest point is the Jabal Ram with 1754 
m above sea-level (Osborn, 1985). 
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Jordan is located in the arid subtropical zone 
(Alsharhan and Nairn, 1997) and has a subdivided 
climatic regime. In the north-west the climate is 
Mediterranean influenced with precipitation of 
more than 300 mm per year (Bender, 1968; 1974). 
The southern and eastern parts of Jordan are arid 
dessert regions, with yearly precipitation below 50 
mm, and cover wide areas of the country. 

The term “south Jordan” is used for the area 
south of the small city Ras En Naqb (cf. Bender, 
1963 and Fig. 1.3). This area is part of the arid 
southern desert region of Jordan with scarce, partly 
steppe like, vegetation. The major economical 
centres in the south are Ma’an, with its university, 
government agencies and a glass factory, and the 
E’Shedia phosphate mine, where Upper 
Cretaceous to Tertiary phosphates (Abed and 

Kraishan, 1991; Abed and Amireh, 1999) are exploited. 

Figure 1.1 Position of Jordan in the region. 

 

1.3 Study area 
The study area (Figs. 1.2 and 1.3) is located in South Jordan about 75 km north-east of the 

seaport Aqaba (N 29°31’55”, E 35°00’44”) and about 60 km south of the governorate city 
Ma’an (N 30°11’38”, E 35°44’09”). Base during field work was the NRA (Natural Resources 
Authority) field station close to Batn El Ghul (BEG, N 29°45’25”, E 35°55’06”), 
approximately in the centre of the study area. 
 

 
Figure 1.2 General geological overview of Jordan in comparison to a satellite image of the country. Features like 
the basaltic province in north Jordan and the Palaeozoic/Precambrian rocks in south Jordan are recognizable on 
the satellite image (Geological Map of Jordan redrawn from a map provided by the Royal Jordanian Geographic 
Centre www.rjgc.gov.jo/maps/geology.html; satellite image courtesy of the Natural Resources Authority, 
Amman, Jordan). 
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The presented study concentrates on outcrops along the Naqb escarpment trending NW-SE 
to E from Ras En Naqb (REN, N 30°00’14”, E 35°29’30”) in the west to Naqb Ataik (N 
29°48’11”, E 36°23’02”) in the east. The crow-fly distance from Ras En Naqb to Naqb Ataik 
is 89 km. Along the up to 300-400 m high escarpment several vertical sections (sections 4 to 
15) were logged in detail, further three sections (sections 1-3) were logged along the 
escarpment between Ras En Naqb to Petra (N 30°18’55”, E 35°28’44”) (Fig. 1.3). A log of a 
water well (courtesy of the Jordan phosphate mining company), located at the phosphate mine 
of E’Shedia (N 29°56’07”, E 36°08’29”) about 40 km south of Ma’an (Fig. 1.3), was also 
considered in the study. South of the Naqb escarpment an inselberg landscape, which 
developed in the late Cenozoic (Osborn, 1985), offers further possibilities to study Palaeozoic 
and Cretaceous outcrops. 
 

 

Figure 1.3 Geological 
overview of the study 
area (modified from 
Bender et al., 1968). The 
numbers represent the 
positions of the logged 
sections. 

 

1.4 Previous works 
An overview of the geology of Jordan is given in the book “Geology of Jordan” by Bender 

(1974), which is based on the German edition of 1968 (Bender, 1968). The evolution of the 
landscape of south Jordan was studied by Osborn (1985). Summaries concerning stratigraphy, 
sedimentology, sequence stratigraphy and hydrocarbon aspects of the Middle East region can 
be found in Beydoun (1988; 1995), Alsharhan and Nairn (1997) and Sharland et al. (2001). 
The papers of Lovelock (1984), Bowen and Jux (1987), Chaimov et al. (1992), Nasir and 
Safarjalani (2000) and Le Nindre et al. (2003) cover tectonic aspects of the region. The 
Palaeozoic sediments of Jordan are covered in Bender (1963), Bender and Mädler (1969), 
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Parker (1970), Amireh (1987; 1991; 1993a; 1993b), Makhlouf (1998) and several Bulletins of 
the Natural Resources Authority in Amman (e.g. Teimeh et al., 1990 among others). 

In general numerous bulletins and internal reports of the Natural Resources Authority 
(NRA) in Amman provide invaluable information, which is true also for the geological maps 
of Jordan published by the NRA. Besides the map of Bender et al. (1968) the following NRA 
maps were used during the fieldwork: Ibrahim (1987), Rashdan (1987), and Masri (1991; 
1992; 1998). 

Information on the Cretaceous stratigraphy of Jordan, including Kurnub, Ajlun and Belqa 
Groups, can be found in Quenell (1951), Masri (1963), Powell (1989), Andrews (1992), 
Makhlouf et al. (1996) and Powell et al. (1996). Especially the publications of Powell are a 
valuable source for further references. Studies considering the petrography and K-Ar ages of 
glauconies from the Cretaceous strata of Jordan were presented by Abed and Mansour (1982) 
and Amireh et al. (1998). Cretaceous fossils of Jordan are considered in Bandel and Geys 
(1984) and Aqrabawi (1993). Aspects of the Kurnub Formation in Jordan are covered in 
publications of Bender and Mädler (1969), Abed (1978), Bandel and Vávra (1981), Abed 
(1982a), Khoury (1986), Amireh (1987; 1991; 1992; 1993b), Nasir and Sadeddin (1989), Abu 
Saad and Al Bashish (1996), Amireh (1997), Amireh et al. (1998), Amireh and Abed (1999) 
and Amireh (2000). The nodular limestone of the Naur Formation is dealt with in Abed and 
Schneider (1980; 1982), while local tectonics of the Lower Cenomanian are covered in the 
paper of Abed (1984). Abed and El-Hiyari (1986) discus depositional variations within the 
Shuayb Formation. Microfacies and depositional environment of the Wadi As Sir limestones 
have been studied by Abed (1982b). Studies dealing with the Amman Formation include 
publications of Abed and Kraishan (1991), Abed and Sadaqah (1998), Abed and Amireh 
(1999), Abu Saad and Al Bashish (1999). Mustafa (2000) and Moumani et al. (2001) cover 
palaeontological aspects of the Wadi Umm Ghudran Formation, while the thesis of Mohs 
(2001) deals with its sedimentological aspects. Deposits and palaeobotany of the Batn El Ghul 
Group are dealt with in Bender and Mädler (1969). 

Works regarding the Cretaceous deposits of the surrounding areas, especially Israel and 
Egypt, were published by Singer (1975), Steinitz (1981), Weissbrod and Nachmias (1986), 
Lewy (1990), Kuss and Conrad (1991), Kuss (1992), Sandler (1996), Lüning et al. (1998a; 
1998b), Abd Elwahab (1999), Buchbinder et al. (2000a; 2000b), Ibrahim (2000), Kuss et al. 
(2000), Lewy et al. (2000), and Salem et al. (2001) among many others. 
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2. Geological setting 
Since the focus of the presented study is on the Late Cretaceous deposits of South Jordan, 

the general geologic overview will be considered only briefly. For more detailed information 
the reader is advised to refer to the works of Bender (1963; 1968; 1974) and the numerous 
publications of the Natural Resources Authority of Jordan (NRA) in Amman (e.g. Teimeh et 
al., 1990; Masri, 1992 among many others). 

2.1 General geologic overview 
Jordan is situated on the northern part of the Arabian Plate (Alsharhan and Nairn, 1997) and 

comprises Precambrian to Cenozoic rocks (Fig. 1.2). The Precambrian and Palaeozoic units 
are only exposed in South Jordan and in small parts along the Wadi Araba-Dead Sea-Rift. 
They are unconformably overlain by Mesozoic sediments, covering large areas. Cenozoic 
sedimentary deposits are exposed all over Jordan. Areas of special interest are the Jafr basin 
and the Azraq basin where thick clastic sediments were deposited during the Tertiary and 
Quaternary (Bender, 1968; 1974). A Neogene and Quaternary sheet basalt province covers 
large areas of the northern desert of Jordan (Bender, 1968; 1974). 
 

Major tectonic elements 

Figure 2.1 Generalized tectonic map of the north-western 
Arabian plate (modified from Chaimov et al., 1992). 

The N-S/NNE-SSW trending Wadi 
Araba-Dead Sea-Rift (Bender, 1968; 
1974) is the major tectonic structure in 
Jordan and the most important structural 
element in the region (Lovelock, 1984). 
With a length of 360 km and a varying 
width of 5 to 20 km, it is part of the 
6000 km long East African-North 
Syrian fault system (Bender, 1968; 
1974). It can be divided into a 
“southgraben”, reaching from Aqaba to 
the Dead Sea, and a “northgraben”, 
from the Dead Sea to the Lake of 
Tiberias (Fig. 2.1). Generally this fault 
system is a left-lateral (sinistral) 
transform fault as well as a sequence of 
en echelon faults whose movements 
have opened a number of rift troughs 
(Alsharhan and Nairn, 1997). The most 
important of these troughs are the Dead 
Sea and the Gulf of Aqaba. The lateral 
displacement, starting at the Gulf of 
Aqaba, amounts up to 105 km 
(Alsharhan and Nairn, 1997). The 
maximum activities of the fault system 
occurred during the late Miocene/ 
Pliocene to Pleistocene, and were 
related to the opening phases of the Red 
Sea (Andrews, 1992). Today the fault 

system is still active, though the current slip-rate is less than half that of the Pliocene-
Pleistocene movement (Lovelock, 1984). The rift system is filled by sediments of mid-
Miocene to recent age (Andrews, 1992). 
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The second major tectonic element is the Syrian Arc (Fig. 2.1), an intraplate fold-thrust belt 
which extends from the central Sinai through Israel northward to central Syria (Chaimov et 
al., 1992). At least the northern part of the Syrian Arc, the Palmyride Fold Belt, started as a 
basin during the Jurassic, created by the opening of the Neo-Tethys (Chaimov et al., 1992). 
Active rifting occurred during the Early Cretaceous, leading to the formation of normal faults. 
The collision of the Arabian Plate with an island arc (Moores et al., 1984) or the initial closing 
of the Neotethys (Rigo De Righi and Cortesini, 1964) during the Late Cretaceous, conducted 
a compressional regime leading to the inversion of the fault system. During that time the 
initial folding of the Syrian Arc began and is well developed in the Negev Fold Belt on the 
Palestine-Sinai sub-plate (Powell et al., 1996). Basin and swell structures and compressive 
folds east of the Dead Sea-Rift near Amman are related to the Syrian Arc (Powell, 1989; 
Powell et al., 1996). The main tectonic phase of the Syrian arc occurred during the Eocene to 
Miocene, and continues today (Chaimov et al., 1992). 
 

