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Abstract:  

 

This PhD thesis was embedded in a regional groundwater study in the Paleozoic Wajid Sandstone of 

southwest Saudi Arabia. The Wajid Sandstone holds important fossil groundwater resources in southwest 

Saudi Arabia which became increasingly overused due to extensive irrigation for agricultural purpose. 

This thesis contributed to this groundwater project by evaluating the hydraulic properties of aquifer rocks. 

This involved also fundamental questions about the sedimentary facies, depositional environments, 

stratigraphy, architecture, age, and petrology of the Wajid Sandstone Group. The fundamental concept of 

this PhD thesis is based on the principle of out-crop-analogue studies, i.e. properties of reservoir rocks in 

the subsurface are investigated in outcrops at the surface. This concept is applicable for the Wajid 

Sandstone because of a well exposed outcrop belt and extractions wells whose aquifer rocks are exposed 

only few kilometres from the well location.The outcrop-analogue studies included all basic parameters of 

reservoir characterization. The major focus was on 1D standard sections where samples were 

preferentially taken for further analysis. In particular for heterogenous glacigenic deposits also 2D wall 

panels were composed and analysed. Field surveys lasted altogether around 4 months. The extensive 

sample collection was sent to Germany and all laboratory and microscopic work was done at the Institut 

für Angewandte Geowissenschaften of TU Darmstadt.  This included measurements and analysis of 

gamma-ray, porosity, permeability, and thin sections as well as stratigraphic work applying palynology. 

The multiple data were merged into one data base and analysed by multivariate statistics and principal 

component analysis.  

 

The study area is located in the south-western part of the Kingdom of Saudi Arabia and comprises the 

entire outcrop belt of the Wajid Group (ca. 44,000 km
2
). Correlation of sections is mainly based on 

unconformities that subdivide the succession into distinct stratigraphic packages. In its outcrop belt, the 

Wajid Group can be subdivided into 5 formations: the Dibsiyah Formation, Sanamah Formation, Qalibah 

Formation, Khusayyayn Formation, and Juwayl Formation. Thirteen lithofacies have been distinguished 

(LF1 through LF 13), which cover the entire spectrum of siliciclastic grain size classifications. Shales and 

siltstones are relatively rare in the succession, whereas sandstones, especially medium-grained to coarse-

grained sandstones are abundant. Conglomerates are locally abundant in the Sanamah Formation and in 

the Juwayl Formation. A second order descriptor is bioturbation, which is very common in the Dibsiyah 

Formation, but rare to absent in the other units. The 13 lithofacies have been combined in 9 lithofacies 

associations (LF-A1 through LF-A9). By stacking the different sections a new standard lithostratigraphic 

log is presented in this thesis. Sediments of the Wajid Group were deposited during approximately 200 

Ma to 260 Ma, depending on the definite depositional age of the Dibsiyah Formation. Extrapolations of 

sedimentation rates to depositional time show that within the Wajid Group and under the assumption of 

very conservative sedimentation rates, 62 Ma years are represented in the sediments: 20 Ma in the 

Dibsiyah Formation, 2 Ma (the length of the Hirnantian) in the Sanamah Formation, 15 Ma in the 

Khusayyayn Formation, and 25 Ma in the Juwayl Formation. Most likely, the time represented is much 

less. This means that the sediments preserved do not even cover ¼ of the Palaeozoic era. This is 

compatible with field observations of abundant unconformities and sedimentary breaks in the starved 

successions. This indicates that throughout the Palaeozoic, southern Saudi Arabia was located in an 

epicratonal setting, in which tectonic subsidence and relative sea level changes exerted only minor 

control. 

 

A specific aim of this study was to systematically explore the heterogeneous glacial and proglacial 

deposits, develop a genetic depositional model and compare the findings with other regions at the 

northern rim of Gondwana. Saudi Arabia is one of the few places where both glaciations can be studied in 

well-preserved sedimentary succession, which formed under similar boundary conditions. Among these 

are (a) incision of subglacial tunnel valleys according to the ice-loading model, (b) subsequent valley-fill 

by subaqueous to subaerial proglacial deposits in front of an oscillating, polythermal ice-shield, (c) intra-

formational erosional events through repeated ice advance, (d) widespread and large-scale soft sediment 

deformation due to glacial surge during deglaciation, (e) marine transgression as a consequence of 

eustatic sea-level rise following deglaciation. The general pattern fits well with observations from 

northern Africa, pointing to closely coupled glaciological processes along the northern margin of the 

Gondwana ice-shield during Upper Ordovician glaciation. Although the same general patterns apply for 

the Permo-Carboniferous glaciation, styles and petrographical properties differ most probably due to a 
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more complex ice-flow pattern with a rougher topography after the Hercynian event and contrasting 

weathering. 

 

This thesis presents the first statistical analysis of porosities and permeabilities over the entire Wajid 

Sandstone Group in the outcrop belt and links these values with lithofacies and microfacies studies in 

order to identify controlling factors. Furthermore, for the first time a combined approach of standard mini 

permemeter and sophisticated column permeameter measurements were carried out, the latter enables to 

convert gas in water permeabilities. Although the data of this thesis confirms the overall good reservoir 

quality, also wide scatter is obvious. This is particularly the case for permeabilities. High porosities do 

not guarantee high permeabilities and correlation of both is weak, although a positive trend exists. This 

means that porosities cannot be used to predict permeabilities accurately. Medians of porosities range 

from 23 to 27% and 15 to 28% for formations and lithofacies types respectively. Different permeability 

measurements all show highest medians of 1500 to 2000 mD for the Khusayyayn Formation and lowest 

medians of 300 to 1400 mD for the Dibsiyah Formation. The variability is highest for the Sanamah 

Formation and the Juwayl Formation. To analyse these heterogeneities and identifying controlling factors, 

two approaches were applied: (i) lithofacies types, which represent grain texture and sedimentological 

structures at the mesoscopic scale in the field, and (ii) microfacies analysis using thin sections and raster 

electron microscopy of selected samples. Referring to lithofacies, the following trends have been 

identified. Siltstone and fine sandstones exhibit the highest porosities, but permeability is low for silt-

dominated samples. Pebbly sandstones show reduced porosities and permeabilities, most probably 

because of general poorer mixing. Highest porosities and permeabilities were found for cross-bedded 

sandstones. Thick massive sandstones in the Juwayl Formation, which are expected to have very good 

reservoir properties show surprisingly high variability. Anisotropy is generally low except for siltstones, 

and bioturbated sandstones. Porosites and permeabilities are most closely related to each other for sandy 

to pebbly, cross bedded lithofacies types. Bioturbated samples and massive sandstones show a relatively 

high permeability compared to their porosity, which may be interpreted as homogenization of the grain 

fabric and/or secondary porosity by leaching. Finer grained samples show the expected opposite trend, 

but some exceptions exist.       

 

Referring to microfacies, the following trends have been identified. High permeabilities can be linked 

with open pore space, pore connectivity, and rounding, but less with sorting. Low permeabilities are 

linked with increased proportions of pseudo matrix and cementation by iron oxides, calcite, and/or quartz. 

The Khusayyayn Formation has higher feldspar content. This leads to higher secondary porosity, 

proportions of pseudo matrix, and some calcite cement. As destruction and formation of secondary 

porosity prevails the highest average permeability in the entire Wajid Sandstone Group is observed. 

Biomodal grain distribution in the Juwayl Formation leads to strongly reduced permeability despite the 

favourable main grain texture. Secondary leaching in the Juwayl Formation is more heterogeneous and 

cemented or matrix rich patches are common. Furthermore, the Juwayl Formation exhibits lower 

porosities at the same permeabilities, which is interpreted as a more efficient connectivity due to 

secondary leaching. Iron cementation is strongest in the lower Wajid Sandstone Group, in particular in the 

Dibsiyah Formation. This seems to be the major reason for reduced permeabilities there. Likely, the iron 

originates from continental weathering of shield areas during the warm Cambro-Ordovician period and 

was remobilized during burial. The Qusaiba Shale presumably hindered the circulating pore waters to 

penetrate the upper Wajid Sandstone equally. 

 

When comparing water peremabilities of matrix samples with pumping tests, both are surprisingly close 

and point out the high relevance of matrix permeabilities for groundwater storage and groundwater flow 

in the Wajid Sandstone. Pumping tests yield a slightly higher hydraulic conductivity for the Lower Wajid 

Aquifer. Matrix permeabilities for water show the same trend but differences are even lower. Whereas 

hydraulic permeabilities for matrix and pumping tests are very close in the Lower Wajid Aquifer, matrix 

permeabilities are almost one magnitude lower in the Upper Wajid Aquifer. In conclusion, this makes 

matrix permeabilities of prime importance in the Wajid Aquifers. Hence, the investigation of sedimentary 

heterogeneities at the outcrop and microscopic scale is of specific relevance for the prediction of reservoir 

quality in the Wajid Sandstone Group. 
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Zusammenfassung: 

 

Diese Dissertation ist Teil einer regionalen Grundwasserstudie im paläozoischen Wajid-Sandstein von 

Saudi-Arabien. Der Wajid-Sandstein enthält wichtige, fossile Grundwasserressourcen im Südwesten 

Saudi-Arabiens, die durch umfangreiche landwirtschaftliche Bewässerung zunehmend ausgebeutet 

wurden. Diese Studie trägt zu diesem Grundwasserprojekt durch Evaluierung der hydraulischen 

Eigenschaften der Aquifergesteine bei. Dieses beinhaltet auch fundamentale Fragestellungen über die 

sedimentären Fazies, Ablagerungsbedingungen, Stratigraphie, Architektur, Alter und Petrologie der 

Wajid-Sandsteingruppe. Das zugrundeliegende Konzept dieser Dissertation basiert auf dem Prinzip von 

Aufschluss-Analog-Studien; z.B. wurden Eigenschaften von Reservoirgesteinen im  Untergrund anhand 

von Oberflächenaufschlüssen untersucht. Dieses Konzept ist deshalb für den Wajid-Sandstein gut 

geeignet, da es sowohl einen Gürtel mit guten Aufschlüssen sowie Produktionsbrunnen, deren 

Aquifergesteine nur wenige Kilometer vom Brunnen entfernt aufgeschlossen sind, gibt. Die Aufschluss-

Analog-Studien umfassten alle grundlegenden Parameter der Reservoir-Charakterisierung. 

Hauptaugenmerk lag hierbei beim Erstellen von 1-D Standardprofilen, aus denen Proben für weitere 

Analysen genommen wurden. Für besonders heterogene, glazigene Ablagerungen wurden 2-D 

Wandpaneele erstellt und analysiert. Die Geländearbeiten dauerten insgesamt ungefähr 4 Monate. Die 

umfangreiche Probensammlung wurde nach Deutschland geschickt, wo alle Labor- und 

Mikroskopierarbeiten am Institut für Angewandte Geowissenschaften der TU Darmstadt ausgeführt 

wurden. Diese beinhalten Messungen und Analyse von Gamma-Ray-Daten, Porosität, Permabilität und 

Dünnschliffen sowie stratigraphische Arbeiten mittels angewandter Palynologie. Die verschiedenen 

Daten wurden in eine einzelne Datenbank zusammengeführt und durch multivariante Statistik und 

Hauptkomponentenanalysen ausgewertet. 

 

Das Untersuchungsgebiet liegt im südwestlichen Teil des Königreichs von Saudi-Arabien und umfasst 

den gesamten Aufschlussgürtel der Wajid Gruppe (ca. 44.000 km
2
). Die Korrelation der einzelnen Profile 

basiert hauptsächlich auf Diskordanzen, die jede Abfolge in distinkte stratigraphische Pakete unterteilt. 

Im Aufschlussgürtel kann die Wajid Gruppe in 5 Formationen unterteilt werden: die Dibsiyah Formation, 

Sanamah Formation, Qalibah Formation, Khusayyayn Formation und Juwayl Formation. Dreizehn 

Lithofaziestypen konnten unterschieden werden (LF1 bis LF13), welche das gesamte Spektrum der 

siliziklastischen Korngrößenklassifikation umfassen. Shales und Siltsteine sind in der Abfolge relativ 

selten, während Sandsteine, besonders mittelkörnige bis grobkörnige Sandsteine, sehr häufig vorkommen. 

Konglomerate kommen lokal häufig in der Sanamah Formation und Juwayl Formation vor. Ein 

Unterscheidungsmerkmal zweiter Ordnung ist Bioturbation, welche häufig in der Dibsiyah Formation 

auftritt, jedoch selten bis nicht in den anderen Einheiten vorkommt. Die 13 Lithofaziestypen wurden in 9 

Lithofaziesassoziationen (LF-A1 bis LF-A9) zusammengefasst. Durch Stapeln der verschiedenen Profile 

wird in dieser Arbeit ein neues lithostratigraphisches Standardlog vorgestellt. Die Sedimente der Wajid 

Gruppe wurden, abhängig vom Ablagerungsalter der Dibsiyah Formation, vor ungefähr 200 Ma bis 260 

Ma abgelagert. Extrapolationen von Sedimentationsraten zur Ablagerungszeit zeigen, dass unter 

Annahme sehr konservativer Sedimentationsgeschwindigkeiten, innerhalb der Wajid Gruppe 62 Ma im 

Sediment repräsentiert sind: 20 Ma in der Dibsiyah Formation, 2 Ma (die Dauer des Hirnatiums) in der 

Sanamah Formation, 15 Ma in der Khusayyayn Formation und 25 Ma in der Juwayl Formation. Es ist 

jedoch sehr wahrscheinlich, dass die repräsentierte Zeitdauer deutlich geringer ist. Das bedeutet, dass 

erhaltenen Sedimente nicht einmal ein Viertel des Phanerozoikums repräsentieren. Dies ist mit 

Geländebeobachtungen häufig vorkommender Diskordanzen und Sedimentationsschnitten in 

kondensierten Abfolgen vereinbar. Das weist darauf hin, dass sich durch das gesamte Paläozoikum 

hindurch das südliche Saudi-Arabien in einem epikontinentalen Umfeld befand, in welchem tektonische 

Subsidenz und Änderungen des relativen Meeresspiegels nur untergeordneten Einfluss hatten. 