2.2 The Pre-Cretaceous geology of Jordan 
The Pre-Cretaceous geology of the study area comprises the crystalline basement and its 

sedimentary cover. The Precambrian basement of South Jordan is part of the Arabian-Nubian 
shield (Petters, 1991) and includes various granites, diorites, pegmatites, aplites, rhyolithes 
and metamorphic rocks (Bender, 1963; 1968; 1974). It is also in South Jordan where plutonic 
rocks are intruded by a vast number of intermediate to basic dykes, which can be observed 
e.g. in the Wadi Rum and along the Ras En Naqb-Aqaba highway. Above an angular 
unconformity, the so called ‘Pre-Saq Unconformity’ (Sharland et al., 2001), the Precambrian 
Basement is overlain by Palaeozoic clastic sediments (Bender, 1963; 1968; Bender and 
Mädler, 1969; Bender, 1974). At the basement-sediment contact signs of peneplanation of the 
basement, e.g. levelled or filled Precambrian relief (Bender, 1963), are visible. Large 
outcrops, depicting the basement and the Cambrian sedimentary cover, can be found in the 
Wadi Rum area in South Jordan (Fig. 2.2). 
 

 
Figure 2.2: Precambrian basement and parts of the Palaeozoic sedimentary cover at Wadi Rum. The Umm 
Ishrin and Salib formations are of Cambrian age, the Disi Formation of Late Cambrian to Early Ordovician age 
(Teimeh et al., 1990). The one-story houses in the foreground are outskirts of the Rum settlement. The whole 
outcrop is approximately 350-400 m high. 
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The 1600 m thick (Bender, 1974) sedimentary cover consists of Cambrian, Ordovician, 
Early Silurian, uppermost Permian, Triassic, Jurassic and Early Cretaceous rocks (Amireh, 
1991). Dipping to the east (Bender, 1974), the Palaeozoic succession starts with Cambrian 
and Early Ordovician sediments in the West (e.g. Wadi Rum area). Progressively younger 
Palaeozoic sediments follow eastwards, ending with Silurian deposits in the Naqb Ataik area 
(Fig. 1.3). Deposits of Devonian, Carboniferous and Permian age are not exposed in Jordan 
but are present in the region, e.g. in Syria and NW-Saudi Arabia, pointing to an erosive event 
in Jordan. Triassic and Jurassic deposits are present in North and Central Jordan, but wedge 
out to the S/SE. Along the Naqb escarpment Lower Cretaceous sandstones of the Kurnub 
Group overlay the Palaeozoic sediments after a slight angular unconformity (Bender, 1963) 
created by uplift and erosion during the Jurassic (Bender, 1968; 1974; Amireh, 1997; 2000). 
 

2.3 Cretaceous stratigraphy of Jordan 
The Cretaceous deposits of Jordan are subdivided into three lithostratigraphical groups: the 

Kurnub Group, the Ajlun Group and the Belqa Group (Fig.2.3). The groups are separated 
from each other by regional unconformities (Powell, 1989; Powell et al., 1996). An overview 
of the stratigraphy of the single groups, including stratigraphic names and their synonyms, is 
given by Powell (1989) and Makhlouf et al. (1996). The following paragraphs will give a 
short review of the Kurnub, Ajlun and Belqa groups with special regard to southern Jordan 
(Fig. 2.4A & B). The thickness of the single Formations/Groups in the studied sections can be 
found in table 2.1. 
 

 
Figure 2.3: Stratigraphic table of the Cretaceous era in Jordan with regard to the different formations of 
North/Central and South Jordan (based on Powell, 1989). Also shown are the corresponding eustatic sea-level 
(Hardenbol et al., 1998) and the ages of the stage boundaries (Gradstein et al., 1995). The shaded area represents 
the studied time interval. 
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Figure 2.4 A) Schematic facies distribution of the Ajlun and Belqa groups along the Rift margins and the Naqb 
escarpment (modified after Powell, 1989). B) Schematic facies distribution of the Ajlun and Batn El Ghul groups 
along the Naqb escarpment based on the presented study (modified after Berndt, 2002). The stippled vertical 
lines represent the position of the logged sections (KG = Kurnub Group, BG = Belqa Group, WJM = Wadi Juhra 
Member). 
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Table 2.1 Thickness (in metres) of the Ajlun and lower Belqa Group formations in the logged sections. 

Section Formation 1 2 3 4 5 6 7 8 9 10 
Umm Ghudran Formation       60* 80 77* 81 
Wadi As Sir Formation     54.5 59.5 71 63.5 55 54.5 
F/H/S undifferentiated     64 59 56 52 60.5 57 
Naur Formation     20 22 16.5* 10.5 9 4.5 
 Naur Member B to D 14 13.5 13.5 17 14 12 10 2.5 5 ? 
 Wadi Juhra Member     6 10 6.5 8 4 ? 
Kurnub Group/Formation     61.5 49  20 25 13.5 

*these thicknesses represent minimum thicknesses 

Though the formation names within the Cretaceous of Jordan, based on Masri (1963), are 
well established by the Jordan 1:50.000 Mapping Project (e.g. Powell, 1989), there are minor 
discrepancies in the choice of formation names. All formations bear geographical names, but 
most of them, such as the Naur Limestone Formation and Wadi As Sir Limestone Formation, 
also carry lithologic information. This might lead to misunderstandings, since the lithology of 
these units in South Jordan differs from the lithology in North/Central Jordan, where the 
formation names were usually established. The Wadi As Sir Limestone Formation in South 
Jordan for example, is dominated by clastic material, not by limestone which the name 
implies. Therefore in this study the formation names will be used without lithological 
reference as in Abed and Sadaqah (1998), following the suggestions of the International 
Stratigraphic Guide (Salvador, 1994) and Miall (1999; 2000) to avoid potential 
misinterpretations. 
 
2.3.1 Kurnub Group (Berriasian? to Albian) 

The Kurnub Group (Figs. 2.3 and 2.4) represents the complete(?) Lower Cretaceous 
succession in Jordan and neighbouring countries (Andrews, 1992). It comprises the “massive 
white sandstone unit” and the overlying “variegated sandstone unit” of Bender (1968; 1974), 
the later Aarda and Subeihi formations of Parker (1970). Later Amireh (1993a) proved that in 
some locations parts of the “massive white sandstone unit” belong to the Ordovician Disi 
Formation, and not to the Kurnub Group. 

The white to reddish, medium to coarse grained sandstones of the Kurnub Group are 
approximately 200-450 m thick, thickening towards Northwest Jordan (Powell et al., 1996). 
In Jordan they unconformably overlie Lower Palaeozoic, Permian, Triassic and Jurassic strata 
(Andrews, 1992). In South Jordan, along the Naqb escarpment, the Kurnub Group 
unconformably overlies Palaeozoic sediments of Cambrian to Silurian age (Bender and 
Mädler, 1969; Powell, 1989) and youngs diachronously south-eastward (Powell et al., 1996). 
The reason for the unconformity is the uplift and erosion of the Palaeozoic sedimentary 
succession during the Late Jurassic (Bender, 1968; 1974; Amireh, 1997; 2000). 

The Kurnub Group is subdivided into three regressive-transgressive depositional sequences 
(Amireh, 1997; Amireh and Abed, 1999), which are dominated by fluvial deposits with rare 
marine and paralic intercalations in Central and North Jordan (Abed, 1978; 1982a; Khoury, 
1986; Powell et al., 1996; Amireh, 1997; 2000). In general the Kurnub Group shows an 
upward trend from a braided, low-sinuosity alluvial plain to a high-sinuosity alluvial plain, 
which is attributed to an overall transgressive sea-level (Powell et al., 1996). The general 
palaeoflow direction of the river system was north to North-West (Powell et al., 1996; 
Amireh, 2000) towards the Palaeo-Tethys coast (Fig. 2.8). 

Based on facies interpretations Amireh (1997) presented a subdivision of the Kurnub Group 
for North Jordan, separating the group into the fluvial Ramel, the marine to terrestrial Jarash 
and the marginal marine/marine Bir Fa’as formations. Later he introduced a similar 
subdivision for Central and South Jordan (Amireh, 2000). Here the lower two, entirely fluvial 
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formations are called Karak and Hammamat, which are followed again by the marginal 
marine to marine Bir Fa’as Formation. 

At least in South Jordan the stratigraphic position of Amireh’s marine dominated Bir Fa’as 
Formation is an object of discussion. This is supported by Amireh and Abed (1999), who 
stated that the Kurnub Group of South Jordan is entirely fluvial. Amireh et al. (1998) 
presented K-Ar dates from glauconies taken from a dolomitic bed in the uppermost Kurnub 
Group, which is, according to Amireh (2000), part of the Bir Fa’as Formation. The age of 
96.1 Ma for the most evolved glaucony suggests a Cenomanian age (Gradstein et al., 1995; 
Remane et al., 2002). Using the stratigraphic chart of Odin (1994), Amireh et al. (1998) 
postulated an Albian age. Besides the question which stratigraphic chart should be used, the 
stratigraphic position of the dolomite bed can also be discussed. Due to its direct position 
below the cliff of the Cenomanian Naur Formation (Amireh et al., 1998), it most probably 
belongs to the Wadi Juhra Member of that formation and not necessarily to the Kurnub 
Group. 
 
2.3.2 Ajlun Group (Cenomanian to Upper Coniacian) 

The Ajlun Group comprises Cenomanian to Upper-Coniacian sediments and is subdivided 
into five formations (Fig. 2.3). In central Jordan a sixth formation, the Khureij Formation, is 
present. The thickness of the Ajlun Group ranges from zero in the South-East to about 800 m 
in the North, close to the city Irbid (Powell et al., 1996). Its regional equivalents are the Judea 
Group in the West Bank and the Negev, and the fluvial to shallow-marine Sakaka Sandstone 
in Saudi Arabia (Powell et al., 1996). 

In North Jordan the Ajlun Group is well exposed and the formations are well defined by 
bio- and lithostratigraphy. There the Ajlun Group can be divided into a lower sequence with 
interbedded limestones and shale, and an upper sequence of limestone all deposited on a 
rimmed shelf (Fig. 2.4A). Marine siliciclastics at the base of the Ajlun Group mark the major 
transgression of the early Cenomanian (Powell et al., 1996). 

In East and South Jordan, along the Naqb escarpment (Fig. 2.4B), the shallow marine 
limestone lithology passes laterally into sandy limestones and calcareous sandstones to 
sandstones (Andrews, 1992; Powell et al., 1996). The low abundance of fossils suitable for 
biostratigraphy along the Naqb escarpment makes subdivision of the Ajlun Group difficult. 
This leads to the replacement of the term Ajlun Group by the term Batn El Ghul Group (cf. 
Figs. 2.3 and 2.4B). The formations of the Ajlun Group will be briefly described in the 
following. 
 
Naur Formation (Upper Albian? to Lower Cenomanian) 

The Naur Formation is the basal part of the Ajlun Group (Figs. 2.3 and 2.5) and represents 
the first transgressive phase of the Late Cretaceous Tethysian Ocean across the alluvial plain 
of the Kurnub Group (Powell, 1989) resulting in the drowning of the entire region (Lovelock, 
1984). The exact age of this transgressive event is subject to discussion (e.g. Amireh et al., 
1998), but a diachronous, approximately North-South oriented character of the Late Albian to 
Early Cenomanian event can be assumed. West of the Wadi Araba-Dead Sea-Rift the Naur 
Formation is equivalent to the lower part of the Hazera Formation (Powell, 1989). 

The Naur Formation is subdivided into four members, A to D (Powell, 1989). The 
differentiation into Member ‘B’, ‘C’ and ‘D’ is only locally possible, e.g. in the western part 
of the escarpment near Ras En Naqb or in North/Central Jordan. Member A, also referred to 
as Wadi Juhra Member (Fig. 2.4), consists of a diachronously deposited, siliciclastic 
dominated shallow marine to marginal marine facies association (Powell, 1989). It represents 
the transition from the fluvial dominated clastic Kurnub Group to the marine carbonates of the 
Naur Formation. Powell (1989) describes paralic swamps and shallow evaporating lagoons as 
depositional environments for the Wadi Juhra Member. During field work the first 
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recognisable marine bed above the Kurnub Group was defined as the base of the Wadi Juhra 
Member. The bed was usually characterized by marine trace and/or body fossils or glaucony. 
The Wadi Juhra Member was named differently by several authors. Even its stratigraphic 
position is matter of discussion. Table 2.2 sums the synonyms and stratigraphic positions of 
the Wadi Juhra Member according to different authors. 
 

Table 2.2 Synonyms of the Wadi Juhra Member. 

Synonyms and origin Stratigraphic position 
Naur Member ‘A’ (e.g. Powell, 1989) Base of Naur Formation 
Wadi Juhra Member (e.g. Powell, 1989) Base of Naur Formation 
Transition zone (Makhlouf et al., 1996) Base of Naur Formation 
Bir Fa’as Formation (Amireh, 2000) Top of Kurnub Formation/Group 

 
The overlying cliff-forming limestones and dolomites of members B to D are traceable 

along the Naqb escarpment to the area West of Batn El Ghul, where they pass into marls and 
calcareous sandstones (Fig. 2.4B). The dolomitic, cliff-forming Member ‘B’ is rich in oysters, 
especially Exogyra sp. and Ostrea sp. and usually displays abundant Thalassinoides burrows 
(Powell, 1989) which give the rocks the distinctive nodular texture (Abed and Schneider, 
1982). Chert nodules also occur within this member. Member ‘C’ is dominated by marly 
sediments and thin bedded, partially dolomitic limestones which are locally cliff forming. 
Thalassinoides and oysters dominate the fossil content (Powell, 1989). The dolomites and 
limestones of Member ‘D’ are cliff forming again and make up the well distinguishable top of 
the Naur Formation (Fig. 2.5). As with the former units, Thalassinoides dominates the trace 
fossil content. Shelly body fossils, including oysters and rudists, are also abundant (Powell, 
1989). The three members represent an inner-shelf sequence with sediments deposited in 
shallow marine environments under a fluctuating, in general rising, sea-level which reaches a 
maximum during the deposition of the ‘D’ Member (Powell, 1989). 
 

 

Figure 2.5 Section 7 at the Naqb escarpment, comprising the Ajlun Group. Between prominent limestone cliffs, 
softer sediments form steep debris covered slopes. The red circle encloses the following people as scale: H. 
Krawinkel, Z. Lewy, K. Moumani, and R. Berndt (N.F. = Naur Formation; F/H/S undif. = Fuhays, Hummar and 
Shuayb Formations, undifferentiated; WAS= Wadi As Sir Formation). 
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Fuhays, Hummar and Shuayb Formations (F/H/S) (Lower Cenomanian to mid Turonian) 
In North Jordan it is possible to differentiate the Fuhays, Hummar and Shuayb formations in 

the field due to the Hummar carbonates that divide the marly deposits of the underlying 
Fuhays and hanging Shuayb formations. In Central and South Jordan this is not possible due 
to the marly expression of the Hummar Formation. Therefore the three formations are usually 
grouped together and called F/H/S-undifferentiated, or short F/H/S (Figs. 2.4B and 2.5). The 
thickness of the F/H/S differs from 50 to 150 m (Powell, 1989). A regional equivalent of the 
F/H/S is the Ora Formation in the southern Negev. The following brief description of the 
F/H/S is mainly based on Powell (1989) and Powell et al. (1996). 

The lithology of the Fuhays Formation is dominated by clays, marls, calcareous siltstones 
and thin-bedded limestones. Prominent features are oyster packstone beds (e.g. Exogyra sp.) 
and gypsum nodules within the formation. At the top of the Fuhays Formation the Karak 
Limestone Member can be found (Fig. 2.4A). Though the thickness of this shelly wackestone 
varies locally, the Exogyra sp. rich limestone can be used as an indicator for the Fuhays 
Formation. In North/Central Jordan the Fuhays Formation usually forms a broad slope 
between the cliffs of the Naur and the Hummar Formations (Makhlouf et al., 1996). The 
beginning of the Fuhays Formation is usually defined by the first clay/marl bed above the 
limestones of the Naur Formation. In some locations along the Naqb escarpment, e.g. section 
5, the F/H/S starts with a thin-bedded, marly limestone unit, rich in irregular echinoids (Dr. Z. 
Lewy, Geological Survey Israel, personal communication, 2000). 

The Hummar Formation of North Jordan is mainly made up by lime- and dolostones. In 
several areas this formation builds a prominent cliff. In Central and South Jordan the 
abundance of clastic lithologies within the F/H/S increases. In South Jordan a coral bearing 
limestone, the Naqb Member, can be found roughly in the middle of the Hummar Formation. 
The following Shuayb Formation is dominated by marls, clays and thin-bedded lime- and 
dolostones, forming a broad slope between the cliffs of the underlying Hummar and overlying 
Wadi As Sir Formation. Based on ammonite biostratigraphy, the Cenomanian-Turonian 
boundary is located in the upper part of the Shuayb Formation, in the Wala Limestone 
Member (Powell et al., 1996). 

The heterogeneous lithology of the F/H/S points to a deposition in marine to restricted-
lagoonal environments with transgressive and regressive episodes (Powell, 1989). Though a 
clear identification of the three limestone members (Karak, Naqb and Wala Member) within 
the F/H/S is not always possible in the study area, they can locally be used for a rough 
division of the otherwise undifferentiated F/H/S. At least the Naqb Member can be identified 
in South Jordan near Ras En Naqb (Fig. 2.4B). 
 
Wadi As Sir Formation (mid Turonian to Upper Coniacian) 

The Wadi As Sir Formation is 60 to 300 m thick (Powell, 1989) and represents the topmost 
formation of the Ajlun Group. Only near Jabal Khureij and in the area of Mukawir it is 
overlain by the marls and limestones of the Khureij Formation (Powell, 1989). The Wadi As 
Sir Formation forms a prominent limestone/dolomite cliff in North/Central Jordan (Powell, 
1989). Due to siliciclastic influence, this cliff is divided into a lower and an upper part along 
the Naqb escarpment. The lower cliff is close to the base of the Wadi As Sir Formation, the 
upper one is at the top of the formation (Fig. 2.5). The Wadi As Sir Formation is dominated 
by massive carbonates and dolomites (Fig. 2.4A). Marly beds occur only to a minor extend. 
To the East, towards the Batn El Ghul area, a transition from the marine carbonate facies to a 
fluvial clastic facies can be observed (Fig. 2.4B). Characteristic features of the calcareous 
Wadi As Sir Formation are the chert nodule layers frequently occurring in the middle and 
upper parts of the formation. The fossil content comprises bivalves, echinoids and gastropods. 
Thalassinoides beds also occur (Makhlouf et al., 1996). 
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According to Powell (1989) the Wadi As Sir Formation was deposited on a wide shallow 
carbonate platform. This platform extended from the present Mediterranean coastline to 
approximately 35 km south-east of Ras En Naqb, where shallow subtidal to intertidal 
conditions prevailed during the initial transgression. The depositional environments vary 
slightly during the sedimentation of the Wadi As Sir Formation. Occurrence of gypsum beds, 
rudist and bryozoan banks in Central and South Jordan within the deposits of the lower Wadi 
As Sir Formation, point to sedimentation under shallow subtidal to intertidal conditions. 
Rudist banks and the occurrence of soil calcretes in North/Central Jordan within the middle 
part of the Wadi As Sir Formation point to an emergence of the platform. This is supported by 
the presence of fluvial sediments in South Jordan along the Naqb escarpment (Fig. 2.5). The 
upper Wadi As Sir Formation of North Jordan was deposited under shallow-water lagoonal 
conditions with slightly shallower conditions towards the South. Along the Naqb escarpment 
the sedimentation of the formation took place under coastal margin conditions, as reflected by 
sandy dolomites. The deposits of the Wadi As Sir Formation represent the maximum 
transgression of Cenomanian to late Turonian age. Regional equivalents of the Wadi As Sir 
Formation are the Gerofit Formation in the Negev, the Nezer and Bina formations in the West 
bank as well as the Sakaka Formation in Saudi Arabia (Powell, 1989). 
 
2.3.3 Belqa Group (Upper Coniacian to Late Eocene) 

The Belqa Group unconformably overlies the Ajlun Group and comprises six formations. 
The Wadi Umm Ghudran, Amman and Al Hisa formations comprise Upper Coniacian to 
Campanian sediments. The Muwaqqar Formation spans the Cretaceous-Tertiary boundary, 
which is marked by a depositional hiatus (Powell et al., 1996). The lower part is of 
Maastrichtian, the upper part of Palaeocene to Eocene age. The Umm Rijam and Wadi 
Shallala formations are of Eocene age (Andrews, 1992). The thickness of the Belqa Group 
varies locally between 450 and 3000 m (Powell et al., 1996). Regional equivalents are the 
Mount Scopus, Avdat and Hashefella groups of the West Bank and the Negev. In Saudi 
Arabia the Belqa Group can be correlated with the Aruma Group (Powell et al., 1996). 

The Belqa Group in North/Central Jordan consists mainly of chalk, chert and phosphorite 
sediments, deposited in a pelagic or hemi-pelagic ramp setting. The base is marked by a 
regional unconformity/disconformity (Powell et al., 1996). The base the Umm Ghudran 
Formation, defines the top of the studied stratigraphic interval west of the Batn El Ghul field 
station. East of the field station, the base of the Amman Formation defines the top of the 
studied stratigraphic interval since lateral facies changes hinder the clear recognition of the 
Wadi Umm Ghudran Formation. Therefore only these two formations will be described 
briefly in the following. 
 