 

Ein besonderes Ziel dieser Studie war es, die heterogenen glazialen und proglazialen Ablagerungen 

systematisch zu erforschen, ein genetisches Ablagerungsmodell zu entwickeln und mit Funden in anderen 

Regionen am Nordrand Gondwanas zu vergleichen. Saudi-Arabien ist einer der wenigen Plätze, an dem 

beide Vereisungen in gut erhaltenen Sedimentabfolgen, welche unter ähnlichen Rahmenbedingungen 

gebildet wurden, beobachtet werden können. Unter diesen finden sich (a) einschneidende Tunneltäler 

nach dem ice-loading Modell, (b) darauffolgende Talfüllung durch subaquatische bis subäolische, 

proglaziale Ablagerungen vor einem oszillierenden, polythermalen Eisschild, (c) intraformationelle 
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Erosionsereignisse durch wiederholte Eisvorstöße, (d) weitläufige und großräumige Deformation von 

weichem Sediment durch glaziale Fluten während des Eisrückzuges, (e) marine Transgression als Folge 

von eustatischem Meeresspiegelanstieg in Folge des Eisrückzuges. Das generelle Muster passt gut zu den 

Beobachtungen aus Nordafrika, was auf eng verbundene Vereisungsprozesse entlang des Nordrands des 

Eisschilds von Gondwana während der oberordovizischen Vereisung hindeutet. Obwohl die gleichen 

generellen Muster auch für die permokarbonische Vereisung zutreffen, unterscheiden sich Stil und 

petrographische Eigenschaften höchstwahrscheinlich durch ein komplexeres Eisflussmuster mit einer 

rauheren Topographie nach dem herzynischen Event und unterschiedliche Verwitterung. 

 

Diese Studie präsentiert die erste statistische Analyse von Porositäts- und Permeabilitätswerten über die 

gesamte Wajid Sandsteingruppe im Aufschlussgürtel und verbindet diese mit Lithofazies- und 

Mikrofaziesstudien um die verantwortlichen Faktoren zu identifizieren. Des Weiteren wurde zum ersten 

Mal ein kombinierter Ansatz von standard Minipermeameter- und fortschirttlichen 

Säulenpermeametermessungen verfolgt, wobei letztere erlauben, Gas- in Wasserpermeabilitäten 

umzurechnen. Obwohl die Daten dieser Studie die grundlegend gute Reservoirqualität bestätigt ist eine 

weite Streuung der Daten offensichtlich. Dies trifft besonders auf Permeabilitätswerte zu. Hohe 

Porositätswerte garantieren nicht auch hohe Werte für die Permeabilität und die Korrelation zwischen 

beiden Faktoren ist schwach, obwohl ein positiver Trend existiert. Das bedeutet, dass Porositätswerte 

nicht benutzt werden können, um die Permeabilität akkurat zu berechnen. Mediane der Porosität reichen 

von 23 bis 27% und 15 bis 28% für Formationen und Lithofaziestypen, respektive. Verschiedene 

Permeabilitätsmessungen zeigen alle maximale Mediane von 1500 bis 2000 mD für die Khusayyayn 

Formation und minimale Mediane von 300 bis 1400 mD für die Dibsiyah Formation. Die Variabilität ist 

am größten für die Sanamah Formation und die Juwayl Formation. Um diese Heterogenitäten zu 

analysieren  und die bestimmenden Faktoren zu identifizieren, kamen zwei Ansätze zur Anwendung: (i) 

Lithofaziestypen, welche Korntexturen und sedimentologische Strukturen im mesoskopischen Maßstab 

im Gelände repräsentieren sowie (ii) Mikrofaziesanalysen mittels Dunnschliffen und 

Rasterelektronenmikroskopie anhand ausgewählter Proben. In Bezug auf Lithofazies wurden folgende 

Trends identifiziert. Siltsteine und Feinsandsteine zeigen die höchsten Porositäten, aber mit geringen 

Permeabilitäten für siltdominierte Proben. Kiesige Sandsteine zeigen verringerte Porositäten und 

Permabilitäten, höchstwahrscheinlich durch generell schlechtere Durchmischung. Höchste Porositäten 

und Permeabilitäten wurden in kreuzgeschichteten Sandsteinen gefunden. Mächtige, massive Sandsteine 

der Juwayl Formation, von denen gute Reservoireigenschaften erwartet werden, zeigen eine überraschend 

hohe Variabilität. Die Anisotropie ist generell gering, außer für Siltsteine und bioturbierte Sandsteine. 

Porositäten und Permeabilitäten hängen am meisten zusammen für sandige bis kiesig, kreuzgeschichtete 

Lithofaziestypen. Proben mit Bioturbation und massive Sandsteine zeigen eine relativ hohe Permeabilität 

verglichen mit ihren Porositätswerten, was interpretiert werden kann als Homogenisierung des 

Korngefüges und/oder Bildung von Sekundärporosität durch Auswaschung. Feinköringere Proben zeigen 

den erwarteten gegenläufigen Trend, jedoch gibt es auch einige Ausnahmen. 

 

Die folgenden Trends wurden in Bezug auf Mikrofazies beobachtet. Hohe Permeabilitäten können mit 

offenem Porenraum, Porenverbindungen und Rundung verbunden werden, weniger jedoch mit 

Sortierung. Geringe Permeabilitäten sind verbunden mit erhöhten Anteilen von Pseudomatrix und 

Zementation durch Eisenoxide, Kalzit und/oder Quarz. Die Khusayyayn Formation zeigt einen hohen 

Feldspatgehalt. Dies führt zu hoher sekundärer Porosität, hohen Anteilen an Pseudomatrix und einigem 

Kalzitzement. Die höchste mittlere Permeabilität in der gesamten Wajid Sandsteingruppe wird 

beobachtet, wo Zerstörung und Bildung von sekundärer Porosität vorherrschen. Die biomodale 

Kornverteilung in der Juwayl Formation führt zu einer stark reduzierten Permeabilität, entgegen der 

günstigen Textur der Hauptkornfraktion. Sekundäre Auswaschung in der Juwayl Formation ist 

heterogener und zementierte oder matrixreiche Stellen sind häufig. Des Weiteren zeigt die Juwayl 

Formation geringere Porositäten bei gleichen Permeabilitäten, was als effizientere Konnektivität durch 

sekundäre Auswaschung interpretiert wird. Eisenzementation tritt in der unteren Wajid Sandsteingruppe 

häufig auf, besonders in der Dibsiyah Formation. Dies erscheint als der Hauptgrund für die dortige 

reduzierte Permeabilität. Wahrscheinlich stammt das Eisen von der kontinentalen Verwitterung von 

Schildgebieten während der warmen kambroordovizischen Periode und wurde während der Versenkung 

remobilisiert. Vermutlich hinderte der Qusaiba Shale das zirkulierende Porenwasser daran, den oberen 

Wajid Sandstein gleichmäßig zu durchdringen. 
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Wenn man Wasserpermeabilitäten von Matrixproben mit Pumpversuchen vergleicht, sind beide 

überraschend ähnlich und weisen somit auf die hohe Relevanz von Matrixpermeabilitäten für die 

Grundwasserspeicherung und den Grundwasserfluss im Wajid Sandstein hin. Pumpversuche ergaben eine 

leicht erhöhte hydraulische Konduktivität für den unteren Wajid Aquifer. Matrixpermeabilitäten für 

Wasser zeigen den gleichen Trend, die Unterschiede sind jedoch noch geringer. Wohingegen 

hydraulische Matrixpermeabilitäten und Pumpversuche im unteren Wajid Aquifer eng beieinander liegen 

sind Matrixpermeabilitäten nahezu um eine Größenordnung geringer im oberen Wajid Aquifer. Daraus 

folgt die allerhöchste Bedeutung der Matrixpermeabilität in den Wajid Aquiferen. Dies verleiht der 

Untersuchung von sedimentären Heterogenitäten im Aufschluss und im mikroskopischen Maßstab 

besondere Relevanz für die Vorhersage der Reservoirqualität in der Wajid Sandsteingruppe. 
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1. Introduct ion  

1.1. Context 
This PhD thesis was embedded in a regional groundwater study in the Paleozoic Wajid Sandstone of 

southwest Saudi Arabia carried out by Gesellschaft für Internationale Zusammenarbeit (GIZ, Eschborn, 

Germany) and Dornier Consult (DCo, Immenstaad, Germany) in cooperation with the Ministry of Water 

and Electricity (MoWE, Ryiadh, Kingdom auf Saudi Arabia) . These organsiations strongly supported 

this PhD financially and logistically. The Wajid Sandstone holds important fossil groundwater resources 

in southwest Saudi Arabia which became increasingly overused due to extensive irrigation for agricultural 

purpose. The groundwater study of Wajid included a carefully assessment of the different components of 

the water budget and hydraulic parameters in order to set up a regional model for groundwater flow. In 

addition to a compilation of existing data, own surveys of the Wajid aquifer were performed including 

e.g. new wells, pumping tests, and evaluation of hydraulic properties of aquifer rocks. The latter was 

highly a contribution of this PhD complemented by fundamental scientific questions about the 

sedimentology, stratigraphy, and genesis of the Wajid Sandstone.  

1.2. Aims 
The aims of this PhD thesis are  

¶ A modern and systematic description of the sedimentology of the Wajid Sandstone by 

applying the lithofacies concept 

¶ Set-up and revise standard sections of the specific formations by logging and re-logging 

¶ A new interpretation of depositional environments 

¶ A better understanding of the genesis of widespread glacigenic deposits and comparison 

with similar locations in North Africa  

¶ An evaluation of the architecture and sequence stratigraphy of the Wajid Sandstone in the 

outcrop belt 

¶ Achieving a better time control by performing palynological studies on fine-grained 

intercalations within the sandstones 

¶ Correlating outcrops with wells by carrying out spectral gamma-ray measurements  

¶ A new description of sedimentary petrology and diagenesis at thin sections and linking them 

with lithofacies 

¶ A quantification of porosities and permeabilities at rock samples to assess reservoir qualities 

¶ Assessing the relationships between lithofacies and petrology to reservoir qualities in order 

to improve predictions of reservoir properties 

¶ Performing water permeability tests at rock samples  

¶ Evaluating the relevance of the sandstone matrix for water storage and water flow by 

comparing matrix permeability with regional hydraulic permeability  

 

1.3. Concept  
The fundamental concept of this PhD thesis is based on the principle of out-crop-analogue studies, i.e. 

properties of reservoir rocks in the subsurface are investigated in outcrops at the surface. This concept is 

well applicable for the Wajid Sandstone because of a well exposed outcrop belt and extractions wells 

whose aquifer rocks are exposed only few kilometres from the well location.The outcrop-analogue studies 

included all basic parameters of reservoir characterization (see chapter 8). The major focus was on 1D 

standard sections where samples were preferentially taken for further analysis. In particular for 

heterogenous glacigenic deposits also 2D wall panels were composed and analysed. Field surveys lasted 

altogether around 4 months. The extensive sample collection was sent to Germany and all laboratory and 

microscopic work was done at the Institut für Angewandte Geowissenschaften of TU Darmstadt.  The 

multiple data were merged into one data base and analysed by multivariate statistics and principal 

component analysis. Several student`s reports, diploma and master theses contributed to specific aspects 

of this PhD thesis, e.g. measurements and analysis of gamma-ray, porosity, permeability, and thin 
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sections. Without this contribution the time-consuming work on the large amount of samples would have 

been not possible. Several parts of this thesis are published and/or submitted to international journals or 

conference proceedings.  

 

1.4. Study area 
The study area is located in the south-western part of the Kingdom of Saudi Arabia and comprises the 

entire outcrop belt of the Wajid Group (Figure 1). To the east, the almost horizontal strata are covered by 

the sands of the Rubô Al Khali, earthËs largest sand desert; to the north and northeast, the strata are 

overlain by younger Mesozoic deposits. To the west and south, the Wajid Group disappears as a 

consequence of uplift and erosion following the opening of the Red Sea and the uplift of the 

corresponding rift shoulders since the Miocene. Outliers on the basement near Abha and west of Najran 

(Dahran al Janub; Figure 1) testify to a much larger areal distribution of the Wajid sediments. The present 

outcrop area comprises approximately 44,000 km
2
, in which not a single complete stratigraphic section is 

present. Correlation of sections is mainly based on unconformities that subdivide the succession into 

distinct stratigraphic packages. 
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Figure 1: Geologic map of the main outcrop area of the Wajid Sandstone in southwestern Saudi Arabia. Outliers on 

the Arabian Shield are not shown. Insert map shows localities mentioned in text. Modified from Al Husseini (2004) 

and Keller et al. (2011). 
 



 

 

 [- 4 -]  

2. Geological background  

2.1. Evolution of the Arabian Plate  
With the demise of the Pan-African orogeny and the final assembly of Gondwana, an extensive passive 

margin connected the Arabian-Nubian Shield with the Palaeo-Tethys (Figure 2). The passive margin 

sediments are found in northern Africa, Turkey, and the Iranian terranes The Palaeozoic sediments of 

Arabia, in contrast, were deposited on continental crust of the shield, and hence in an intracratonic setting, 

today called the ñArabian Platformò. The hinge zone between the sedimentary basins on the continental 

crust and on the passive margin, and hence between slow and high subsidence, has yet to be documented. 

The Arabian Platform in its present configuration shows a shelf-margin prism extending from the 

basement of the Arabian Shield in the west to the frontal thrust of the Zagros Mountains in the east 

(Figure 1). During Cambrian time, this segment of the Gondwana margin was in a south-north position, 

approximately between 40°S and 20°S (Sharland et al. 2001). At that time, a vast siliciclastic 

epicontinental platform bordered the exposed basement of the Gondwana interior, a configuration that 

probably extended into the Ordovician. In southern Saudi Arabia, this constellation is reflected in the 

sediments of the Dibsiyah Formation. 

 

By the Late Ordovician (Hirnantian), Gondwana had moved into a polar position and Arabia occupied 

latitudes between approximately 60°S and 40°S (Sharland et al. 2001), well within the reach of the 

Gondwana ice cap (Vaslet 1990; Le Heron & Dowdeswell 2009; Le Heron et al. 2010; Keller et al. 2011). 