Wadi Umm Ghudran Formation (Upper Coniacian to Santonian) 

The Wadi Umm Ghudran Formation represents the transition from the platform sediments 
of the Ajlun Group to the pelagic dominated sedimentation of the Belqa Group (Powell, 
1989). In North and Central Jordan the formation consists of 50 to 75 m thick chalk 
dominated sediments, deposited after an erosional unconformity. Towards the South the chalk 
interfingers with siliciclastic sediments and dolomites, the so called Alia Member (Fig. 2.4A). 
Along the Naqb escarpment the siliciclastic deposits dominate and the chalky sediments 
disappear completely (Figs. 2.4B and 2.5). Here, the term Wadi Umm Ghudran Formation is 
replaced by the term Fassua Formation (Powell, 1989). The Wadi Umm Ghudran Formation 
was deposited in a coastal setting, influenced by rivers draining from the Arabo-Nubian shield 
(Powell, 1989). A regional equivalent of the Wadi Umm Ghudran Formation is the Menuha 
Formation west of the Wadi Araba-Dead Sea-Rift (Powell, 1989). 

The base of the Wadi Umm Ghudran Formation was logged in some sections. Section 10 
comprises the complete Wadi Umm Ghudran Formation. It was logged to examine possible 
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facies changes from the Wadi Umm Ghudran Formation to the Batn El Ghul Group. Detailed 
vertical sections of the Wadi Umm Ghudran Formation in sequel to sections 7, 8 and 9 are 
listed by Mohs (2001). 
 
Amman Formation (Campanian) 

The Amman Formation is characterized by cliff forming, massive chert beds overlaying the 
Wadi Umm Ghudran/Fassua Formation (Figs. 2.4A and 2.6)). It comprises thin- to medium 
bedded heterogeneous lithologies, including chert, microcrystalline limestone, marl, chalk, 
grainstones and phosphate in form of granules (Powell, 1989). The Amman Formation can be 
traced from North to South Jordan without problem and youngs diachronously towards the 
Southeast of the country, overlying the Alia Member and the Fassua Formation. The Amman 
Formation and the overlying Al Hisa Formation are an economic significant aquifer (Abu 
Saad and Al Bashish, 1999) and contain most of the Jordanian phosphate reserves (Andrews, 
1992). Its thickness varies from 15 to 100 m, with an average of about 50 m (Powell, 1989; 
Abu Saad and Al Bashish, 1999). The base of the Amman Formation is defined below the 
first massive thick-bedded chert and above the marly chalks or silts/sands of the Wadi Umm 
Ghudran/Fassua Formation (Powell, 1989). Within this study the definition was extended for 
the area east of Batn El Ghul (that is east of section 10). There, the base of the first 
unmistakable marine bed was defined as the base of the Amman Formation. The upper 
boundary to the overlying Al Hisa Formation is gradational. West of the Wadi Araba-Dead 
Sea-Rift parts of the Mishash Formation are equivalent to the Amman Formation (Powell, 
1989). 

The interpretation of the depositional environment of the Amman Formation is hampered by 
the early diagenetic silicification of the rocks (Powell, 1989). Shallow water conditions of the 
outer to inner shelf seem predominant in North/Central Jordan. In South and Southeast Jordan 
a raised content of siliciclastic deposits points to a deposition under marginal marine 
conditions (Powell, 1989). In general the Amman Formation represents the change from a 
calcareous towards a siliceous pelagic sedimentation (Powell, 1989). 

Since several authors (Masri, 1963; Parker, 1970; Powell, 1989) used the term Amman 
Formation differently (Andrews, 1992) it should be noted that this study follows the definition 
of Powell (1989) as ‘Amman Silicified Limestone Formation’. A compilation of the Amman 
Formation is given by Abu Saad and Al Bashish (1999). 
 
2.3.4 Batn El Ghul Group (Cenomanian to Santonian) 

The Batn El Ghul Group in Southeast Jordan is the counterpart of the Ajlun and lower Belqa 
groups of North/Central Jordan (Fig. 2.3). The reason for the introduction of the Batn el Ghul 
Group into the Jordanian stratigraphic nomenclature is the change from a carbonate 
dominated marine system in North/Central Jordan to a siliciclastic dominated, marginal 
marine to terrestrial system in South Jordan (Fig. 2.4A & B) and especially along the Naqb 
escarpment (Powell, 1989). Therefore the Batn El Ghul Group represents a facies change 
within the same stratigraphic framework. It comprises Cenomanian to Upper Coniacian 
deposits and can be subdivided into the Harad and Fassua formations. A clear geographic 
boundary for the use of the terms Ajlun/Belqa Group and Batn El Ghul Group can not be 
given. Usually the term Batn El Ghul Group is used along the Naqb escarpment, where 
marine deposits pass laterally into the coeval fluvial facies. This criterion is not very useful, 
since these facies changes take place at different localities within the different stratigraphic 
formations. The subdivision of the Batn El Ghul Group into Harad and Fassua Formation 
along the escarpment is also questionable. The use of these two formations implies that it is 
possible to distinguish the terrestrial equivalents of the Ajlun Group from the terrestrial 
deposits of the Belqa Group, which is hard to do in the field. As a result, within this study the 
term Batn El Ghul Group was used only for the clearly terrestrial facies east of the Batn El 
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Ghul field station (sections 11 to 15), where it comprises a maximum thickness of 169 metres 
in section 11 (Fig. 2.6) and a minimum thickness of 30.5 metres in section 12. A subdivision 
of the Batn El Ghul Group in its formations was not applied within this study. 
 

 
Figure 2.6 Section 11 comprising the Batn El Ghul Group east of the Batn El Ghul field station. The white 
deposits in the lower part of the photo are most probably part of the Kurnub Group. Since there is no significant 
facies difference to the hanging sediments, the white sediment colour is the only indication for the Kurnub 
Group. The marked marine incursion represents the maximum Cenomanian transgression. The white circle 
encloses H. Abu Azzam as scale. 
 
Harad Formation 

The term Harad Formation is used for the Cenomanian to mid-Coniacian stratigraphy along 
the Naqb escarpment. The Harad Formation replaces the Naur Formation, the F/H/S 
formations and Wadi As Sir Formation. Terrigenous influence to the accommodation area of 
South Jordan changed the lithofacies of the stratigraphic succession. Therefore a correlation 
with the lithofacies of northern Jordan is not always easy. 
 
Fassua Formation 

The Fassua Formation replaces the term Wadi Umm Ghudran Formation in South Jordan 
and can be seen as the proximal equivalent of the pelagic Umm Ghudran Formation (Powell, 
1989). Along the Naqb escarpment the Fassua Formation is dominated by clay- and 
sandstones (Mohs, 2001). High terrigenous input changed the lithofacies in southern Jordan to 
in a way that a correlation with the Wadi Umm Ghudran Formation of North Jordan was not 
achieved yet. 
 

2.4 Post-Cretaceous geology and landscape evolution of the study area 
The deposition of marine sediments in South Jordan continued until the Eocene when 

regressive conditions and the uplift of the Arabian craton caused erosion and deposition of 
terrestrial sediments (Powell, 1989). Figure 1.2 shows that parts of the study area are covered 
by Cenozoic, Tertiary and predominantly Quaternary, sediments. Most of these deposits are 
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desert and wadi sediments of Quaternary and Holocene age. Large areas of the central dessert 
of Jordan, north of the Naqb escarpment, are covered by chert pieces forming wide areas of 
Hamada (Bender, 1974). An interesting anthropologic feature is the occurrence of Palaeolithic 
artefacts that can be found in several places in the central dessert (Bender, 1974) and 
sometimes along the Naqb escarpment (K. Moumani, Natural Resources Authority, personal 
communication, 2000). 
 
Landscape evolution 

The most striking landscape feature in the study area is the Naqb escarpment itself, which is 
most probably the result of erosion during the Miocene (Osborn, 1985). Subsidence of the 
Dead Sea rift valley and uplift of its shoulders during the Miocene lowered the local base 
level and led to extensive erosion (Osborn, 1985). The opening of the Red Sea during that 
time provided the base level for the drainage of South Jordan, while some parts also drained 
towards the Mediterranean. The southernmost part of the Jordan plateau was eroded by 
differential weathering and erosion along weak zones, e.g. faults and joints connected to the 
Red Sea opening and the Wadi Araba-Dead Sea-Rift. The result was the formation of the 
escarpment and the inselberg landscape south of it (Osborn, 1985). 

The wadi erosion along the Naqb escarpment visible today, usually follows faults, while 
some of the wadis display signs of fluvial erosion independent of faults. The fluvial erosion 
was active during the last European glaciations (Osborn, 1985). Usually the wadis start as 
narrow canyons and tend to widen towards the South, due to slope retreat and further erosion 
(Osborn, 1985). The sediments filling the wadis can be considered to be of recent to sub-
recent age. 
 

2.5 Cretaceous palaeogeography of Jordan and global sea-level 
During the Early Cretaceous the northern boundary of the Arabian Plate was on an equator 

near position (Fig. 2.7A). The area of Jordan was located at the southern shore of the Neo-
Tethys Ocean (Powell, 1989; Powell et al., 1996). A low sea-level during that time (Fig. 2.3) 
left major parts of the continental areas exposed and allowed the deposition of the fluvial 
sediments of the Kurnub Group. The south-Tethyan coastline during the Lower Cretaceous 
trended approximately NE-SW (Powell et al., 1996) and was located in the area of northern 
Jordan (Fig. 2.8, “Kurnub Shoreline”). Marine incursions in the upper part of the Kurnub 
Group point to the rising sea levels at the end of the Early Cretaceous (Powell, 1989; Powell 
et al., 1996; Amireh, 1997; 2000). After a regressive phase in the Lower Aptian, the Aptian to 
Albian is marked as a time of strong transgression with three major flooding events in the 
Aptian (Gale, 2000). A steady northward movement of the Arabian Craton during the Albian 
to Cenomanian brought Jordan to a position approximately 7° N of the equator in late 
Cenomanian times (Fig. 2.7B). During this time the rising sea-level lead to a major 
transgression, flooding the passive continental margin of the Arabian Craton and the Lower 
Cretaceous terrigenous sediment cover (Lovelock, 1984; Powell, 1989). The coastline shifted 
further southward to South Jordan (Fig. 2.8, “Ajlun Shoreline”) and the deposition of 
onlaping shallow marine clastic and carbonate sediments of the Ajlun Group took place. 
These sediments where deposited on the extensive shallow shelf sea areas typical for the mid-
Cretaceous (Frakes et al., 1992). The palaeohingeline, (Fig. 2.8, “Shelf edge”) separating the 
Tethyan basin from the shallow shelf/ramp during the sedimentation of the Kurnub and Ajlun 
groups, followed approximately the present Mediterranean coastline (Powell et al., 1996). 
During the Cenomanian the high sea-level trend continued up to the Upper Cenomanian, 
where a major sea-level fall occurred. The Turonian sea-levels rose even higher than the 
Cenomanian, producing the highest sea levels of Mesozoic time (Gale, 2000), but also 
displays a major regression during the Upper Turonian. The mid Turonian first-order sea-level 
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maximum can be related to an increased mid-
ocean ridge volume and a mantle superplume 
(Gale, 2000). In general it can be said that 
during the mid-Cretaceous the sea-level was 
about 100-200 m higher than present and 20% 
of the continental area was flooded (Crowley 
and North, 1991). 