Vestiges of this glaciation and the subsequent Early Silurian deglacial transgression are visible in the 

Sanamah Formation and the Qalibah Formation. Tectonically quiet conditions continued during the 

remainder of the Silurian and most of the Devonian until the Frasnian (Sharland et al. 2001). 

Sedimentation on the Arabian Platform, which was in a moderate latitudinal position, continued under 

epicontinental conditions, which in the study area resulted in the deposition of the Khusayyayn 

Formation. 

 

During the Late Devonian and the Mississippian, the onset of subduction outboard of the Iranian terranes 

started to affect sedimentation on the former passive margin. Compression and extension through back-

arc rifting induced a tensional regime that led to localized uplift and erosion. 

Concomitantly, Gondwana again moved into a high latitudinal position and during the Pennsylvanian and 

Permian and the major Permo-Carboniferous glaciation spread out over much of the continent. The 

sedimentary products of this glaciation are well known from Arabia and adjacent areas (Helal 1964, 1966; 

Al Sharhan et al. 1991; Al Sharhan et al 1993; McClure 1984; McClure et al. 1988; Melvin & Sprague 

2006; Melvin et al. 2010; Kumpulainen 2009). The co-occurrence of tectonically induced erosion and of 

glacially induced erosion hampers the interpretation of the causes of depositional processes. This is 

especially true for the Wajid Sandstone, where pre-tectonic sediments (Khusayyayn Formation) are 

unconformably overlain by late glacial deposits (Juwayl Formation). 
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Figure 2: Palaeogeographic configuration and terranes of northwestern Gondwana during the Cambrian centered on 

Arabia. Arabia basically consists of the basement of the Arabian Shield and the sedimentary basin of the Arabian 

Platform, which during the Cambrian had the shown polarity. Also shown is the distribution of Palaeozoic 

sediments in Saudi Arabia and the study area with the Wajid Sandstone. Modified from Sharland et al. (2001). 
 

 

2.2. Tectonic framework  
The Arabian Shield (Figure 1) is represented by crystalline basement composed of Precambrian 

continental crust (about 870 Ma-550 Ma). The basement consists of accreted island-arc and micro-

continental terranes (Stoeser & Camp 1985; Brown et al. 1989), overlain by post-cratonic sediments and 

volcanic rocks. The final Precambrian Amar collision (about 640-620 Ma; Brown et al. 1989) welded 

together the Arabian Plate along the north-trending Amar suture. North-south directed structures are a 

common phenomenon in the basement rocks of the Arabian Shield (Stoeser & Camp 1985). In the latest 

stages of the formation of the Arabian Plate basement, a major left-lateral wrench-fault system developed, 

the Najd Rift System (Al -Husseini 2000). Its present-day orientation is north-west - south-east as 

indicated by major faults and elongation of several accompanying sedimentary basins. Among these 

basins are the Najd Rift Basin and the Rub' Al Khali half-graben. These grabens were filled with 

Neoproterozoic siliciclastic rocks, carbonates, and evaporites (Johnson et al. 1994; Sharland et al. 2001; 

Pollastro 2003; Figure 1, Figure 3).  

 

Today, the main structural elements in the sedimentary succession of the Arabian Platform are north-

south trending structural highs such as the Ghawar Anticline and the Qatar Arch; north-west - south-east 

trending grabens such as the Azraq and Ma'rib grabens; and north-east - south-west trending structures 

such as the Syrian Platform and the Mosul and Ha'il-Kleissa trends. These structures are considered as 

representing the stress field of post-collisional extension with the main system being the Najd Fault 

System, and a perpendicular suite with the Wadi Al Batin fault and similar structures (Al -Husseini 2000). 

These were superimposed onto the earlier north-south trending suture zones and together provide the 

framework for the formation of the uplift structures. It is commonly assumed (Konert et al. 2001; 

Pollastro 2003; Sharland et al. 2001) that these structures and trends are inherited from the basement 
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through reactivation of older features during Phanerozoic tectonism. An additional effect of the late 

orogenic extension was the formation of major salt basins in Iran and Oman that additionally may have 

triggered tectonic deformation on the Arabian Platform during the Phanerozoic. 

 

Positive features on the Arabian Platform include the Ghawar Anticline or Uplift, the Qatar Arch, the 

Khurais-Burgan Uplift, and the Maqalah Anticline. Almost all of these structures combine the effects of 

folding and reverse faulting. All of them are interpreted to have originated during the extensional collapse 

following Precambrian terrane accretion in the Arabian Shield (Al -Husseini 2000). Their activation, 

however, occurred during different episodes of the Phanerozoic. 

The basement-related trends and arches subdivide the Arabian Platform in several sedimentary sub-

basins, among which are the Azraq-Sirhan Basin, the Tabuk Basin, the Widyan Basin, and the Rub' Al 

Khali Basin. During the Jurassic and Cretaceous, the Qatar Arch and the Rimthan Arch subdivided the 

eastern Arabian Platform into the South Arabian sub-basin, the North Arabian sub-basin and the Gotnia 

Basin. The South Arabian sub-basin is essentially a prolongation of the larger Rub' Al Khali Basin. 
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3. Former research and state of the art  

3.1. Sedimentology and stratigraphy  
The entire Wajid succession was studied in detail by Powers et al. (1966). The basal strata of the Wajid 

Sandstone rest nonconformably on the Precambrian basement rocks of the Arabian Shield. The Wajid 

Sandstone is exposed from Wadi Ad Dawasir to Najran over a distance of 300 km and more. The 

maximum outcrop width of Wajid Sandstone is approximately 100 km (Powers et al. 1966). It is exposed 

in a vast area that covers almost 22000 km
2
. To the east of the outcrop area, the strata disappear beneath 

the basal layers of the late-upper Permian and the Jurassic formations. The western margin of the Wajid 

outcrop has a convex shape against the Precambrian basement rocks. The nonconformity is exposed along 

the southwestern margin and can be traced into Yemen in a series of small isolated hills composed of 

basement rocks. The upper part of the Wajid Sandstone crops out at the foot of Bani Khatmah 

Escarpment beneath Jurassic strata. 

 

 The Wajid Sandstone was subdivided into four members according to their facies by Kellogg et al. 1986. 

These members are, in ascending order, the Dibsiyah Member, Sanamah Member, Khusayyayn Member, 

and the Juwayl Member. The age of these deposits was interpreted to be Cambrian and Ordovician. These 

members were upgraded to Formations by Stump & Van der Eem (1995), and the Wajid Formation was 

given Group rank. In addition, Evans et al. (1991) identified the Qusaiba Shale Member of the subsurface 

Qalibah Formation in the southern part of the outcrop belt, thus completing the correlation of the outcrop 

belt to the subsurface. Recent investigations have shown that the Wajid Group spans the entire framework 

of the Paleozoic, from the Cambrian to the Middle (?) Permian (Evans et al., 1991; Stump & Van Deer 

Eem 1996; Al -Laboun 2000, Keller et al. 2011). 

 

In the following, a short summary of some of the most important papers and theses about previous 

research in the Wajid Sandstone is given.  Figure 4 summarizes the different subdivisions of former 

authors. 

 

ITALCONSULT  (1969) 

In this study, the consultant gave a detailed description of the so-called ñAreas II and IIIò in southern 

Saudi Arabia. A new definition of the strata in the studied area was presented. ITALCONSULT 

subdivided the sequence between the Khuff Formation above and the basement below into two units. The 

lower part of Late Cambrian to Middle or Late Ordovician age was attributed to the Wajid Formation. A 

basal conglomerate generally less than one meter thick is frequently observed in outcrop at the contact 

between the Basement Complex and the Wajid Formation. In Wadi Ad Dawasir, the thickness of the 

Wajid Formation is 400 - 430 meter. But it is only 159 m thick between the Basement Complex and the 

black Silurian Shales in the subsurface near Sulayyil.  ITALCONSULT correlated the Wajid Formation to 

the Saq Formation and to the lowermost Tabuk Formation in the northern part of the Kingdom. The upper 

part with a range from the Late Ordovician to the Early Permian was attributed to the Faw Formation. The 

Faw Formation was defined by ITALCONSULT (1969) based on the results of well DA-T11, located in 

Wadi Faw. There, the Wajid Formation is conformably overlain by the Faw Formation, which consists of 

three members. According to their subdivision, these members are the lower, the middle, and the upper 

Member. The lower member of this formation consists mainly of shale; the middle member is sandstone, 

whereas the upper part is shale. The Faw Formation crops out in a very limited part in the 

ITALCONSULT study area, but extends widely in the subsurface, especially in the southern part of the 

area. The maximum thickness of this formation is given with 340 m. 

 

Dabbagh &  Rogers (1983) 

These authors studied the Wajid Sandstones mainly in its southern outcrop area around Najran - Bani 

Khatmah - outliers on the Arabian Shield. They did not give a new definition or subdivision to the Wajid 

Formation but discussed sedimentologic aspects of the unit. The main result of their study is a southern 

provenance of the sediments and the recognition that strata in the south (Khusayyayn Formation) are 

more strongly fluvially influenced than farther north. 
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Kellogg et al. (1986) 

In 1986, Kellogg et al. studied the Wajid Formation during mapping of the Wadi Tathlith Quadrangle. 

One third of Wadi Tathlith Quadrangle is covered by the Phanerozoic sedimentary rocks, and a big deal is 

part of the Wajid succession, which was attributed to the Cambrian and Ordovician. They laid the actual 

base for the subsequent studies with their definite attribution of the Wajid Sandstone to the Cambrian and 

Ordovician and its internal stratigraphic subdivision. The time gap from the Silurian to the Middle or Late 

Permian between the Wajid Sandstone and the overlying Khuff Formation was considered as a time of 

erosion. 

Kellogg et al subdivided the Wajid into four members: 

1- Dibsiyah Formation 

2- Sanamah Member 

3- Khusayyayn Member 

4- Juwayl Member. 

Each member is separated by distinct discontinuities and a basal thin conglomeratic layer from the 

underlying and overlying rocks. All sediments were attributed to shallow marine to fluvial depositional 

environments. This study did not describe any glacial deposits in this formation. The thickness of the 

Wajid Sandstone was given with 550 m. 

 

Mc Clure et al. (1988) 

The authors studied the uppermost part of the Wajid Formation at three locations, Bani Khatmah, Al Arid, 

and a drill hole site about 200 km to the southeast of Khashm Khatmah on the southern edge of the Rubô 

al Khali.  These locations are at the foot of the Tuwayq Mountain Escarpment. The study concentrated on 

the glacial deposits at the top of the formation. They determined a Carboniferous-Early Permian (Late 

Westphalian-Sakmarian) age for the deposits.  They did not name the sediments; however, they were able 

to correlate them to the stratigraphic column of a drill hole in the third location mentioned above. They 

did not measure the thickness of the studied parts or compare it to other sections which have the same 

age. 

 

Evans et al. (1991) 

This study described the Wajid Formation and subdivided it according to the seismic character of the 

strata. The researchers gave four objectives for their work to study the Wajid Sandstone, which are: 

¶ To differentiate the Wajid Sandstone in outcrop and determine stratigraphic equivalent rocks in 

other parts of the Arabian Peninsula. 

¶ To interpret depositional environments of these Paleozoic rocks. 

¶ To sample surface exposures of fine-grained sediments for source rock analysis. 

¶ To sample the outcrop for petrographic analysis to characterize the reservoir potential of the 

mapped units. 

They assigned an age of Cambrian for the base to the Middle Permian for the top of Wajid Formation. 

The study considers the Wajid Sandstone to be equivalent to the Saq and Qasim, Zarqa and Sarah 

Formations, the Qalibah Formation, and the Unayzah Formation. They recommended eliminating the 

term ñWajid Sandstoneò in favor of the Saq and Qasim Formations, Zarga and Sarah Formations, Qalibah 

Formation and Unayzah Formation to the outcrop in the studied area. This concept has heavily been 

critized by Keller et al. (2011) and Al Ajmi et al. (in revision). Evans et al. (1991) gave a total thickness 

for the Wajid Sandstone at the surface of 480 m in comparison with a thickness of 140 m of the Saq ï

Qasim formations in the northern outcrop area and an additional similar value for the Zarqa-Sarah 

interval. 
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Figure 3: Lithostratigraphic subdivision of the Wajid Group (ñWajid Sandstoneò) in SW Saudi Arabia, revised after 

Evans et al. (1991).  
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Halawani (1994) 

In 1994, Halawani published a short study discussing the glacial sediments in the Late Ordovician. The 

study concentrated on a part of the Wajid outcrop area and the Ordovician glacial deposits preserved in 

this area. The Late Ordovician glacials in the Wajid area are represented within the Sarah Formation, 

considering the Sarah Formation as part of the Wajid Group. Lithologically, he divided the Sarah 

Formation into five members: From bottom to top, these members or units are: 

E) Silt, clay and, sandstone unit 

D) Upper boulder clay ï claystone unit 

C) Sandstone unit 

B) Lower boulder clay ï claystone unit 

A) Tillite unit. 

The author did not include the other parts of the Wajid in his study and he did not give a total thickness of 

the studied part. 

 

 

Stump & Van Der Eem (1995a, 1995b) 

In a series of related publications, these authors studied an area of 22000 square kilometers 

which is the area of the outcrop of the Wajid Formation. They elevated the Wajid to a group and 

attributed its subunits to formations. They used the names of the Wajid suggested by Kellogg et 

al. (1986) previously, and added a new formation to the group, which is the Qalibah Formation. 

They correlate the Middle Cambrian through Early Ordovician Dibsiyah Formation with the Saq 

Sandstone, and the other units of the Wajid Sandstone to the units of Central Saudi Arabia 

following Evans et al. (1991).  They describe the contacts between these formations as 

unconformable. 

The authors elevate the Wajid sandstone to a group and the members to formations for three reasons: 
1- Each of the former members is separated from another by hiatuses of varying magnitude. 

2- Each former member is separated from the other by a period of regional structural deformation 

and erosion. 

3- The depositional history of each former member reflects a unique series of events. 

The most important features of these publications are the inference of a basic tectonic origin of these 

sedimentary sequences and the attribution of the units to shallow marine and fluvial environments. 

 

 

Al -Laboun (2000) 

This study is an unpublished report for the studied area. In this study, Al Laboun (2000) kept the former 

grade of a formation and subdivided the Wajid Formation into six members, according to the lithology 

and facies changes along the outcrop area. From bottom to top, these members are as follows: 

1- Lower Dibsiyah; the age of this member ranges from the Middle Cambrian to the Early 

Ordovician. He considers this member as an equivalent to the Saq Formation in northern area of 

the Kingdom. 

2- The Upper Dibsiyah Member. This member ranges from the Late Early Ordovician to Early Late 

Ordovician. 

3- The Sanamah Member starts in the early Late Ordovician and reaches to the Late Ordovician. 

This member is equivalent to the Sarah Formation in the north. 

4- The Madarah Member ranges from the Early Silurian to the Early Late Silurian, and it is 

equivalent to the Huban, Qusaibah and Sharawra. 

5- The Khusayyayn Member is the fifth member of the Laboun study and he considers it to be Late 

Silurian to Early Carboniferous in age, and equivalent to Jauf, Jubah, and Unayzah Formations. 

6- This is the uppermost member in the Al Labouǹs subdivision of the Wajid Formation and it is 

unnamed. The age of this member is Pennsylvanian to the Late Early Permian. He considers this 

member to be equivalent to the Ash Sheqah Formation in his geological table of the Kingdom. 

Al Laboun (2000) did not give any thicknesses for the Wajid Sandstone. 
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Al -Husseini (2004) 

This author followed Kellogg et al. (1986) by grading the Wajid Sandstone as Formation subdivided into 

four members: The Dibsiyah, Sanamah, Khusayyayn and Juwayl Member. According to Al Hussaini 

(2004), the Dibsiyah ranges from the Late Cambrian to the Late Ordovician and it is equivalent to the 

Saq/Qasim Formations in the north. The Sanamah ranges from the Late Ordovician to the Late Silurian. 

This member is equivalent to Qalibah/Sarah/Zarqa Formations in the north.  The Khusayyayn begins 

during the Early Devonian and extends into the Mississippian. This member is equivalent to 

Tawil/Jawf/Jubah/Berwath Formations in the north.  The last member is the Juwayl Member, and this 

member comprises the Middle-Late Carboniferous to the Middle Permian. It is equivalent to the Unayzah 

Formation in Central Saudi Arabia.  This member is separated from Khusayyayn with an unconformity 

surface created by the mid-Carboniferous tectonic event. 

 

 

Wanas &  Abdel-Maguid (2006) 

This is one of the latest studies on Wajid Sandstone. This study concentrated on the petrography and 

geochemistry of the Wajid Sandstone. They described two sections of the Wajid Sandstone in their study 

area also from a sedimentary point of view. In particular, they described the orientation of cross bedding 

and composition of cycles and assume a north to northeast trending river system. In this study they 

consider the Wajid to be Cambrian ï Ordovician age. The absence of recognizable fossils means that it is 

not possible to determine the age of the Wajid Sandstone. The study did not give a total thickness of the 

studied sections or place it in the stratigraphical position of the area. They discuss the environment of 

deposition and the source rock, and suggest correlating the Wajid Sandstone with similar deposits 

elsewhere in Arabia and North Africa.  

 

Hussain et al. (2000), Hussain et al. (2004), Hussain (2007) 
These researchers mainly studied the provenance of the Wajid Sandstone and tried to correlate the results 

to the outcrops of the Saq Formation and related strata in the northern outcrop belt of the Kingdom. As 

they write ñéThe study is a geochemical approach involving elemental chemistry of selected trace and 

rare earth elements (REE) to determine the exact relationships between the Saq and Wajid Formation. 

The study also includes investigation of a third unit, the Kahfah member of the Ordovician Qasim 

Formation, to provide more validity to the geochemical database of these two lower Paleozoic formations 

and better understanding of their stratigraphic relationships, provenance and tectonic settings. Although 

the original proposal included heavy minerals as a possible tool for correlation, because of the limitations 

of the heavy mineral data, the interpretations and conclusions of this report are largely based on the 

elemental chemistry data of a total of 100 sandstone samples (40 from the Wajid, 35 from the Saq, and 25 

from the Kahfah, respectively) collected from the outcrop sections of these rock-stratigraphic units.ò 

This study was done in the Abha, Khamis Mushayt, and Wadi Ad Dawasir areas with outcrops in Al 

Suda, Al Habalah, Ahd Rufaidah, and Wadi Ad Dawaser. In the north, the vicinity of Tabuk was studied. 

On the outliers on the basement, they subdivided the Wajid Sandstone into two main parts according to 

iron-rich horizons (ironstone) in different parts of the formation: 

1- Red Unit; this unit is the lower part of the formation in this area. 

2- Grey unit; the upper part of the formation in the study area. 

This study did not give any age to the formation or a detailed description to the sediments of each unit 

and the environments of the basin in each area. In the other hand he described the basement rocks and 

their groups as potential source rocks for the sediments. The researcher measured the thickness of the 

formation in three locations of the study area: 

1- 55 meters at Al Suda. 

2- 110 meters at Ahad Rufaidah 

3- 300 meters in the Al Habalah National Park. 
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Knox et al. (2007) 

Knox et al. (2007) studied the entire succession of the Wajid Sandstone with respect to its provenance. 

The study shows that ñétwo distinct mineral compositions occur within the Dibsiyah sandstones, 

indicating that a major change in provenance took place during deposition of the Upper Dibsiyah sands. 

The boundary between the Dibsiyah and Sanamah formations is sharply defined, although the overall 

composition of the Sanamah sandstones is in many respects similar to that of the Dibsiyah sandstones. 

There is a relatively small difference in composition between the Sanamah sandstones and the associated 

diamictites. A major change in provenance is indicated at the base of the Khusayyayn Formation, with an 

increase in the proportion of monazite and staurolite. This change in composition persists into the Juwayl 

Formation although the greater variability displayed by the Juwayl heavy-mineral assemblages indicates 

contribution from several sources. Heavy-mineral assemblages in the Juwayl sandstones are comparable 

to those of the Unayzah C and B sandstones of central Saudi Arabia, but differences suggest mixing 

between a southern (Juwayl) and western (Shield) source for the Unayzah sandstones.ò 

 

 

Diploma theses, University of Tübingen 

Filomena (2007) and Dirner (2007) studied the Wajid Sandstone for the first time by applying Miall`s 

concept of lithofacies and architectural elements and analysed cycle hierarchies. Filomena (2007) studied 

the Lower Wajid Succession. He described braided-fluvial to braided delta deposits for the lower 

Dibsiyah succession and shallow-marine environments for the upper Dibsiyah succession (both 

interpreted as Cambrian and Ordovician). He documented in detail the facies inventory of the glaciation-

related deposits of the Upper Ordovician Sanamah Formation. Dirner (2007) studied the Upper Wajid 

Succession sedimentologically. He described alluvial-fan, braided-fluvial, and shallow-marine deposits 

for the Khusayyayn succession and glacio-fluvial to glacio-marine sediments with some aeolian 

intercalations for the Juwyl Formation He documented in detail the facies inventory of the Late Paleozoic 

Gondwana, glaciation-related deposits of the Juwayl Formation. These theses were part of the mentioned 

hydrogeological of GIZ/DCo and data were available for this PhD thesis.   
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Figure 4: Evolution of the stratigraphic framework of the Wajid Group through time and proposed in this thesis. 

Note the definitive assignment of the Sanamah Formation to the Hirnantian and the short depositional ages assigned 

to the formations. For explanation see chapter 5.  
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3.2. Reservoir quality  
The Wajid Sandstone Group acts as important hydrocarbon and water reservoir in the Kingdom of Saudi 

Arabia but also in adjacent countries. The lower part contains important structural gas traps, whereas the 

upper part also bears some productive stratigraphic oil traps (Evans et al. 1997; Konert et al. 2001). 

Hydrocarbons are mainly sourced from the Qalibah Formation, which subdivides the Wajid Sandstone 

group into two reservoirs and shows increasing thickness and carbon content towards the east in the 

subsurface (Konert et al. 2001).   

 

Little research has been done so far concerning petrophysical properties of the Wajid Sandstone Group. 

Evans et al. (1991) investigated outcrops and wells and report average porosities of 20% for the Dibsiyah, 

21-25% for the Sanamah, 23% for the Khusayyayn, and locally 30% for the Juwayl Formations. They 

also measured some permeabilities and found values up to 4217 mD (Dibsiyah Formation). They 

classified the Wajid Sandstone Group as an excellent to good reservoir rock. In the subsurface of the 

United Arab Emirates up to 6 km deep, Alsharhan (1994) found somewhat lower mean porosities and 

permeabilities and intense overprint by diagenesis for the Unayzah Formation and qualified the rocks as 

moderate to good reservoirs. 

 

These classifications are based on few petrophysical data. So far, a systematic survey only exists for the 

lowermost unit of the succession, i.e. the Dibsiyah Formation (Abdulkadir et al. 2010), which only covers 

a small portion of lithofacies types and sedimentary facies associations present in the entire succession 

(see chapter 5). These authors analysed a total of 153 samples with regard to porosity and permeability, 

using a mini permeameter. They found a limited range of porosity, but a wide range of permeability. 

Based on some thin sections, they interpreted the high variability of permeability by sedimentary 

structures, dissolution of unstable minerals together with inhomogeneous grain packing and poor 

connectivity.  

 

Zeeb et al. (2010) studied the discrete fracture network of the Upper Wajid Sandstone Group to analyse 

the hydraulic relevance of fracture versus matrix permeabilities for groundwater flow. They used remote 

sensing data and outcrop studies at a scale of 100 x 100 m. Combining with actual pumping tests and 

matrix hydraulic conductivity data, they estimated in-situ hydraulic fracture apertures for the upper Wajid 

Sandstone aquifer to be about ~1,500 ɛm, which is in concordance with field observations. From fracture 

flow modelling of the discrete fracture networks they found a conductivity ratio k (fracture)/k (matrix) of 

10.4. Although fractures dominate in hydraulic behaviour, stored water volumes must be higher in the 

matrix, thus making porosity and permeability data important in estimating groundwater quantities. 
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3.3. Hydrogeology  
As mentioned in the introductory part, this PhD tehsis was embedded in a hydrogeological study of 

GIZ/DCo. Therefore, the following background information on the hydrogeology of the Arabian Platform 

and the Wajid Group is directly taken from a GIZ/DCo report for the MoWE (GIZ/DCo 2009). 

The aquifers on the Arabian Platform can be divided into two mega-aquifer systems. The Lower Mega-

Aquifer System comprises of a sedimentary succession of mainly sandstones with interbedded shales and 

siltstones, spanning from the Cambrian to the Early Jurassic and includes the Wajid Group. Other 

important aquifers in the system are the Khuff-Kumdah and Dhruma-Minjur aquifers. Separating them 

are predominantly shaley aquitards like the Lower Khuff and Jilh-Sudair aquitards. The Upper Mega-

Aquifer System, stretching from the Cretaceous to the Tertiary, comprises of the Wasia-Biyadh, Umm Er 

Radhuma, Dammam and Neogene aquifers. It is made up of mainly sandstones in the lower part and 

carbonates and evaporates in the upper part. The aquifers are separated by the lower Aruma shale and the 

Rus aquitards. Since the hydraulic separation is imperfect, cross-formation flow between the different 

aquifers occurs. Hydraulically separating the Lower and Upper Mega-Aquifer Systems is a succession of 

Lower to Middle Jurassic aquitards and aquicludes, consisting of carbonates, shales and 

anhydrite.Groundwater from both aquifer systems is considered fossil, since the main recharge happened 

mostly during the last pluvial period, with more humid climate conditions. This period ended about 5,000 

years ago. 

 

The Wajid aquifer itself is again subdivided into a lower and upper aquifer, being hydraulically separated 

by the shaley Qusaiba Member of the Qalibah Formation. The Lower Wajid can be defined as a confined, 

fractured bedrock aquifer, with its primary porosity and permeability reduced by cementation. Outcrops 

are exposed in a 90 km wide strip for ~300 km south of Wadi Ad Dawasir to Najran. The bottom of the 

succession is formed by the crystalline basement, the top by the basal shales of the Qusaiba Member of 

the Qalibah Formation; its thickness increases from <200 m in the western part of the Wadi Ad Dawasir 

to >2,000 m in the central Rubô Al Khali basin. The groundwater salinity ranges between 338 mg/l and 

5,470 mg/l, with an average of 1,010 mg/l, thus being classified as fresh to moderately saline. The Upper 

Wajid aquifer has similar properties like the Lower Wajid, also being a confined, fractured bedrock 

aquifer, and the same outcrop area. Its thickness ranges from <100 m west of Wadi Ad Dawasir to >1,500 

m in the central Rubô Al Khali basin. The bottom and top boundaries are the Quasiba Member of the 

Qalibah Formation and the basal shales of the Khuff Formation, respectively. The groundwater is fresh to 

moderately saline with values between 83 mg/l and 7,490 mg/l, with an average of 1,200 mg/l. 
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4. Methods and material  

4.1. Field work  

4.1.1.  Sedimentological logging 

This study is based on several field surveys in the outcrop belt of the Wajid Sandstone. The focus was on 

the type localities used to define the lithostratigraphy of the Wajid Group (Kellogg et al., 1986). The 

observations there were complemented with field investigations across the entire outcrop belt between 

Wadi Ad Dawasir in the north and Najran in the south (Figure 1).  In addition, a short survey was carried 

out in the outcrops west of Najran and the outliers on the Arabian Shield. Sedimentary facies were 

analysed at various hierarchies, including cm-to dm-scale logging of sections, 2D and 3D analysis of 

architectural elements, and facies associations, as well as large-scale photo panels. Along several sections, 

spectral gamma-ray spectra have been measured in order to compare the outcrops with their subsurface 

counterparts (Schönrok, 2011). 