During the Late Cretaceous the Arabian 
Craton drifted to 10° N (Fig. 2.7C). 
Fluctuating but generally high sea levels kept 
the major part of Jordan flooded during the 
Late Cretaceous, where the shallow marine 
sediments of the Belqa Group were deposited. 
The Maastrichtian sea-level shows an overall 
regressive trend with two major regressions 
during the Middle and the Upper 
Maastrichtian. 
 

2.6 Cretaceous palaeoclimate 
The global Cretaceous climate is seen as 

surpassing warm, culminating during certain 
intervals in “greenhouse” climatic conditions 
(Frakes and Francis, 1990; Powell et al., 
1996; Bussert, 1998). Temperatures of 
Cretaceous intermediate-deep waters were 
about 15°C warmer than today (Crowley and 
North, 1991). Though temperatures were 

Figure 2.8 Palaeogeographic reconstruction of the 
Cretaceous Tethyian shoreline in Jordan and Israel 
(modified after Powell et al., 1996). 

Figure 2.7 Palaeogeographic maps and depositional 
environments of NE-Africa and the Arabian Peninsula 
(modified after Dercourt et al., 2000). A) Early Aptian, 
B) Cenomanian and C) Early Campanian (red star = 
approximated position of Jordan). 
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generally high, relative warmer and cooler periods occurred, even during greenhouse 
conditions (Frakes and Francis, 1990). According to Frakes and Francis (1990) Berriasian, 
Valanginian, Albian, Coniacian and Santonian were warm periods, while Hauterivian, 
Barremian, Aptian, Cenomanian, Turonian, Santonian and Maastrichtian were colder. The 
Upper Cenomanian to Lower Turonian is interpreted as an especially ‘hot’ period (Frakes and 
Francis, 1990; MacKenzie, 1990), depicting an especially arid climatic phase. 

The Early Cretaceous (Berriasian to Barremian period) represents the transition from the 
very humid Jurassic to the climatic zoned mid-Cretaceous. During that period the large 
landmasses experienced annual temperature fluctuations, especially in their inner regions 
which also faced low precipitation (Bussert, 1998). 

A higher dispersion of the continents during the Late Cretaceous, a raised marine influence 
and the formation of extended epicontinental seas, lead to a more balanced climate with 
higher precipitation rates (Bussert, 1998). High spreading rates at the mid ocean ridges caused 
a high sea level and, in combination with a general high volcanic activity, high atmospheric 
CO2 levels. 

The high content of atmospheric CO2 lead to raised global temperatures. The flooded 
continental areas added further to the CO2 increase. Since continental areas remove 
atmospheric CO2 by the weathering of silicate (Crowley and North, 1991), land areas reduced 
by flooding lead to decreased CO2 removal. 

The mid-Cretaceous (Aptian-Albian-Cenomanian) period was one of the warmest times of 
the late Phanerozoic, with average temperatures 6°C and more above today (Frakes et al., 
1992). For this period and the Late Cretaceous (Cenomanian to Maastrichtian) there is no 
evidence for ice rafted debris in high latitudes, pointing to a time interval with ice free poles 
(Frakes et al., 1992; Powell et al., 1996). The late Upper Cretaceous (Campanian to 
Maastrichtian) is characterized by decreasing temperatures and falling sea-levels. Climate 
models showing high seasonal rainfalls focusing on the northern and southern borders of the 
Tethys are confronted with the fact that low-latitude tropical everwet vegetation is unknown 
(Frakes et al., 1992). This supports the point that in low latitudes evaporation, and therefore a 
possibly more arid climate, predominated. A strong monsoon, predicted by climate modelling, 
transports moisture and heat poleward (Frakes et al., 1992). According to climate models the 
monsoon intensities might have been driven by orbital variations (Crowley and North, 1991). 
Both, seasonal rainfalls and monsoonal climates point to a latitudinal climatic zonation (Fig. 
2.9) and the presence of mid latitude arid belts (Frakes et al., 1992). 
 

 
 

Figure 2.9 Global Late Cretaceous climate zones (modified from Scotese, 2000). The shaded areas represent 
terrestrial continental areas. 
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Though the palaeoclimate information for the Late Cretaceous is sometimes confusing 
(Francis and Frakes, 1993), the Aptian to mid Campanian time can in general be referred to as 
a greenhouse period (Frakes et al., 1992). Evidence for warmer temperatures in high latitudes 
are the poleward shift of coral reefs (5°-15°) and floral provinces (15°) from present habitats. 
Latitudinal displacement of a larger number of invertebrates as foraminifera and rudists 
(Crowley and North, 1991) supports this. 
 

19 





 3. Facies analysis 

also fits a shelf lagoonal setting. To use the glauconies as an environmental indicator is 
critical. A ‘classic’ approach (e.g. Odin and Matter, 1981) favours an open marine setting and 
low sedimentation rates. More recent studies (Chafetz and Reid, 2000) show that a glauconite 
formation is also possible under shallow-water conditions (10 metres and less) and average 
sedimentation rates. Massive sediment beds result from intense bioturbation, homogenising 
the sediment (Bromley, 1996). The dolomites are most probably of secondary, diagenetic 
origin (Füchtbauer, 1988; Morrow, 1990). The occurrence of matrix supported shell beds 
(tempestites) indicates occasional major storm events (Aigner, 1985). The monospecific 
oyster beds with articulated individuals point to low energy environments. Such monospecific 
fossil assemblages may also indicate high environmental stress, e.g. hypersaline or brackish 
environments (Prof. Dr. F. Fürsich, personal communication, 1999). The occurring chert 
layers/nodules in some limestone horizons are most probably the result of bioturbation related 
silica diagenesis (Bromley and Ekdale, 1984; Füchtbauer and Valeton, 1988) in echinoid and 
Thalassinoides-like burrows. 
 

 
Figure 3.4 The Naur cliff as typical example for a mixed siliciclastic-carbonate shelf facies (carbonate ramp 
setting). The sediments of the Wadi Juhra Member represent the siliciclastic dominated transition zone. The 
graphic-log (part of section 7) matches the outcrop photo on the right. The yellow colours mark the beginning of 
the limestones and dolomites (legend and complete section see Appendix I). 
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Figure 3.5 
A) Chert nodule layers (arrows) in limestones of the 
Wadi As Sir Formation. 
 
B) Wavy lamination in limestones of the Wadi As Sir 
Formation depicting possible algal lamination. 
 
C) Monospecific bed of internal moulds of oysters 
within the F/H/S Formation. 

 

 

Figure 3.6 
Parts of the Lower Wadi As Sir Formation of section 
6. The dominance of dolomites and the wavy 
horizontal lamination, interpreted as algal lamination, 
point to a sedimentation within a shelf lagoon. Using 
the general shoreline profile, the sediments are part of 
the open shelf and/or the transition zone (legend and 
complete section see Appendix I). 

 
Facies 3: Transition zone 
Description 

The transition zone is situated between the mean fair-weather wave base and the mean 
storm wave base (Fig. 3.1). Deposits of the transition zone comprise medium to thick bedded, 
calcareous and/or argillaceous sandstones as well as medium to thick bedded silt- and clay-
/marlstones (Figs. 3.4 & 3.7). Intercalation of carbonates and dolomites occur and generally 
correspond to the carbonates of the mixed siliciclastic-carbonate shelf. Sandstones exhibit 
horizontal bedding, medium scale trough cross-bedding and ripple cross-lamination (Fig. 3.7 
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Facies 8 and 9: Tidal flat and marsh 
Description 

The tidal flat and marsh facies comprise thin- to medium-bedded sand- and claystones, 
clayey sandstones and sandy claystones. Sediment structures include horizontal lamination, 
flaser bedding, ripple cross-lamination, trough cross-bedding, low-angle planar cross-bedding 
and mud drapes. Channel structures (Fig. 3.12) with trough cross-bedding and rip-up clasts 
occur in some sections. Bioturbation and plant and wood fragments are common. Roots, 
rootlets and small slickensides in clayey deposits are restricted to sediments of the marsh 
facies. Claystone beds often exhibit a characteristic colour mottling with colours ranging from 
pale yellowish-grey to dark red. In general, sediment colours range from white and yellowish-
grey for the sandstones to yellowish-brown (Fig. 3.12) to reddish and grey for the claystones. 
Red colours are more often found in the marsh facies. Small shell fragments occur in more 
marine dominated parts of the tidal flat facies. 
Interpretation 

Mud drapes on the foresets of cross-bedded sandstones are clearly indicating a tidal 
influenced environment (Boggs, 1995). The small-scale changes in grain-size within these 
facies can also be explained by tidal processes (Dalrymple, 1992). Flaser bedding and ripple 
cross-lamination point to tidal currents (Reineck and Singh, 1980). Massive sand- and 
claystone beds are most probably the result of extended bioturbation of the sediment, 
removing any trace of primary sedimentary structures (Bromley, 1996). Bioturbation in 
general is a common feature in both, marsh (Frey and Basan, 1985) and tidal flat (e.g. 
Reineck and Singh, 1980) deposits. 

Colour mottling and the formation of small dimensional slickensides within clayey deposits 
point to incipient soil-forming processes, indicating a prolonged period of sub-aerial exposure 
(Buurman, 1980; Bown and Kraus, 1981). These sediment features are common in the marsh 
facies. Colour mottling, however, might also occur in the tidal flat facies as a result of 
bioturbation (Bromley, 1996). Sandy channel structures occurring in both facies can be 
interpreted as fluvial channels in the marsh facies or as tidal drainage systems crossing the 
marsh land and/or the tidal flat (Reineck and Singh, 1980; Frey and Basan, 1985). Compared 
to the tidal flat facies, the marsh facies displays a noticeable pedogenic and fluvial influence 
(Frey and Basan, 1985). The wood fragments indicate proximity of a vegetated main land. 
 

 
Figure 3.12 The lagoon/marsh facies in the Wadi As Sir Formation of section 8. The red shaded interval 
corresponds to the photo (legend and complete section see Appendix I). The lower half of the photo shows a 
channel-like structure that may be interpreted as small fluvial or tidal channel. 
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3.2.4 Coastal plain facies association 
The coastal plain facies association includes coastal plain, fluvial channel and floodplain 

facies depositional environments. The term coastal plain was applied when sedimentary 
successions included marsh like deposits. The fluvial channels and floodplain facies forms the 
main part of this facies association. Especially the sections east of the Batn El Ghul field 
station, e.g. sections 11 to 15, are dominated by the fluvial channel and floodplain facies. 
 
Facies 10: Coastal plain/fluvial channels and floodplain 
Description 

The sediments of this facies are dominated by fine- to medium-grained, thick-bedded 
sandstones (Fig. 3.13A). Argillaceous sandstones, sandy claystones, siltstone beds and sandy 
gravel beds occur in a minor degree. In some parts of the sections, especially within the Batn 
El Ghul Group east of section 10, thin- to thick-bedded claystone beds are intercalated. The 
sand bodies often form large channel structures, which are incised in the clay. Sedimentary 
structures in the sand beds include medium- to large-scale trough cross-bedding, planar cross-
bedding, horizontal bedding, low angle planar cross-bedding and, to a minor extend, ripple 
cross-lamination. Gravel stringers may occur at the base of troughs, graded foresets, silt 
lenses and clayey rip-up clasts can also be found. The claystones exhibit colour mottling and 
small slickensides. Intercalated very thin, fine-grained sand-/siltstone layers occur in 
claystones. These beds sometimes display horizontal lamination or ripple cross-lamination. 
Bioturbation and root traces occur infrequently (Fig. 3.13B). Marine fossils are completely 
missing, wood and plant fragments (Fig. 3.13C) can be found occasionally. The colour of the 
sediments varies widely. The sandstones are greyish-white to yellow and reddish. The 
claystones are very often red or purple, greyish to yellow-brown colours also occur. 
 

 
Figure 3.13 A) Sand dominated succession of fluvial sediments, Wadi As Sir Formation of section 9 
(approximately metres 110 to145). B) Specimen of a palaeosol developed on a fluvial floodplain to marsh 
(section 9, sample J9-36). The arrow marks a calcareous rootlet. C) Wood fragments in fluvial sands of section 9 
(metres 106 to 110). 
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Interpretation 
The sedimentary structures of the sandstones point to bed-load transport (Miall, 1996). The 

trough-cross bedded sandstones are interpreted as channel fill deposits, created by migrating 
subaqueous dunes. Planar cross bedding was formed by transverse and linguoid bedforms 
(Miall, 1996). Low-angle planar cross-stratification may be produced by downstream 
accretion along longitudinal bars or in scour fills and washed out dunes (Miall, 1996). Ripple 
cross-lamination, both in the sand- and silt-sized deposits, is the result of a low to medium 
flow regime. Horizontal lamination was caused by plane-bed/critical flow conditions 
(Collinson and Thompson, 1989). Silt- and claystones were sedimented mainly as 
overbank/floodplain deposit or in areas subject to low river flow velocities (Collinson, 1996). 
The high sand/clay ratio within the fluvial parts of the sections west of Batn El Ghul (sections 
5-10) points to a low sinuosity/braided, bedload dominated fluvial system (Collinson, 1996; 
Miall, 1996). This is supported by the frequent occurrence of sand bars and channel fill 
deposits within the fluvial succession. East of Batn El Ghul (sections 11-15) the thickness and 
frequency of claystone beds increases, pointing to a low sinuosity/anastomosing river system 
with more mixed sediment load (Collinson, 1996; Miall, 1996). For further discussion of the 
river system see Chapter 3.5. 

Colour mottling and slickensides were formed in the sediment by soil forming processes 
(Kraus, 1999; Tibert and Gibling, 1999). The root-horizons, usually occurring on top of 
overbank/floodplain deposits, are clear palaeosoils. The existence of small iron and baryte 
concretions/nodules and tiny caliche within the sediments also points to soil forming 
processes (Bown and Kraus, 1981; Kraus and Gwinn, 1997). 

Parts of the coastal plain facies association might also be interpreted as a coastal sabkha 
depositional environment. Especially fine-grained, muddy sediments with reddish colours, 
e.g. around a height of 160 m in section 10, might fit into a sabkha environment. Occurring 
features like bioturbation, gypsum crystals and wood fragments have been reported from 
sabkha sediments (West et al., 1979), but are not exclusively indicative. Clear indicative 
characteristics of a sabkha environment, like evaporite casts/crystals or frequent occurrence of 
interbedded gypsum/anhydrite nodules (Kendall, 1992; Kendall and Harwood, 1996), are 
missing. 
 

3.3 Lateral and vertical arrangement of depositional systems 
Regarding the lateral and vertical stratigraphic relationship, genetically related facies were 

grouped into three major depositional systems (Baaske et al., 2001): (i) siliciclastic ramp 
system, (ii) mixed carbonate-siliciclastic ramp system and (iii) alluvial system. 

3.3.1 Siliciclastic ramp system 
The siliciclastic ramp system includes the marine and marginal marine facies associations. It 

comprises deposits of the siliciclastic shelf, transition zone, shoreface, beach, 
lagoonal/estuarine, tidal flat and marsh facies. The siliciclastic ramp system forms units 
between 3 m and 26 m thickness. 

3.3.2 Mixed carbonate-siliciclastic ramp system 
The mixed carbonate-siliciclastic ramp system comprises marine and marginal marine facies 

associations. It is similar to the siliciclastic ramp and comprises mixed carbonate-siliciclastic 
shelf, transition zone, shoreface, beach, lagoonal/estuarine, tidal flat and marsh facies. The 
major difference is a higher content of carbonates within the sedimentary succession. The 
mixed carbonate-siliciclastic ramp system forms units between 4 m and 20 m thickness. 
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3.3.3 Alluvial system 
The alluvial system is equivalent to the coastal plain facies association, consisting of the 

coastal plain and fluvial channels/floodplain facies. The siliciclastic and mixed carbonate-
siliciclastic ramp systems interfinger laterally with deposits of the alluvial system, 
representing the change from marine to terrestrial sedimentation. The alluvial system forms 
units between 6 m and 42 m thickness. 
 

The lateral facies succession within the three depositional systems indicates that the 
predominantly marine part of the basin was located in the western/north-western part of the 
study area (west of section 11). The shoreline and the terrestrial part of the basin were situated 
in the south-eastern part (east of section 10). 

The vertical facies succession shows that the position of the shoreline changed with time, 
and only once, during Cenomanian to Coniacian times, reached a position east of Batn El 
Ghul. Furthermore the vertical facies arrangement has a cyclothemic nature, indicated by a 
repeated arrangement of marine and terrestrial/alluvial deposits (Fig. 3.14). 
 

 
Figure 3.14 Shallowing upward cycles and cyclothems along the Naqb escarpment from Ras En Naqb (S5) to 
Batn El Ghul (S10). 
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Such a shallowing upward cyclothem starts with a first siliciclastic ramp system, which is 
followed by a mixed carbonate-siliciclastic ramp system, overlain by a second siliciclastic 
ramp system. An ideal, complete cyclothem also includes an alluvial depositional system. 

Depending on the geographic position along the escarpment, a cyclothem is not necessarily 
completely developed. In the eastern part of the study area (east of section 10) the alluvial 
system makes up the bulk of the sedimentary succession, while in the western part (west of 
section 7) the marine depositional systems dominate (Fig. 3.14). The cyclothems are laterally 
remarkably continuous and display only minor changes in thickness. The cyclothemic nature 
of the deposits is attributed to recurring sea-level fluctuations resulting in marine ingressions, 
which reached as far as section 11, south-east of Batn El Ghul. 
 

3.4 Characteristics of the mid-Cretaceous shelf system of South Jordan 
In general, the correlation of the logged sections and the depositional environmental facies 

analysis show, that the proximal shelf system was mainly siliciclastic dominated (muddy to 
sandy), while the distal shelf was mixed siliciclastic-carbonatic to carbonatic. Even carbonate 
dominated stratigraphic intervals as the Naur Formation (carbonate ramp) follow that pattern. 

3.4.1 Storm dominated shelf vs. tide dominated shelf, tidal regime 
Facies analysis shows that both open shelf facies types contain deposits that point to 

episodic major storm events. Tidal signatures are limited and mainly connected to shallow 
water areas of the shelf. Within the transition zone the abundance of erosive sand and shell 
beds increases, pointing to a storm dominated shelf. Tide influenced sediments, e.g. thin 
interlayered sand and clays, are also present within the transition zone. 

The coastal system, especially the tidal flat deposits of the marginal marine facies 
association, is tide influenced. Storm deposits are not present due to strong sediment 
reworking along the coast. Classifying the coast by its tidal range (e.g. Boggs, 1995), that is 
micro- (0-2 m), meso- (2-4 m) or macrotidal (>4 m), a microtidal system suits the mid-
Cretaceous marine system of South Jordan best. 

The fact that the storm deposits were not totally reworked by tidal influences supports the 
interpretation of a storm dominated shelf. The tidal influence was not strong enough to 
dominate the shelf system. 

3.4.2 Supply dominated shelf vs. accommodation dominated shelf regime and cyclothems 
According to Johnson and Baldwin (1996) variables like rate of relative sea-level rise and 

rate of sediment input control the sedimentation patterns of a clastic shelf. These variables 
result in two shelf regimes: the supply-dominated shelf regime and the accommodation-
dominated shelf regime. Galloway and Hobday (1996) also conclude that the stratigraphic 
architecture of a clastic shelf depends on the balance of sediment supply and the creation of 
accommodation space. They classify the shelf systems as progradational, aggradational and 
transgressive. During progradation the sediment supply dominates the accommodation space 
(supply dominated), during aggradation both factors are balanced, while during transgression 
creation of accommodation space outpaces the sediment supply (accommodation dominated). 

Applying the classification schemes to the mid to Late Cretaceous cyclothems of South 
Jordan shows that there are two types of siliciclastic ramp systems present within the 
cyclothems. The first is a progradational, supply dominated clastic ramp, the second a 
transgressive clastic ramp, where creation of accommodation space exceeds the sediment 
supply. The carbonate-siliciclastic ramp system is clearly accommodation-dominated. During 
these intervals the creation of accommodation space outpaces the siliciclastic sediment 
supply. The generated space on the shelf is ‘filled’ by carbonates, creating the mixed 
carbonate-siliciclastic system. Using the shelf regime classification, a complete cyclothem 
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starts with the alluvial system, and is followed by a transgressive siliciclastic ramp system, a 
mixed carbonate-siliciclastic ramp system and, finally, a progradational siliciclastic ramp 
system. 
 

3.5 Fluvial styles and facies models for the mid to Late Cretaceous of South Jordan 

3.5.1 Fluvial styles on the coastal plain 
Looking at the fluvial intervals in the textural graphic logs reveals differences in fluvial 

style between the eastern sections (sections 11 to 15, east of Batn El Ghul) and the fluvial 
parts in the western part of the study area (sections 5 to 10, between Ras En Naqb and Batn El 
Ghul). 

Field observations along the eastern part of the escarpment show that large sand bodies in 
form of channel fills are frequent, which seem to be embedded in muddy sediments. Contacts 
between single sand bodies seldom occur, pointing to an anastomosed to sandy meandering 
river system (cf. Miall, 1996, Fig. 8.8 A-P, pp. 203-205). Such a river style is sand dominated 
and includes fine grained sediments in form of overbank fines and floodplain deposits. 
Towards the West, near sections 10 and 11, the amount of sand beds increases, indicating a 
gradational change towards a more braided system. 