 

The significance of the Wajid Group for water resources management and hydrocarbon exploration 

results from the dominance of sandstones and conglomeratic sandstones, mostly only moderately 

cemented and hence rather porous and with good permeability. Correspondingly, only a minor amount of 

fine-grained siliciclastic sediments is present in the sedimentary succession. Within this succession, 

thirteen lithofacies have been identified. The lithofacies description used in this study (LF types) follows 

the concept of Miall (1978) using grain size, textural maturity, sedimentary structures, bedform 

dimensions, and bioturbation. However, this thesis does not follow his nomenclature as this was 

developed and is used dominantly in fluvial systems. In the classification of the subaqueous bedforms, 

especially the large-scale bedforms of the Dibsiyah Formation and the Khusayyayn Formation, this thesis 

follows the proposals of Ashley (1990). In the description of bedform dimensions, a subdivision into 

micro-scale (5 cm ï 40 cm), meso-scale (40 cm ï 75 cm), macro-scale (75 cm ï 200 cm), and giant (> 

200 cm) was applied in the field. Within individual beds, the shape and thickness of the foresets varies 

considerably as a function of grain size modality and current velocity (Reineck & Singh 1970). The 

geometries are shown in Figure 5 and are used in the description of the internal structure of the 

bedforms. 

 

A characterization of lithofacies based on sediment petrography alone seems to be too perfunctory. Thus, 

petrography plus bedforms and their dimensions as first order descriptors were used. In the Dibsiyah 

Formation, and to a much lesser extent in the other units, textural changes of the primary sedimentary 

fabrics through bioturbation are of prime importance. Hence, all lithofacies which have been affected by 

bioturbation, have been designated a separate lithofacies sub-unit with the bioturbation index (Taylor & 

Goldring 1993) as a second order descriptor. The interpretation of sedimentary successions (ñcyclesò) is 

based on trends of these parameters (e.g., fining vs. coarsening upward), and interpreted in terms of base 

level change (accommodation vs. sediment supply). Small-scale sedimentary successions are a synthesis 

of grain size development (fining or coarsening upward), set height (accommodation, sediment supply), 

and the ichnofabrics. Small-scale successions are stacked to form large-scale succession, which in turn 

reflect long term changes in environmental conditions, and which are used to subdivide the sedimentary 

succession of the Wajid Sandstone into genetic units (lithofacies associations, LF-A). From all lithofacies, 

samples for thin sections, geochemistry, porosity, and permeability have been taken. For a better 

biostratigrahic control on the sediments, 20 samples for palynological investigations.  
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Figure 5: Descriptive nomenclature of bedforms (ripples and subaqueous dunes) and their internal structures as 

applied in this study. 
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4.1.2.  Gamma-ray logging 

Schönrok (2011) logged a total of seven outcrops with a handheld gamma-ray detector (see Table 1). The 

outcrops have previously been described for this thesis and cover the Lower and Upper Wajid. The RS-

230 BGO Super-Spec Portable Radiation Detector by Radiation Solutions Inc. was used to obtain spectral 

gamma-ray data. Measuring specifications were: 

-0.3 m measuring point interval 

-30 sec measuring time per point 

-measured radionuclides: 

   K in [%] 

   U in [ppm] 

   Th in [ppm] 

 
Table 1: Outcrops logged by Schönrok (2011). Section numbers refer to Figure 1. 

 
Section 

number 

Coordinates Designation Elevation 

[m a.s.l.] 

Measured 

profile [m] 

Stratigraphic 

position 

2 
N 20°09'17.8" 

E 44°09'33.7" 
Jabal Nafla 915 141.6 Dibsiyah Fm. 

5 
N 20°10'53.7" 

E 44°14'21.6" 

Jabal 

Mashbouka 
938 104.7 Sanamah Fm. 

6 
N 20°14'50.3" 

E 44°17'04.4" 
Jabal Atheer 883 152.65 Sanamah Fm. 

13 
N 20°04'56.1" 

E 44°39'46.8" 

Jabal 

Khusayyayn 
797 53.4 

Khussayyan 

Fm. 

12 
N 20°07'09.8" 

E 4°30'54.4" 

Jabal Fard Al-

Ban 
844 30.6 

Khussayyan 

Fm. 

17 
N 19°55'01.9" 

E 44°38'57.1" 
Jabal Blehan 855 35.1 Juwayl Fm. 

9 
N 20°08'46.9" 

E 44°28'40.4" 
Jabal Juwayl 847 36.9 Juwayl Fm. 

 

 

 

4.2. Laboratory work  

4.2.1.  Thin sections 

A total of 43 samples from the logged sections of Dibsiyah, Sanamah, Khusayyayn and Juwayl 

Formations have been studied by Heberer (2012) with a petrographic microscope to identify the mineral 

composition. For the preparation of thin sections only pieces without weathering alterations have been 

isolated from each sample. Because of their crumbly consistence, some samples had to be stabilized with 

resin. Assessment of the mineral suite was done by estimation. Grain size, roundness and sorting have 

also been determined. Grain contact types comprise punctual, concave-convex and structured contacts. 

The sandstones have been classified using a QFL ternary plot after McBride (1963), which can also be 

adapted for provenance analysis. Other than thin section microscopy, Heberer (2012) also used REM 

analysis on a total of 9 samples in order to investigate transport mechanisms as well as geochemical 

analysis (17 samples total) to gain more information about the provenance. The results of this diploma 

thesis are incorporated in the overall data base and used for statistical analysis of reservoir properties (see 

Chapter 8).  
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4.2.1.  Palynology 

For palynological studies and dating a total of 20 outcrop samples (see Annex) have been selected, mainly 

from the Juwayl, but also from the Khusayyayn, Sanamah and Dibsiyah Formations. All samples, each 

with 150 g, have been prepared using standard palynological techniques. For dissolution of carbonates 

and silicates, HCl (33%) and HF (43%) have been used, respectively (see Figure 6). Density separation 

has been done with ZnCl2 solution (D å 2.2 g/ml) and the residue has been sieved at 15 Õm mesh size. 

For analysis with a transmitted-light microscope (magnification 40x ï 100x), slides have been mounted in 

glycerol gelantin. 

 

 

 

 
Figure 6: Sample preparation for palynological studies at TU Darmstadt: soaking of samples in HF (43%) for 24 

hours. 
 

 

 

4.2.2.  Porosity and permeability 

The porosity measurement was carried out using the AccuPyc II 1330 gas and GeoPyc 1360 powder 

pycnometers which are used in conjunction (Figure 7). They combine pure and envelope volume 

measurements to determine porosity. They both work based on the Archimedes principle. The Accupyc II 

1330 Pycnometer determines pure density and volume by measuring the pressure changes of helium in a 

calibrated volume.  

The principle is based on the general gas law: 

 

Equation 1 

)V-(V2 P = )V-(V P p2p11  
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The device operates with two chambers of known volume V1 and measured pressure P1. In the sample 

chamber with helium gas pressure, the volume of the sample Vp is unknown. The sample relaxing in an 

expansion chamber provides a new pressure P2 in the two chambers, one associated with volume V2. The 

equation can now be solved to get the unknown value which is the true volume of a sample (the volume 

in g/cm
3
). In addition, the GeoPyc 1360 Pycnometer was used to measure the envelope volume and to 

calculate the envelope density of samples. Envelope density is the mass of an object divided by its 

volume. When the sample density obtained from Accupyc 1330 is inputted, then the instrument can report 

percentage porosity.                                                       

The final porosity results obtained for each of the samples was manually cross-checked using the formula: 

 

Equation 2 

100% * V)/ V - (V EPE  

 

Where: VE  is the envelope or total volume and VP is the pore volume  

 

 
Figure 7: AccupycII 1330 (left) and 1360 (right) Pycnometer at the Institute for Applied Geosciences, Darmstadt. 

 

The permeability of the samples was measured using two different methods: the minipermeameter and the 

column permeameter. These gave values of the apparent and intrinsic permeability respectively in 

Darcieôs. Permeability measurements were conducted on either cube-shaped samples or core plugs. In the 

case of the minipermeameter, nitrogen gas was injected into the rock samples via a probe which was 

pressed against the sample rock face (Figure 8a, b). The software makes use of gas permeability 

measurements at different pressures, which are plotted against the inverse of pressure difference. The 

intercept of the resulting straight line with the gas permeability axis is equal to the liquid permeability. In 

order to receive accurate mean horizontal and mean vertical permeability, in each direction 6 

measurements in x and y direction were carried out. 

 

 

 

 



 

 

 [- 21 -]  

 

 
Figure 8: a Principle of mini permeameter measurements of cube-shaped or cylindrical samples (after Greb, 2006). b 

Drilling core plugs for Poroperm measurements. 

 a 

 b 
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The column permeameter measures the value of intrinsic permeability of the cylindrical sample only in 

one direction. Because the plugs were drilled vertical to the dip of the sedimentary beds, this permeability 

value is comparable and should correlate with that of the vertical z-direction, obtained from the 

minipermeameter. The sample is placed in an air tight cell membrane and pressured air is forced to flow 

through the sample from the cell inlet with pressure p1, then going out through the cell outlet with 

pressure p2 (Figure 9). The pressure difference between the cell inlet and the outlet gives the intrinsic 

permeability value, which is independent of fluid property. The intrinsic permeability of a medium is 

largely a function of the size of pores and the degree of interconnectivity. 

 

 

 
Figure 9: Gas permeameter at the Institute of Applied Geosciences, Darmstadt and principle of measurement after 

Bär (2008). 

 

In order to translate gas permeabilities into water permeabilities, a specific system set-up was developed 

in the frame of a student`s project. The following description closely refers to the report of Ngole (2012). 

The water permeameter system consists of four water cylinders which are interconnected by valves and 

tubes (Figure 10 and Figure 11). These include water inflow cylinder (P1), outflow cylinder (P2), high 

differential pressure (Pdiff ïhigh) and low differential pressure cylinder (Pdiff ï low). P1 (inflow) is 

connected to the top of sample chamber through valve D, while on the other side on top of the sample 

chamber there is a tube going to Pdiff ïhigh through valve B.  P2 (outflow) is connected in the base of the 

sample chamber by a tube which is controlled by valve C.  Pdiff ï low is also connected at the base of 

sample chamber with the tube that crosses valve A. Furthermore, Pdiff (high) and Pdiff (low) are linked by 

valve E, Pdiff (high) and P2 by valve F and valve G connects P1 and P2 in order to create short cuts between 

all cylinders. A vacuum pump is connected by a tube on top of P1 cylinder through valve Y. Moreover 

there is a tube taking water to the P1 or emptying the cylinders via valve Z. 

 

An experiment starts by filling water in all four cylinders, whereby P1 and P2 were filled to their 

maximum level mark, while pressure difference cylinders were filled to their initial water level marks. In 

addition, the samples were evacuated from air by a suction pump and saturated with water before any 

measurement was done. This was done by opening valve D and Y and therefore having full access to the 

sample from the pump, which produces a vacuum of 30 mbar. During this stage all other valves were 

closed including valve 7 in the software. After sucking of the air, the samples were then saturated with 

water from P2 by simply opening valve C while pump is still on. After this, the system was pressurized by 

assigning 6000 mbar output pressure and 3000 mbar input pressure. This minimizes possible relicts of air. 
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The inflation of sealing was done by allowing air form pressure chamber to fill the sample chamber. This 

step prevents water to bypass the sample. Like in air permeability, before starting any measurement all 

sensors were zeroed and then a reasonable pressure gradient was applied to enable water to flow from P1 

to P2. This was done by opening valves A, B, C, and D while closing all other valves to avoid shortcuts. 

The input pressure, output pressure, differential pressure and discharge were recorded and finally used in 

calculating the intrinsic permeability. 

 

 
Figure 10: Set-up of water permeability equipment as developed for this project (from Ngole, 2012). 
 

 
Figure 11: Sample chamber with connecting pipes to the hydraulic cylinders (from Ngole, 2012). 



 

 

 [- 24 -]  

5. Sedimentology and strat igra phy 

5.1. Lithostratigraphy  
As pointed out in chapter 3.1 the concepts of the internal lithostratigraphic subdivision of the units within 

the Wajid Sandstone are still a matter of debate and exemplified by the papers of Kellogg et al. (1986), Al 

Sharhan et al. (1991), Evans et al. (1991), Stump and Van der Eem (1995, 1996), Al Laboun (2000) and 

Al Husseini (2004). Basically, this study follows Stump and Van der Eem (1995) in subdividing the 

Wajid Group into five formations: The Dibsiyah, Sanamah, Qalibah, Khusayyayn, and Juwayl formations 

( Figure 4). The results of this thesis, however, lead to a modification of correlations and time intervals 

(see discussion in chapter 5.6).  

 

5.1.1.  Dibsiyah Formation 

The Dibsiyah Formation is a succession of medium-grained to conglomeratic sandstones with few 

intercalations of finer siliciclastic horizons. Its characteristic feature is the presence of the Skolithos and 

Cruziana ichnofacies. Some of the major aspects and components of these ichnofacies are shown in 

Figure 12. 

Stratigraphic relationships 

The base of the Dibsiyah Formation is always covered by debris from the buttes and mesas in which the 

formation is exposed. At Jabal Maqarib, a few meters of coarse-grained, only slightly lithified sandstones 

and conglomerates are exposed immediately above the Precambrian basement; the contact, however, is 

nowhere clearly exposed. The sediments consist of quartz pebble conglomerates much coarser than those 

of the Dibsiyah sediments proper. In addition, data from several wells, drilled into the basement during 

the investigations of the Wajid aquifer (GTZ/DCo 2009), have nowhere encountered a good basal coarse 

conglomerate. Instead, the basal layers are represented by a thin weathering horizon with angular to 

rounded quartz pebbles and feldspar fragments similar to those encountered in the overlying lithofacies 

associations of the Dibsiyah Formation. Although the sediments at Jabal Maqarib seem to onlap the 

Precambrian basement, they might well be derived from the outcrops of the Dibsiyah Formation. The 

upper boundary of the Dibsiyah Formation in the study area is an erosional unconformity at the base of 

the overlying Sanamah Formation. As sediments of the latter were deposited in subglacial valleys (Keller 

et al. 2011), the depth of erosion varies strongly in dependence from the position within the valley. 

Locally, erosion cuts into the lower part of the Dibsiyah Formation. 

Thickness  

The preserved thickness of the Dibsiyah Formation is 160 m to 190 m. 
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Figure 12: Meter-scale facies changes between piperock and tabular sandstones without Skolithos, outer part of sand 

sheet complex b Monocraterion city in medium-grained sandstone. Note concentric layers on wall, what might 

indicate that these tubes are actually Rosselia c Strongly segmented tubes of unknown origin d Skolithos piperock. 