The fluvial style in the western part of the study area is dominated by sand with no, or only 
minor, intervals of finer grained material (e.g. section 8, metres 98 to 132; section 9 metres 
102 to 136). Compared to the sixteen different fluvial styles presented by Miall (1996, Fig. 
8.8 A-P, pp. 203-205), the fluvial architecture points to a “deep perennial braided” or 
“sheetflood distal braided” fluvial system. The change from the anastomosed to the braided 
fluvial regime takes place between sections 10 and 11, for all stratigraphic intervals. These 
two sections are about 19 km apart. 

3.5.2 Fluvial architectural-element analysis within the mid Wadi As Sir Formation 
Fluvial architectural-element analysis is a purely descriptive method. It helps to improve 

fluvial facies models, since vertical profiles alone are not diagnostic for a fluvial facies. The 
architectural-element analysis uses eight basic elements that are proposed as constants in the 
fluvial environment (Miall, 1985). These elements are based on fluvial macroforms, bounded 
by fourth- to fifth-order surfaces (Miall, 1996), and defined by grain size, bedform 
composition, internal sequence and external geometry. The basic elements are: channel (CH), 
lateral accretion (LA), sediment gravity flow (SG), gravel bar and bed form (GB), 
downstream accretion (DA), sand bed form (SB), laminated sand (LS) and overbank fines 
(FF) (Miall, 1985; 1996). To apply this method lateral cross-sections of outcrops with at least 
several tens of metres width are necessary. Such a cross-section can be achieved by 
constructing outcrop profiles by photo mosaic. This photo mosaic is then covered by an 
overlay on which the architectural elements are traced (detailed method refer to Miall, 1996). 

For the presented study outcrops in the fluvial part of the Wadi As Sir Formation were most 
suitable for an architectural-element analysis. Figures 3.14A and 3.14B display two examples 
from the alluvial middle part of this formation, with roughly the same stratigraphic interval in 
two different sections (sections 8 and 9). 

Both figures show that channels (CH) of various dimensions, sand bed forms (SB) and 
downstream accretion elements (DA) are the dominating elements. The channel elements can 
include other architectural-elements of higher order. Within the studied outcrops larger 
channels comprise smaller channel elements, sand bed forms and downstream accretion 
bodies. According to Miall (1996) the dominance of DA and SB elements in sand dominated 
fluvial systems points to a low-sinuosity, braided river. This result supports the interpretation 
of the stratigraphic logs, which also point to a braided fluvial system in the western part of the 
study area (Chapter 3.5.1). 
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Figure 3.15A Fluvial part of the Wadi As Sir Formation of section 8. Though partly covered by scree, large 
channel macroforms (CH), bounded by 4 to 5-th order boundaries (red lines and numbers) can be seen. The large 
channels are made up by smaller architectural elements (black lines, 2nd to 3rd order boundaries), including 
channels (CH), sand bed forms (SB) and downstream accretion elements (DA). 
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3.5.3 The coastal system 
The look of a coastal system depends on several conditions like wave power, tidal power, 

marine sediment supply, fluvial sediment supply and fluvial gradient. Based on the interaction 
of these factors and the transgressive/regressive sea-level change, deltas, estuaries, braid 
plains, strand plains etc. may form (e.g. Walker and James, 1992; Galloway and Hobday, 
1996; Reading and Collinson, 1996; Einsele, 2000 among others). 

Due to facies interpretations, the depositional conditions of the mid to Late Cretaceous 
coastal system of South Jordan can be defined as follows: 

(i) the wave power was moderate to high (= storm dominated shelf) 
(ii) the tidal power was low (= microtidal system) 
(iii) the sediment supply was fluvial dominated, with a sand dominated load 
(iv) the fluvial gradient was low (= coastal plain system and shallow shelf) 

Furthermore it can be assumed that during the studied time interval the SW-NE trending 
palaeoshoreline was located west of Batn El Ghul (Fig. 2.8, “Ajlun Palaeoshoreline”). 

Applying these depositional 
conditions to the coastal system 
classification diagram (Fig. 3.16) it 
follows, that during transgressive times 
a barrier-island/lagoon coast would 
have formed, while under regressive 
conditions a fluvial dominated delta 
would have characterized the coast. 
 
 

Figure 3.16 Ternary, process-based 
classification for all coastal system (modified 
from Reading and Collinson, 1996). The 
shaded fields indicate the mid to Late 
Cretaceous coastal systems of South Jordan. 

 
Transgressive relative sea-level conditions 

Figure 3.16 shows that the barrier-island/lagoonal and wave dominated estuarine 
environments (Fig 3.17) of the study area developed under transgressive sea-level conditions 
(transgressive to early highstand systems tracts in a sequence stratigraphic sense). The 
dominance of a fluvial sediment source decreases and a mixed fluvial-marine sediment source 
dominates. 

Estuarine deposits, typical for transgressive sea-level conditions (e.g. Reinson, 1992; 
Reading and Collinson, 1996), are rare (e.g. section 7 metres 51 to 56 and lower levels of 
section 10). In all cases they are part of a sedimentary succession deposited under 
transgressive sea-level conditions. To decide which types of estuary, that is wave- or tide-
dominated (Fig. 3.10), formed in the study area, a denser net of outcrop information would be 
necessary. Though, considering that on the shelf wave power dominated over tidal power, the 
formation of wave-dominated estuaries can be assumed. 

The facies interpretation (Chapter 3.2.3) shows that siliciclastic dominated lagoons existed 
within the studied sedimentary succession predominantly during transgressive relative sea-
levels (e.g. section 8, metres 33 to 38 and section 10, metres 110 to 112). Occasionally these 
lagoons might be part of an estuarine complex (Fig. 3.10). The lagoons might also be part of a 
transgressive barrier-island complex (Fig. 3.17) (Baaske et al., 2000). However, an 
unmistakable indication for transgressive barrier-island/lagoon complex, e.g. a clearly defined 
barrier, is missing within the limits of the study area. 
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Figure 3.17 
Block diagram of a schematic 
siliciclastic barrier-island/ 
lagoon complex. This coastal 
configuration is typical for 
transgressive sea-levels with 
high wave power. 

It can be concluded that under transgressive sea-level conditions the mid Cretaceous coastal 
system of South Jordan was characterized by estuaries and lagoons. 
 
Regressive relative sea-level conditions 

It is generally assumed, that a coastal system with a fluvial dominated sediment source will 
form a fluvial dominated delta under regressive relative sea-level conditions (e.g. Galloway 
and Hobday, 1996; Reading and Collinson, 1996; Einsele, 2000 among others) (Fig. 3.16). 
Only the sections logged in the West (sections 5 to 10), close to the palaeoshoreline, display 
such a sand dominated fluvial deltaic system. The sections in the East (sections 11 to 15) are 
to far away from the palaeoshoreline and show the anastomosing fluvial system of the coastal 
plain. Therefore it can be concluded that the sand dominated fluvial deltas formed during 
regressive sea-level phases. Such deltaic systems can be found in the Lower Hummar, the 
Upper Shuayb and the mid Wadi As Sir formations of sections 5 to 10. 

As described in chapter 3.5.1, the fluvial style of the western sections is that of a braided 
river. Therefore the examined delta systems are interpreted as braid deltas (Fig. 3.18), a 
subdivision of fan deltas (McPherson et al., 1988). 

Figure 3.18 Simplified model of a braid delta, a river delta with a 
braided distributary plain (modified from Nemec and Steel, 1988; and 
Nemec, 1990). 

Classically a fan delta is 
defined as “an alluvial fan that 
has prograded from an adjacent 
highland into a standing body of 
water, either a lake or the sea” 
(Holmes, 1965 cited in; Nemec 
and Steel, 1988; Orton, 1988). 
Nemec and Steel (1988) 
presented modifications to the 
standard definition of fan deltas, 
as well as a classification of 
twelve different fan delta types. 
One of their fan delta types is the 
braid delta (Fig. 3.18), “whose 
braided distributary plain has 
been formed by the progradation 
of a solitary bedload river into a 
standing body of water” (Nemec 

and Steel, 1988). Of importance with this definition is that a fan delta is not necessarily 
directly connected to a proximal alluvial-fan system. This point is also mentioned by other 
authors like McPherson et al. (1988) and Orton (1988). 

Using the classification schemes for coarse grained deltas after Orton (1988) and Postma 
(1990) leads to similar results. According to Orton’s process oriented scheme, the mid 
Cretaceous delta systems of South Jordan are characterized as “Gwern Gof” type deltas 
(Orton, 1988). The “Gwern Gof” delta is a sand dominated delta system with a high rate of 
sediment supply, deposited under moderate to high wave energy. Applying Postma’s facies 
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and architectural oriented classification the deltas can be seen as mouth-bar delta systems. 
The delta types of both classifications would be classified as fan deltas according to the more 
descriptive classification of Nemec and Steel (1988). 

During the Lower Hummar Formation only the marine influenced parts of the delta complex 
and the distal braid delta were recorded in sections 5 to 10 (Fig. 3.19). During the Late 
Shuayb Formation the subaerial distal to mid braid delta and during the mid Wadi As Sir 
Formation the distal to proximal braid delta deposits are exposed in sections 5 to 10. In the 
course of the three stratigraphic intervals with delta formation, the Lower Hummar, the Upper 
Shuayb and the mid Wadi As Sir Formation, the lateral position of the delta complex 
constantly moved seawards by prograding westwards (Fig. 3.19). 
 

 
Figure 3.19 Schematic cross-section through a sand dominated braid delta (modified after Reading and 
Collinson, 1996). The table below the cross-section shows the approximate position of the logged sections 
during the stratigraphic intervals with braid delta formation. 
 
Lagoonal systems during regressive relative sea-levels 

Some of the logged sections display lagoonal depositional settings during regressive relative 
sea-level conditions (late highstand systems tract and falling stage systems tract in a sequence 
stratigraphic sense). To understand the formation of these lagoons, carbonate 
sedimentological aspects have to be considered. As these lagoons are parts of a wide shelf 
lagoon (Chapter 3.2.1 and Fig. 3.2). The falling sea-level furthers the protective role of the 
shelf edge barrier, successively causing a more and more protected, shallow water 
environment within wider areas of the shelf lagoon. Consequently the lagoonal nature of the 
shelf lagoon broadens. Thus, the generalized siliciclastic shoreline profile can not be applied 
anymore. Examples of lagoonal facies during regressive sea-level conditions occur in section 
6 (metres 141 to 149), section 8 (metres 71 to 77) and section 9 (metres 69 to 73). 
Summing up, under regressive relative sea-level conditions the mid Cretaceous coastal system 
of South Jordan was characterized by sand dominated braid deltas. The delta complexes 
reached partially wide into the shelf during the Late Shuayb and mid Wadi As Sir formations, 
partly covering precursor lagoonal systems that were part of extended shelf lagoons. 
 