In the lower part, individual beds are preserved and individual Skolithos pipes do not cross bedding surfaces. In the 

upper part, Skolithos burrowing has obliterated bedding and burrows cross bedding surfaces e Cruziana sp f Various 

types of Skolithoturbation: basal layers show individual Skolithos burrows, cross bedding is still visible. Above is a 

succession, in which Skolithoturbation has obliterated most of the primary structures. Reactivation within this 

package is recognized through burrows that stop at former bedding planes and others that cross them. Upper part is 

separated by a bedding plane indicating a major break in sedimentation. 
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5.1.2.  Qalibah Formation 

In the subsurface, known from wells (GTZ/DCo 2009) and seismic lines (Evans et al. 1991), the Qalibah 

Formation consists of two members: the lower Qusaiba Member and the upper Sharawra Member. The 

Qusaiba Member is a succession of dominantly shale with minor siltstones and sandstones; the upper unit 

of dominantly siltstones and sandstones is called Sharawra Member. In the absence of biostratigraphic 

control and based on seismic investigations, the Qusaiba Member is interpreted to be equivalent to the 

Lower Silurian ñhot shalesò of northern Arabia and northern Africa (L¿ning et al. 2000). 

Stratigraphic relationships 

The Qalibah Formation is only exposed in a narrow strip in the south-central part of the study area 

(Figure 1). There, several meters of calcareous fine-grained siliciclastic sediments unconformably rest on 

Precambrian basement. These sediments are attributed to the Qusaiba Member. The upper contact to the 

Khusayyayn Formation is very sharp and unconformable. 

Thickness 

A maximum of 6 to 10 m is preserved in the outcrops of the Qusaiba Member.  

5.1.3.  Khusayyayn Formation 

Sediments of the Khusayyayn Formation really dominate the outcrops of the Wajid Group (Figure 1). 

The Khusayyayn Formation is a rather uniform succession of dominantly coarse sandstones deposited in 

medium to giant tabular foreset sets. 

Stratigraphic relationships 

The base of the Khusayyayn Formation is a regionally developed unconformity. Near Najran, the 

Khusayyayn Formation directly rests on Precambrian Basement. Near Hima (Figure 1), the basal 

unconformity can be traced from outcrops, in which the Khusayyayn sandstones successively cut out the 

Qusaiba Member, directly to outcrops where it rests on the basement. South of Wadi Ad Dawasir, the 

Khusayyayn rests on different horizons of the Sanamah Formation. Evans et al. (1991) report on an 

undetermined fish fragment apparently indicating a Devonian age. However, details on this finding have 

never been published and cannot be verified. 

Thickness 

The most continuous succession is that at the type locality Jabal Khusayyayn, where 55 m are exposed; 

however, neither the lower nor the upper boundary is exposed there. The combination and correlation of 

sections in the northern study area indicate thicknesses of around 150 m. Values of 200 m as reported by 

Kellogg et al. (1986) and Stump and Van der Eem (1995, 1996) could not be verified. 

5.1.4.  Juwayl Formation 

Outcrops of the Juwayl Formation are known from three different, not interconnected areas: In the 

northern part of the study area, two NW ï SE trending channels are present (Figure 1; Kellogg et al. 1986; 

Keller et al. 2011), in which Juwayl sediments are found. In addition, in the interchannel area, there are 

some outcrops of the Juwayl Formation. To the east, the Juwayl sediments disappear beneath the 

unconformity with Late Permian Khuff Formation, which trends approximately north-south (Kellogg et 

al. 1986). In the southeast, Juwayl sediments are exposed along the Tuwaiq Mountain escarpment (Figure 

1) at Bani Khatmah and Khashm Khatmah. The underlying sediments are not known. The succession is 

capped by the Jurassic unconformity, which brings the Tuwaiq Mountain Limestone on top of the Juwayl 

sediments. The outcrops west of Najran (Dahran Al Janub; Figure 1) show a succession of fluvial 

sediments on top of undoubted Khusayyayn strata.  These fluvial deposits with their sharp basal surface 

have been described by Dabbagh & Rogers (1983); however they refused to give a stratigraphic 

assignment to these rocks. Al Sharhan et al. (1991) compared these rocks with those of Bani Khatmah and 

concluded that they might represent the same stratigraphic interval. It is assumed, that the presence of 

siliciclastic sediment distinctly finer than that of the Khusayyayn Formation together with the overall 

fining-upward also observed in other Juwayl outcrop areas are indicators that these sediments have to be 

attributed to the Juwayl Formation. 
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Stratigraphic relationships 

The Juwayl  Formation rests unconformably on the Khusayyayn Formation. The unconformity has 

different expressions in the Wajid outcrop belt: In the north, the unconformity is the result of subglacial 

erosion (tunnel valleys), in the other areas, it seems to be a paraconformity. The only age constraint on the 

Juwayl deposits was given by McClure (1980) and Besems and Schuurmann (1987) through 

palynomorphs from Bani Khatmah, which indicate a Sakmarian (Early Permian) age of these deposits. 

Above a major unconformity, the overlying carbonates of the Khuff Formation mark the onset of a 

completely different tectono-sedimentary regime that lasted from the latest Permian well into the 

Mesozoic. 

Thickness 

The composite section for the northern area including the channel fills is approximately 125 m thick. A 

similar thickness was determined for the Bani Khatmah area with its lake facies was reported by McClure 

(1980), whereas Hadley & Schmidt (1975) report thicknesses between 50 m and 135 m from that area. 

 

5.2. Lithofacies  types 

LF 1: Shale 

Shales (LF 1) are very rare in the sedimentary succession of the Wajid Group. Individual packages of 

more than 20 cm thickness have only been found in the Qalibah Formation, where they are grey to beige, 

and in the Juwayl Formation (Figure 13a), where they are often entirely silicified. 

Shales are a typical product of stagnant water bodies (e.g., lakes) or slack water in the nearshore marine 

environment, where settling out of suspension is the dominant depositional process. 

 

LF 2: Shale and siltstone 

Intimate alternations of shale and siltstone represent LF 2. The sediments are variegated and locally form 

successions of several meters thickness. In the Juwayl Formation, shale and siltstones laminae form 

characteristic dark-light couplets with a thickness of a few mm (Figure 13b). Packages of these couplets 

locally accumulated to packages of several meters (Figure 13c). In several sections, these sediments are 

strongly silicified. The shales and siltstones were deposited in stagnant waters as evidenced by the 

absence of any kind of current induced structures. The rhythmic alternation of light silty and dark shaly 

laminae together with associated glacial deposits is characteristic of varve sediments, typical of glacial 

lake environments (Keller et al. 2011). Some of the individual layers may have originated from distal 

turbidity currents, which are not uncommon in lakes (Einsele 2000). 
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Figure 13: Fine-grained lithofacies of the Wajid Group. a Massive green shale (LF 1), Juwayl Formation, Section. b 

Shale-siltstone alternation (LF-2) strongly silicified, Juwayl Formation, Section. The rhythmic alternation of light 

and dark layers is typical of varve sediments. c Shale-siltstone alternations with conglomerate layers represent lake 

sediments with ice-rafted debris. d Siltstones with ripples (LF-3.2), Juwayl Formation Section e Variegated 

siltstones in the upper part of the Juwayl Formation f Wave ripples in fine sandstone (LF-5) g Thin-bedded 

sandstone with flaser bedding (LF-6), Juwayl Formation h White sandstone with horizontal bedding (LF-7.1), 

Juwayl Formation. 
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LF 3: Siltstone 

Massive siltstones (LF 3.1) have only been observed in the Sanamah Formation and the Juwayl 

Formation, where these brown and beige sediments attain several 10s of centimetre thickness. Siltstones 

of LF 3.2 and LF 3.3 are usually thin bedded, show horizontal lamination, and are of reddish to brown 

and beige colour (Figure 13d). In LF 3.3 of the Dibsiyah Formation most of the primary sedimentary 

structures have been obliterated by burrowing; the corresponding bioturbation index (Taylor & Goldring 

1993) is 4 to 5. The massive siltstones of LF 3.1 represent some kind of mass flow deposit as shown by 

the absence of current induced structures. The siltstones likely were deposited through distal turbidity 

currents that originated close to the mouth of a glacially-fed river. 

Sedimentary structures indicate that the siltstones of LF 3.2 and LF 3.3 were formed from bed load 

transport under lower flow regime conditions. Where these deposits are associated with 2D or 3D dunes, 

they likely are the product of the vast interdune areas where current velocities are distinctly lower than in 

the dune fields themselves (Ashley 1990). 

LF 4: Siltstone to fine sandstone 

Siltstones and sandstones form thin- to medium bedded horizons of intensively red or locally yellow 

colours. Internal stratification is almost absent; locally, low-angle cross bedding and ripple-drift cross 

bedding have been observed. The sediments were deposited in micro-scale or meso-scale bedforms. They 

show strong and large-scale soft-sediment deformation, including truncated folds, dome-like, and large-

scale ball-and-pillow structures (Figure 14). The sediments record low energy conditions with an 

alternation or a combination of bedload transport and fall out of suspension. Nevertheless, a large amount 

of sediment was provided, which was rapidly deposited and subsequently subject to dewatering. As these 

deposits are found in the Sanamah Formation and the Juwayl Formation, and as these deposits are part of 

a glacial succession, they are interpreted as ice distal products. Decreasing energy of the rivers draining 

the glaciers led to the deposition of coarse sediment close to the glacial front, but further downstream 

only silts and sands were delivered. Locally, these sediments may even represent deposits of a delta in a 

glacial lake. Deformation of the sediment, especially when associated with shearing and thrusting, is 

interpreted to result from subsequent glacier advance (Keller et al. 2011). 
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Figure 14: Soft- sediment deformation in the Wajid Group a Large, almost recumbant folds in coarse sandstones 

(LF-8.2) of the Khusayyayn Formation, Section , b Slumping in sandstones of the Khusayyayn Formation, Section , 

c Slumping in the sandstones of the Dibsiyah Formation, Jibal Al Qahr d Dewatering (flame) structures in 

sandstones of the Dibsiyah Formation, Jibal Al Qahr e Sliding and bed-internal folding in rapidly deposited 

sandstones, Juwayl Formatio, Jabal Blehan f Sliding with bed-internal folding in a single sandstone layer of the 

Juwayl Formation, Jabal Blehan g Massive siltstones strongly deformed by grounding icebergs, Juwayl Formation, 

Bani Khatmah h Total destruction of primary  sedimentary structures in lake sediments of Bani Khatmah, Juwayl 

Formation. 
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LF 5: Sandstone, ripple-drift cross bedding 

Fine to medium grained sandstones in dominantly micro-scale beds with cross bedding of different origin 

represent LF 5. The sediment is moderately sorted to sorted. Whereas in many horizons, the cross bedding 

originated from unidirectional flow, in others bidirectional cross bedding, often symmetrical, was 

observed. From 3D outcrops it becomes apparent that the latter are wave ripples (Figure 13f). The 

sediment is the product of a moderate to low energy environment, in which bedload transport was the 

main agent. Bedforms indicate unidirectional and bidirectional transport. Although well-developed mud 

flasers or mud drapes are absent, the bidirectional bedforms are likely to represent tidal influence. 

LF 6: Sandstone, flaser bedding 

LF 6 is composed of fine to medium grained sandstones, moderately to well sorted, with well-developed 

flaser bedding (Figure 13g). The sediments are generally present in micro-scale beds and may be stacked 

to bedsets of more than one meter thickness. The sandstones were deposited in moderate to low energy 

environments with dominantly bedload transport. Slack-water periods are documented through the fall-

out of mud, which gave rise to the flaser texture of the sediment. 

LF 7: Sandstone, horizontal to low-angle cross bedding 

LF 7 is made up of fine to coarse grained sandstones in meso-scale to macro-scale beds. All of these 

deposits are horizontally bedded or show low-angle cross bedding. As there are distinct differences in the 

grain size, LF 7.1 represents fine to medium grained sandstones (Fig 7h), whereas LF 7.2 is composed of 

almost unimodal white coarse sand (Fig 8a). LF 7.3 is medium to coarse sand, which served as a substrate 

for burrowers, who effectively destroyed many but not all of the primary sedimentary structures. The 

corresponding Bioturbation Index is 4 to 5. All these sediments show beige to intensively red colours. 

The individual laminae locally are graded. Sometimes, the lamination is accentuated by heavy mineral 

stringers. From the studies of Paola et al. (1989) and Cheel (1984), it seems that horizontal lamination is 

mainly produced under high-energy, upper flow regime conditions. High frequency scouring and 

subsequent filling and low frequency migration of bedforms with a height of several grain and amplitudes 

of up to 100 cm are superimposed to form the laminae. In flume studies, these processes were able to 

produce graded laminae and to produce heavy mineral segregations. 

LF 8: Sandstone, fine to medium, tabular cross bedding 

LF 8 is composed of fine, medium, and coarse sandstones deposited in beds a few tens of centimetres 

(micro-scale) to almost two meters (macro-scale) thick. The bounding surfaces of the foreset sets are 

planar and commonly almost horizontal. All geometries from purely angular (Figure 12c) to increasingly 

curved with a tangential basal contact of the foresets (Figure 12d) to sigmoidal geometries (Figure 12e) 

have been observed and partly used to distinguish between the subfacies. 

- LF 8.1.1 (Figure 12d) is distinctly white fine to medium sandstone in meso-scale beds. The 

foresets are mm-thick and of the angular type or slightly curved. 

- LF 8.1.2 is fine- to medium-grained sandstone, yellowish to red, deposited in micro- to meso-

scale beds. The foresets are mm-thick and moderately to strongly curved. 

- LF 8.2 consists of locally pebbly, medium- and coarse-grained sandstones in meso-scale to 

macro-scale beds (Figure 12f). LF 8.2.1 with micro-scale to meso-scale foreset and cosets locally 

contains abundant feldspar fragments, and, in the Dibsiyah Formation, is frequently burrowed. 

Individual foresets are mm-thick to several mm thick and dominantly moderately curved. LF 

8.2.2 shows medium to thick foresets that locally are close to 150 cm thick (Figure 12e). The 

foresets are of the angular type. Where these sediments of LF 8.2.2 are frequently slumped 

(Khusayyayn Formation), they have been designated LF 8.2.3. 