3.6 Red sediment colours, ferribands, colour mottling and pedogenic features 

3.6.1 Red sediment colours 
Red beds are divided according to their origin into in situ/chemical red beds and detrital red 

beds (Pye, 1983). In situ red beds form due to chemical precipitation or pedogenic and 
diagenetic processes, while detrital red beds result from resedimentation of older red beds 
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after transport processes. Red sediment colour is most commonly bound to ferric forms of 
iron (e.g. hematite, goethite), present in the sediment in a finely divided form (Pye, 1983). In 
chemical red beds the source of ferric iron can be attributed to extensive post-depositional 
dissolution of detrital grains, e.g. iron bearing heavy minerals like pyroxene, micas and 
glauconite. The dissolution of the precursor mineral is usually followed by subsequent 
precipitation of hematite or other ferric oxides (Walker, 1974; 1976; Pye, 1983; Morton and 
Hallsworth, 1999). A further diagenetic process leading to intensive reddish sediment colours 
is the alteration of infiltrated clay minerals to hematite (Walker, 1976). 

Modern red beds are, with only few exceptions, associated to terrestrial depositional settings 
(Pye, 1983). To see if there is a connection between terrestrial deposits and reddish/purple 
colours (Rock Color Chart hues 5R, 10R, 5P, 5RP) in the studied sediment succession, these 
colours were indicated in the logged sections of Appendix I. On first sight, red beds are fairly 
common along the Naqb escarpment. A closer look and a thorough “cleaning” of outcrops 
reveals that these surface colours are often of secondary nature, caused for example by muddy 
sediment drapes from the hanging sedimentary succession, covering even bright white 
sediments. The logged sections show that red colours are more frequent in terrestrial deposits 
than in marine deposits. Reddish marine sediments occur occasionally close to glauconite 
bearing strata, linking the sediment colour to diagenetic dissolution/precipitation processes. 

3.6.2 Ferribands 
Ferribands (“ironcrusts”) predominantly occur at the contact of different lithologies, e.g. 

sand-/claystone contact. Depending on grain-size differences and the palaeo-hydraulic regime, 
the lying or hanging bed displays several centimetre to decimetre thick ferribands of intense 
iron-oxide impregnation of the host sediment. The colour of the ferribands varies from 
reddish brown, brownish yellow to black, most probably representing different iron-oxide 
phases like hematite (α-Fe2O3, reddish to black colours) and goethite (α-FeOOH; brownish-
yellow colour) (Scheffer and Schachtschabel, 1992; Baaske, 1999). Prominent ferribands 
along the Naqb escarpment are often laterally extensive and can be followed several tens of 
metres. The majority of the ferribands are bound to terrestrial depositional settings 
("ferricretes", Valeton, 1988). Marginal marine settings and, on few occasions, open marine 
settings might also display ferribands within the sediment succession. 

Ferribands in terrestrial depositional environments are considered to form due to subsurface 
enrichment of iron oxides resulting from soil forming processes (Pye, 1983; Germann et al., 
1990), but also due to iron precipitation linked to lateral influx of groundwater (Pye, 1983; 
Valeton, 1988). The formation of pedogenic ferricretes points to warm and humid climatic 
conditions (Valeton, 1988). 

The occurrence of ferribands in marginal marine to marine deposits points either to a late 
diagenetic formation under groundwater influx in marginal marine settings or an early 
diagenetic formation under marine conditions. Since marine waters usually carry only minor 
concentrations of iron, the later would take place under climatic conditions which favour 
lateritic weathering and a high continental runoff (Föllmi, 1996; Mücke, 2000). The 
combination of these effects would provide high amounts of ferric iron in marginal marine 
settings to produce ferribands. Furthermore the late diagenetic/pedogenic transformation of 
glauconite to iron-oxides/hydroxides might also cause the formation of ferricretes (Nahon et 
al., 1980). 

3.6.3 Colour mottling and pedogenic features 
Colour mottled sediments occur in many parts of the logged sections and are usually related 

to the coastal plain facies association. The mottling is characteristic of sediments which have 
undergone modification related to soil-forming processes (Buurman, 1980; Bown and Kraus, 
1981). In modern soils colour mottling is attributed to alternating wet and dry conditions 
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and/or fluctuating water tables, and impeded drainage which would be characteristic of 
modern gleys and pseudogleys (e.g. Scheffer and Schachtschabel, 1992). The wetting causes 
the redistribution of organic matter within the solum, leading to local reducing environments, 
causing iron and manganese compounds to go into solution. Under drying conditions these 
compounds are locally precipitated as oxides and oxyhydrates (Buurman, 1980; Bown and 
Kraus, 1981). 

Along the Naqb escarpment colour mottling occurs in terrestrial sediments but also in 
marine and marginal marine deposits. Marine sediments may show colour mottling due to 
chemical effects of bioturbation (Bromley, 1996). So the changing oxidizing and reducing 
effects, connected to organic material in and around burrows, can cause mottling in marine 
sediments. Generally pedogenesis might also affect marine strata if sea-level fall leads to a 
long term exposure of the sediment (Kraus, 1999). In marginal marine settings, e.g. in the 
marsh facies, colour mottling might result from pedogenic processes and/or bioturbation 
effects. 

The colour variation of the mottling and its frequency together with other pedogenic 
features, allows statements on the drainage condition of the palaeosol. Kraus and Gwinn 
(1997) showed that red palaeosols with few mottles were better drained than purple ones with 
yellowish-brown mottles or yellowish palaeosols with iron-oxide nodules. Examples of these 
different palaeosol types can be found in the study area (Fig 3.20), especially in the 
overbank/floodplain deposits east of section 10. The dominance of red colours (Fig. 3.20A) 
with few mottles points to a generally well drained coastal plain. Purple and yellow beds (Fig. 
3.20 B+C) with mottles and iron-oxide nodules indicate poor local drainage conditions. 

 
Other observed pedogenic features include the formation of small iron-oxide 

concretions/nodules, slickensides in muddy palaeosols, iron-oxide covered roots and rootlets 
(Fig. 3.20C, arrows) and small-sized calcretes within the sediment. Similar to colour mottling, 
iron-oxide concretions/nodules record alternating oxidizing and reducing conditions caused, 
for example, by variable soil drainage (Bown and Kraus, 1981; Kraus and Gwinn, 1997). 
Intersecting slickensides in clayey palaeosols are caused by fluctuations of the water table 
(Kraus, 1999) and also point to changing drainage conditions. The iron-oxide covered roots 
and rootlets are roughly cylindrical in shape, few centimetres in diameter and typically 10-20 
cm tall. Usually these tube-like structures have a millimetre to centimetre thick iron-oxide 
skin and are filled with sediment. The iron-oxide precipitated in close proximity around the 
biogenic material due to changed chemical conditions caused by the decay of the roots 
(Valeton, 1988; Kraus and Gwinn, 1997). The small calcretes might have formed under warm 
and arid climatic conditions within the soil (Valeton, 1988). 

 
It can be concluded that the coastal plain, developing during the Cenomanian to Coniacian 

in the eastern part of the study area, was variously drained and at least locally vegetated. The 
differentiated drainage might be connected to the fluvial architecture/topography (Kraus and 
Gwinn, 1997; Kraus, 1999) and the parent material/permeability of the palaeosol (Kraus and 
Gwinn, 1997). Considering the pedogenic features, including the ferribands/ferricretes 
described in 3.6.2, the soils that developed on the coastal plain are best classified as oxisols, 
vertisols, calcisols and argillisols (Mack et al., 1993). Due to poor palaeo-drainage these soils 
are often gleyed. This rough classification points to soil forming processes taking place under 
wet equatorial to dry subtropical palaeoclimatic conditions (Mack and James, 1994). 
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Figure 3.20 
A) 
Well drained, red palaeosol (argillic oxisol to 
vertic oxisol) in the basal part of section 12. 
B) 
Close up of a colour mottled palaeosol 
(gleyed argillic oxisol) developed in muddy 
overbank sediments of section 13. The purple 
colour and the yellow mottling point to a 
poor local drainage of the soil (tip of hammer 
for scale). 
C) 
Example of a poorly drained palaeosol 
(gleyed argillic calcisol) developed in sandy 
sediment of fluvial origin (basal part of 
section 10). Arrows mark the position of iron 
stained roots. 

3.7 Summary of the sedimentological features 
The sedimentological features of the mid Cretaceous depositional system of South Jordan 

can be summed up as follows: 
• The sedimentary succession can be grouped into four facies associations which 

comprise ten environmental depositional facies. Ranging from open shelf to terrestrial 
depositional environments, the facies associations are (i) shelf facies association, (ii) 
shoreface facies association, (iii) marginal marine facies association and (iv) coastal 
plain facies association. The lateral and vertical succession of these facies associations 
records the repeated interfingering of terrestrial and marine environments, and shows 
that the mid Cretaceous of South Jordan can best be described as a shallow marine 
siliciclastic to mixed siliciclastic-carbonate coastal system. 

• Facies-correlation of the logged sections shows that the sedimentary succession can 
be laterally sub-divided into three major depositional systems: (i) a siliciclastic ramp, 
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(ii) a mixed carbonate-siliciclastic ramp and (iii) an alluvial system. Vertically these 
depositional systems are arranged in repeating cyclothems. A complete, ideal 
cyclothem consists of: 4.) siliciclastic ramp system (prograding) 

3.) mixed carbonate-siliciclastic ramp system 
2.) siliciclastic ramp system (retrograding) 
1.) alluvial system 

• The shelf system was generally wave/storm dominated, with subordinate tidal 
influence. The supply dominated shelf system was represented by the prograding 
siliciclastic ramp. The retrograding ramp system and the mixed carbonate-siliciclastic 
ramp occurred during accommodation-dominated conditions. 

• The character and development of the examined coastal system can be divided into a 
regressive and a transgressive system. Under regressive sea-level conditions delta 
systems formed. The delta systems are best described as sand dominated braid deltas. 
Occurring lagoons within the sedimentary succession are part of extended shelf 
lagoons. The formation of these shelf lagoons was furthered by the falling sea-level, 
improving the barrier effect of the patch reefs near the shelf edge. 

Transgressive sea-level conditions resulted in a coastal system controlled by 
estuaries and barrier/lagoon complexes. Due to micro-tidal conditions, the estuaries 
were most probably wave dominated. 

• On the coastal plain an anastomosing to meandering, sand dominated river system 
developed. On vegetated overbank areas extended soil formation under various 
drainage conditions took place. During regressive sea-level conditions the nearshore 
river system changed to a more braided one. This change is linked to the formation of 
braid deltas during these time intervals. 

• Most of the terrestrial deposits display reddish colours, though red colouration alone 
is no indication for a terrestrial depositional environment. The formation of ferribands 
(“ironcrusts”) within the sedimentary succession is either directly linked to soil 
forming processes or to early marine diagenesis with possible ground water influence. 
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