- LF 8.3 (LF 8.3.1) is represented by medium and coarse sandstones, also with medium to thick 

foreset sets (Figure 12g). In contrast to LF 8.2, however, the individual foresets are thick and 

often graded from basal pebble laminae into sand of coarse or medium grain size (Figure 13a). 

Here too, feldspar clasts are abundant in some horizons. LF 8.3.2 is distinguished on the presence 

of abundant burrows of Skolithos sp. and related species and of Cruziana sp. and only observed in 

the Dibsiyah Formation. 
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- LF 8.4 is petrographically is similar to LF 8.3. However, the individual bed shows a fining-

upward succession of graded beds, that is, individual foresets are graded and the foresets at the 

base of the bed are coarser grained than those towards the top. 

- LF 8.5 again is medium to coarse sandstone; however, here the entire bed is graded.  

 

Throughout the Wajid Group, sets and cosets of micro-scale, meso-scale, and macro-scale LF 8 sediments 

have been observed. In addition, giant sets with a height > 200 cm are present in the Khusayyayn 

Formation. The tabular sandstone beds originated in moderate to high energy environments. Tabular 

sandstones are the typical product of migrating large 2D dunes (Ashley 1990) under unidirectional flow 

conditions with bedload transport. 

LF 9: Sandstone, macro-scale 2D-trough cross bedding 

Although in general rather similar, LF 9 and LF 10 are distinguished because of the distinct grain size 

association of coarse sand and abundant quartz pebbles in LF 10. Quartz pebbles are absent in LF 9 and 

the sorting in general is better. The typical feature of these deposits is their depositional geometry in 

trough cross beds, usually several times wider than deep. In many cases, the 3D outcrops permit the 

recognition of the third bounding surface as a planar surface. In general, sediments have been deposited in 

meso-scale and macro-scale bedforms. Micro-scale units are present only to a minor extent. 

- LF 9.1 is moderately sorted and of medium to coarse composition. 

- LF 9.2 is sandstone deposited in 2D trough cross beds (Figure 14c), which is relatively well 

sorted, either within the medium sand fraction or in the coarse sand fraction. Quartz grains are 

moderately rounded to rounded. 

- LF 9.3 is similar to LF 9.1; however, bioturbation is prominent, the corresponding Bioturbation 

Index (Skolithos ichnofacies) varies between 2 and 5. 

 

In all subfacies, siltstone intraclasts have been frequently observed at the base of the scour fills (Figure 

14d). Similar to LF 8, sandstones of LF 9 were deposited under medium to high energy conditions. As 

pointed out by Ashley (1990), 2D through cross bedded sandstones result from the migration of 3D 

dunes. In comparison with their 2D counterparts, transport energy must be at least slightly higher to 

produce 3D geometries. Mudstone intraclasts suggest the presence of low energy environments in the 

vicinity (inter-dune environments). 

LF 10: Sandstone to pebbly sandstone, macro-scale 2D-trough cross bedding 

LF 10 is mainly present in macro-scale bedforms and to a lesser extend in meso-scale forms. The 

following subfacies have been identified: 

- LF 10.1 is conglomeratic sandstone, deposited in 2D trough cross beds. Rounding of the quartz 

grains varies between subangular to rounded, sorting is moderate to poor. 

- LF 10.2 is represented by medium and coarse sandstones in which grading is preserved. In LF 

10.2.1, the entire bed of coarse to medium or fine sand is graded. LF 10.2.2 shows medium to 

thick foresets, in which the individual foresets are graded from basal pebble laminae into coarse 

and rarely medium sand (Figure 14d). 

- LF 10.3 is a rare type of sediment in the Wajid Group and only present close to the contact 

between the Sanamah Formation and the underlying Dibsiyah Formation. It consists of inversely 

graded conglomeratic sandstones with large tabular clasts of grey siltstone. 

- LF 10.4 and LF 10.5 both preserve the record of moderate to intensive bioturbation. Whereas the 

pebbly or conglomeratic sandstones of LF 10.4 were the home of trilobites that left a variety of 

Cruziana tracks (BI 2-4), sands of  LF 10.5 were haunted by vertical burrowers whose activities 

are recorded as Skolithos sp. and related forms (Figure 15; BI 2-5). 

 

The hydrodynamic interpretation for LF 10 is the same as for LF 9. However, the absence of quartz 

pebbles in LF 9 indicates an important shift in environmental conditions in the depositional system. The 

reasons for this shift will be discussed later. 
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Figure 15: Aspects of bioturbation in the Dibsiyah Formation at Jabal Nafla a Bedding plane surface with 

Monocraterion b Sandstones and siltstones, lower bed is strongly bioturbated, no bioturbation in overlying siltstones 

c Well-developed longitudinal cross section of Monocraterion sp. d Conglomeratic piperock, Bioturbation Index 4 

to 5 e Skolithos tubes in micro-scale cross bedded tabular sandstones f Piperock with various generations and 

penetration depths of Skolithos erosionally overlain by 2D dune sandstone g Monocraterion? tubes and small 

interspersed Skolithos tubes. Monocraterion tubes are up to 5 cm in diameter h similar to g but with longitudinal 

sections through Monocraterion. Some of them might actually represent Rosselia sp. 
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LF 11: Sandstone to pebbly sandstone, 3D trough cross beds 

The following subfacies have been identified: 

- LF 11.1.: medium, but dominantly coarse sandstones with varying amounts of pebbles with 3D 

trough cross bedding (Figure 14g). Locally in the Sanamah Formation, individual foresets are up 

to 25 cm thick and graded. 

- LF 11.2 is distinguished on the presence of graded foresets, often several mm to rarely 15 mm 

thick, in which a basal pebble layer successively grades into fine to medium sand (Figure 14h). 

The 3D troughs represent channels, a few tens of meters wide at most and up to a few meters 

swarms of channels. Vertically, stacks of no more than 3 or 4 channel sets were found.  

 

These sandstones represent high energy deposits of a (glacio-) fluvial environment, in which channels 

were frequently fluctuating and transported large amounts of sediment. LF 11.2 was deposited more 

episodically, probably as a response to thawing-freezing (seasonal) events. The channel systems with 

their grain size distribution are typical of braided rivers, which originate beneath the glacier and which 

transport the subglacially eroded material to the plains in front of the glacier or ice shield. 

LF 12: Sandstone, massive 

The following subfacies have been identified: 

- LF 12.1 is massive sandstone with pebbles, cobbles or boulders. Floating blocks with sizes up to 

several meters have been observed, which consist of the same material as the matrix they are 

associated with. The sandstones were deposited in irregular channel-like features with an 

erosional base. Some of the erosive bases form vertical walls pointing to unusual environmental 

conditions. Locally, faint slab-like, strongly concave internal cross bedding is visible. Individual 

packages of these yellowish to brownish unstructured sediments are up to 30 m thick (Figure 

16b).  

- LF 12.2 is yellow to beige and grey medium to coarse massive sandstone with a varying amount 

of pebbles or cobbles. These sandstones and conglomeratic sandstones were deposited in medium 

to thick horizons without apparent bedding (Figure 16d). Only locally, a weak large-scale cross-

stratification can be observed. In general, the clasts are mainly randomly distributed but locally 

they are concentrated in patches. Some of the sandstones have an erosional base, other were 

deposited in channels some 10 m wide. Locally, slumping disrupted the beds and generated 

floating intraclasts. 

- LF 12.3 is structureless fine to medium sandstone only observed in the Sanamah Formation. It is 

mainly red but also yellow to beige, and in contrast to the other sandstones of LF 12, at least 

moderately sorted. 

- LF 12.4 is a rather frequent deposit in the upper part of the Dibsiyah Formation. It consists of 

coarse, locally pebbly sandstones, in which any original depositional feature has been entirely 

obliterated by the burrowing activity of Skolithos sp. and related animals (Figure 16a). 



 

 

 [- 35 -]  

 
Figure 16: Steeply dipping, slightly curved, graded foresets of a package of micro-scale bedforms of 2D dunes (LF-

8.1.2), Dibsiyah Formation, Jabal Dibsiyah b meso-scale angular cross beds. Each of the cross beds is graded from 

fine pebble to coarse sand (LF-8.3.1), Dibsiyah Formation, Jabal Nafla c 2D cross bed is a cross section through 3D 

dune (LF-9.2), Dibsiyah Formation, Jabal Nafla d Set of 2D cross beds in white sandstones. Each of the individual 

sets has a basal layer of slitstone intraclasts, Section , Juwayl Formation e Micro-scale stack of 2D cross beds in the 

core of the sand sheet complex of the Dibsiyah Formation, Jabal Nafla f Meso-scale to macro-scale 2D trough cross 

beds in the Khusayyayn Formation (LF-10.1) g 3D through cross bedded conglomeratic sandstones (LF-11.1) of 

glacio-fluvial origin, Sanamah Formation, Jabal Sanamah g Channel fill sandstone, in which almost all foresets are 

graded from fine pebbles to coarse or medium sand (LF-11.2). 
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The massive rocks of LF 12.1 interfinger with the 3D trough cross-bedded sandstones of LF 11. 

Apparently, they developed from large-scale synsedimentary liquefaction of LF 11.Hyperconcentrated 

flows transported large blocks of coarse sandstone and caused oversteepened and vertical channel walls, 

and diffuse lobe structures. The massive facies results from temporal liquefaction during short pulses of 

deglaciation (thawing) or even temperature rise in summer. As the transport processes were highly 

viscous and honey-like and as it results from temporary thawing, this unique facies association has been 

termed ñSorbetò facies by Keller et al. (2011). LF 12.2 and LF 12.3 are present in both glacially 

influenced units of the Wajid Group, the Sanamah Formation and the Juwayl Formation. Sediment was 

provided in large quantities and transported under high energy conditions. The absence of internal 

textures points to deposition from hyperconcentrated flows. In modern glacial environments, these facies 

are typical of sandur flats in front of ice sheets or glaciers (Maizels 1997, Russell et al. 2006). 

The better sorting and rounding in LF 12.3, which is present in the Sanamah Formation only, may 

indicate greater distances to the (subglacial) source area or, more likely, recycling of older sediments. 

LF 12.4 is actually an end member of the weakly to strongly bioturbated coarse sandstones of LF 9 and 

LF 10 in the Dibsiyah Formation and has a Bioturbation Index of 6 (Taylor & Goldring 1993); hence, the 

original bedforms most probably were 2D and 3D dunes. 

LF 13: Conglomerate 

The following subfacies have been identified: 

- LF 13.1 contains abundant pebbles and cobbles; sorting is poor. The mainly reddish ñmatrixò is 

composed of medium to coarse sand (Figure 16c). The conglomerate is mainly monomictic to 

oligomictic with rounded to well-rounded clasts of vein-quartz origin. 

­  In LF 13.1.1, the pebbles are of low sphericity and have a rather long a-axis. In the 

Sanamah Formation, big slabs of grey silty sandstones were apparently eroded from the 

underlying Dibsiyah Formation. The thickness of the individual conglomerate horizons 

varies between 20 cm and 3 m (Figure 16e). 

­  LF 13.1.2 is fine to medium quartz pebble conglomerate with subordinate coarse sand. 

The grains are rounded to well-rounded clasts of high sphericity. In addition, siltstone 

clasts and shale intraclasts have been observed. Individual layers are up to 20 cm thick 

but stacks of these sediments may accumulate to 200 cm thickness. Sedimentary 

structures include angular foresets in planar cross beds and rare sigmoidal foresets. 

- LF 13.2 is matrix-supported conglomerates. Many of the clasts of LF 13.2 show glacial striations, 

the distinct shape of glacially transported clasts, and shatter marks. 

­  LF 13.2.1: Monomictic matrix-supported conglomerates are dominant in the Sanamah 

Formation. They are poorly sorted and have a sandy to silty matrix, in which subangular 

to rounded clasts of vein-quartz origin are found. Some of these clasts show shatter marks 

and striations. In addition, slabs of the clast-supported conglomerates (LF 13.1) are 

present in some horizons. 

­  LF 13.2.2 ist represented by polymictic matrix-supported conglomerates with a sandy to 

silty matrix (Figure 16h); they are found both in the Sanamah Formation and the Juwayl 

Formation. These sediments form mostly poorly sorted structureless horizons with beds 

up to 6 m thick, in which pebbles and boulders are irregularly distributed within the 

matrix. Sometimes however, they are concentrated in nests and pavements. In the 

Sanamah Formation, the clast spectrum of LF 13.2.2 is relatively restricted with vein 

quartz, feldspar clasts, pebbles and boulders from the underlying strata including the 

Dibsiyah Formation, and very few basement clasts. In the Juwayl Formation, magmatic, 

metamorphic and sedimentary rocks are represented in the clast spectrum. 

­  LF 13.2.3 is only observed in the Juwayl Formation consisting of polymictic 

conglomerates with a shaly matrix. They are in general present as well bedded horizons, 

in which the clasts are irregularly distributed and often show impact structures (Figure 

16g). 
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5.3. Facies associations and depositional environments  
Standing alone, several of the lithofacies described above are non-diagnostic for a specific depositional 

environment. However, when grouped into lithofacies associations, these associations characterize well-

defined depositional environments. Nine lithofacies associations have been recognized in the sediments of 

the Wajid Group (LF-A1 through LF-A9). Figure 17 shows the new lithostratigraphic master log for the 

Wajid Group with these facies associations and their presence within the different formations. Some of 

the associations (LF-A4 through LF-A6 and LF-A9) have recently been documented by Keller et al. 

(2011). Table 1 lists the lithofacies associations and the constituting lithofacies (LF) in addition to the 

attribution to the formations of the Wajid Group. 

 

LF-A1: Conglomeratic 3D dunes association (Dibsiyah Formation) 

This lithofacies association is composed of quartz pebble conglomerates (LF 13.1.2) and a variety of 

(pebbly) sandstones deposited with 2D trough cross beds of LF 10.1, 10.2, and 10.3 (Figure 18a). In 

addition, siltstone layers (LF 3.2., 3.3) are present in often laterally discontinuous beds (Figure 18c), 

because they have been eroded by the currents responsible for the formation of the 2D trough cross beds. 

Consequently, the former presence of fine-grained material locally is not documented in the sedimentary 

succession itself, but by their fragments in coarser sediments, into which they were incorporated through 

erosion and redeposition. The contacts between the beds are often sharp and show reactivation surfaces. 

Bed amalgamation is common. Beds and bedsets are of macro and meso scale, only locally micro-scale 

beds have been observed. Bioturbation is present throughout this association (Figure 15), mainly 

represented by Skolithos sp. and Monocraterion sp.; other unidentified tubes are common (Figure 12). 

Cruziana and other trilobite tracks have also been found. 

Interpretation 

LF-A1 records high energy, marine conditions dominated by the presence of 3D dunes. 3D dunes with 

their relatively simple internal structure as described above are the result of strong unidirectional flows 

(Ashley 1990). On shelves or epicontinental platforms, storms, geostrophic currents, or strong tidal 

currents are the main transport agents. No evidence of storm deposition has been encountered in the 

Dibsiyah Formation, so that either geostrophic or strong asymmetrical tidal currents were responsible for 

sediment transport. Strong uni-directional flow is corroborated by steeply inclined foresets with angles > 

25° (Harms et al. 1982; Fleming 1982). Bidirectional currents regularly produce slipfaces smaller than 

20°. 2D dunes and 3D dunes are relatively stable phenomena when compared to small-scale bedforms 

(ripples). They may be quasi-stationary for months or years (Allen 1980; Allen and Collinson 1979; 

Bokunewiecz et al. 1977); hence in the interdune areas, which are protected from the currents, low-energy 

depositional pools are present, in which fine-grained material (mud or silt) can be deposited. Scouring in 

front of the large-scale bedforms during lateral migration then leads to erosion of the interdune sediment 

and its incorporation into the dunes as intraclasts. 
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Figure 17: Composite lithostratigraphic masterlog and succession of lithofacies associations for the Wajid Group, 

mainly based on outcrops in the northern study area. Break in the column marks shift to another section (section 

name in second column) or interval not observed in the outcrops. The approximate paleogeographic position of each 

section is given in Figure 22. Section localities are those of Figure 1. 

H = Hima; Q = Qalibah Formation 
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Figure 18: Sedimentary successions of the Wajid Group a Alternation (LF-A2) of sandstones with tangential basal 

contact (LF-8.1.2) and purely tabular sandstones (LF-8.2), Dibsiyah Formation, Jabal Nafla b Piperock, Bioturbation 

Index 4 to 5, sharply overlain by 2D trough cross-bedded sandstones, Dibsiyah Formation, Jabal Nafla c Remnant of 

red siltstones (LF-3.2) within tabular sandstones of LF-8.1.2. Migration of 2D dunes over interdune areas led to 

erosion of the siltstones d Set of tabular sandstones (LF-8) erosionally cover piperock with a Bioturbation Index of 5 

to 6. e Sedimentary succession of the upper Sanamah Formation (LF-A6) with micro-scale to medium-scale 

sandstones and siltstones. Massive beds on top of outcrop are unconformable Khusayyayn Formation, Jibal Al Qahr 

f Outcrop of Qalibah Formation (LF-A7) with alternation of fine-grained siliciclastic rocks, roadcut south of Hima g 

Qalibah Formation with variegated fine-grained siliciclastics overlain by white calcareous sandstone. Massive 

tabular cross beds are base of unconformable Khusayyayn Formation. Roadcut south of Hima. h Detail of g, 

calcareous sandstone with a few undetermined shells. 
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LF-A2: 2D ï 3D dunes complex association (Dibsiyah Formation, Khusayyayn Formation) 

Although a rather monotonous succession, it is the most spectacular and most easily recognized 

association in the outcrop belt of the Wajid Group because of the giant and thick foresets of the tabular 

cross beds so typical of the Khusayyayn Formation (Figure 19b, c). Individual foresets of several 

centimetre thickness and 200 cm height have been observed. The association comprises basically 

sediments that are arranged in tabular cross beds (LF 8). In addition, sediments with 2D trough cross 

bedding (LF 9, LF 10) are present and a few horizons with parallel bedding (LF 7) have been observed. 

The bounding surfaces are always sharp and in many cases show signs of erosion and reactivation. 

Locally, beds are arranged to show typical patterns of herringbone cross stratification. Sedimentary 

structures (Figure 14b, c) include slumping, ball-and-pillow structures, and large scale overturned folds 

(Figure 14a). The presence of ball-and-pillow structures is remarkable, given the coarse sandy nature of 

the sediment. Apparently, subtle changes in the texture between underlying and overlying bed were 

sufficient to permit these processes to take place.  In the Dibsiyah Formation, the amount of vertical 

burrows in the beds varies considerably; in the Khusayyayn Formation only a few Skolithos burrows have 

been observed. 

Interpretation 

Similar to LF-A1, this association records deposition under high-energy, marine conditions. The 

sediments are the product of strong uni-directional currents responsible for the formation of 2D dunes and 

3D dunes. However, the co-occurrence of 2D dunes (tabular sandstone bodies) and 3D dunes (trough 

cross bedded sandstones) indicates fluctuations in the transport energy in the environment (Ashley 1990) 

and an overall decrease when compared to LF-A1. This is corroborated by the drastic decrease in 

conglomeratic layers and pebbles in the sediment. Previous authors (Dabbagh & Rogers 1983; Stump & 

Van der Eem 1995) attributed the Khusayyayn Formation to a fluvial environment. Although except for 

the few Skolithos burrows no unequivocal marine indicators are present, it is likely that all the bedforms 

of the Khusayyayn Formation are of marine origin. Individual beds are traceable over hundred meters in 

the outcrop and so are bedsets. Giant dunes near Hima are traceable over several hundreds of meters, and 

the few lithofacies types described from the formation are observed in all outcrops from Najran to the 

north of the study area. No 3D through cross bedded sandstones or conglomerates are present that would 

indicate stacking of braided river channels. In addition, no other lithology or architectural element of a 

braided river (or a meandering river) system has been identified. Hence, a high-energy, shallow-marine 

depositional environment similar to that of the Dibsiyah Formation is most likely for the Khusayyayn 

Formation. 
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Figure 19: Sedimentary successions of the Wajid Group a Qalibah Formation with thick-bedded sandstones and 

unconformable Khusayyayn Formation, Hima b Typical outcrop of Khusayyayn Formation with macro-scale to 

giant bedforms and rocks of LF-A2. Section approximately 15 m high, Jabal Khusayyayn c Very uniformly dipping 

meso-scale tabular cross beds of the Dibsiyah Formation (LF-A2). Beds are part of outer sand sheet complex, Jabal 

Dibsiyah d Light-coloured sandstones and siltstones with conglomerate layer (LF-A6) in the Juwayl Formation, 

Bani Ruhayyah e The glacial lake succession at Bani Khatmah. Section is approximately 40 m thick and consists of 

fine-grained siliciclastics and matrix-supported conglomerates (LF-A9). 
 



 

 

 [- 42 -]  

LF-A3: 2D dunes ï piperock association (Dibsiyah Formation) 

The most characteristic feature of this association are horizons, locally 7 m thick, that are entirely 

burrowed by Skolithos sp. and related organisms (Figure 20a). No primary structure is found in these 

massive rocks. Some of these very thick horizons show undulating surfaces and given the fact that these 

horizons weather out as positive forms, some of them appear as ñreef-likeò mound structures. Internally, 

tubes of up to 100 cm length (!) have been observed. These totally burrowed horizons are known as 

ñTigillitesò. They alternate regularly with thick beds of tabular cross bedded sandstones (Figure 15f, 

Figure 12a). The lower and upper contacts of the horizons are always sharp. 

Interpretation 

In general, the physical conditions of sediment transport and the depositional environment are similar to 

LF-A2. In contrast to LF-A2, however, there is no more quartz-pebble conglomerate in the succession 

and pebbles are almost absent from the sediment. In comparison to LF-A2, this association is the product 

of a more episodic sediment accumulation. Almost all dunes show reactivation or erosional surfaces. 

Whereas in many of the well preserved layers, the Bioturbation Index is 0 or locally 1 to 2, the massive 

piperock has an index of 7. Together with the length of the tubes (100 cm), this indicates that the 

Skolithos animals had sufficient time for colonization and that they were able to retreat to their homes 

during accommodation events (Desjardins et al. 2010). This probably also indicates that the individual 

burrows are not one-time burrowing structures but a succession of superimposed burrows.  

LF-A4: Glacio-fluvial conglomerate association (Sanamah Formation, Juwayl Formation) 

In both formations, conglomeratic associations are present, which originated from glacio-fluvial 

processes. The association in the Sanamah Formation is dominated by conglomerates and coarse 

sandstones. No silt or clay is present at all. In contrast, in the Juwayl Formation fine and medium 

sandstones and locally some siltstones are present. Hence this association is subdivided into LF-A4a: 

Massive to coarse glacio-fluvial conglomerate association (Sanamah Formation) and LF-A4b: diverse 

glacio-fluvial conglomerate association (Juwayl Formation). LF-A4a is dominated by conglomerates 

deposited in bedded or massive units. The association is composed of LF 11.1, LF 12.2, LF 13.1, and LF 

13.2.1. Sediments of LF 13.2.2 (polymictic matrix-supported conglomerate) are present but rare. Within 

this facies association, almost all contacts between beds are erosional (Figure 16g). The depth of the 

scours and channels varies from centimetres to several tens of meters. The largest erosional phenomena 

are the basal depositional surfaces across which this facies association was distributed. They are 

palaeovalleys several hundred meters wide and several tens of meters deep. In LF-A4b, massive and 

conglomeratic rocks of LF 10, LF 11.1, LF 12.4, and LF 13.2.2 alternate with finer grained siliciclastic 

deposits of LF 7.1 and LF 8.2. In addition, massive siltstones (LF 3.1) are locally present. Massive 

sandstone laterally passes into 3D through cross bedded sandstones and the base of the coarse units is 

mostly erosional. Channels are several meters wide and a rarely more than one meter deep. 

Interpretation 

In the Sanamah Formation, based on the presence of clasts of undoubted glacial origin and the succession 

of facies this association was interpreted to be a proglacial outwash fan in front of the glacier with its 

sediment provided by strong subglacial melt water streams (Keller et al. 2011; facies S1). These streams 

deposited their load within the channels that had previously been carved. 

A similar scenario can be developed for the Juwayl Formation. There, however, the presence of finer 

grained sandstones and some siltstones indicate that the melt water streams were not as strongly laterally 

confined as in the Sanamah Formation. Instead, between individual glacier outlets, sandur flats, braided 

river remnants, and probably small lakes were present that added to the more diverse lithologies 

preserved. These differences between Ordovician and Permian deposits may simply be due to different 

ice dynamics and the distance to the glacier front with the Permian deposits recording a more ice distal 

setting. 
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Figure 20: Massive sandstones and conglomerates of the Wajid Group a Massive ñTigillitesò or piperock of the 

Dibsiyah Formation (LF-12.4). The entire primary structure is destroyed by bioturbation, individual pipes are more 

than one meter long, Jabal Nafla b Massive sandstone of the Juwayl Formation (ñSorbet Faciesò, LF-12.1). The 

outcrop is approximately 25 m high, Jabal Overheat c Basal conglomerate of the Sanamah Formation overlying 

Dibsiyah piperock. The conglomerate (LF-13.1) is poorly sorted and mainly consists of quartz pebbles d Massive to 

3D cross bedded conglomerates, poorly sorted (LF-12.1 to LF-11). The quartz pebbles show glacial striations and 

shatter marks, Sanamah Formation, Jabal Dibsiyah e Almost pure quartz pebble conglomerate with clasts of low 

sphericity and long a-axis (LF-13.1.1), Sanamah Formation, Jabal Sanamah f Sanamah conglomerate (LF-13-1) with 

large siltstone slabs eroded from the underlying Dibsiyah Formation, Section g Matrix-supported conglomerate with 

large basement boulder (LF-13.2.2) interpreted as dropstone. The varves and the dropstone have been deformed by a 

later glacier advance,  Jabal , Juwayl Formation h Matrix-supported conglomerate of siltstone and shale with 

abundant pebbles of basement origin (LF-13.2.3). The pebbles are interpreted as rainout from icebergs, the fine-

grained sediments are glacial-lake sediments, Juwayl Formation, Bani Khatmah. 
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LF-A5: Massive to 3D cross-bedded sandstone association (Sanamah Formation, Juwayl Formation) 

This facies association is composed of massive sandstones of LF 12 together with pebbly, 3D trough 

cross bedded sandstones of LF 11.1. In the Juwayl Formation, these facies interfinger with well bedded 

sandstones and siltstones (LF 4). These sediment packages are organized in irregular channel-like features 

cutting deeply into the underlying rocks. Locally, faint slab-like, strongly concave internal cross bedding 

is visible. The most prominent feature of this association is its arrangement in large clinoforms up to 50 m 

high, which can be traced over several hundreds of meters (see Keller et al. 2011). 

Interpretation 

Sediment was provided in large quantities and transported by high-energy subglacial melt waters (Keller 

et al. 2011, facies S2). The absence in many beds of internal bedding features points to hyperconcentrated 

mass-flow deposition. These facies are typical of sandur flats in proglacial settings downstream of 

proximal fluvial conglomerates of LF-A5 (Maizels 1997; Russell et al. 2006). As the sediments in the 

Juwayl Formation are in general slightly finer, they represent a more distal glacio-fluvial setting than 

those of the Sanamah Formation. Large-scale deformation structures observed in these sediments are 

typical of glacial shearing of not yet fully lithified sediment (Figure 14g, h; Figure 20g). Locally in the 

Sanamah Formation, this facies association is organized in large scale clinoforms, several meters thick 

and hundreds of meters wide. They are typical of Gilbert-type deltas that may have developed within the 

water-filled channels or in ice-dammed lakes in front of the glaciers. 

LF-A6: Siltstones to fine-grained sandstone association (Sanamah Formation, Juwayl Formation) 

This association is rapidly alternating succession of shales (LF 1), shale-siltstone alternations, (LF 2) 

siltstones (LF 3.1, LF 3.2), siltstones to fine sandstones (LF 4) and occasionally some sandstones of LF 5 

(Figure 18e). The rocks are arranged in centimetre to a few decimetre thick depositional units. 

Characteristically, many of the siltstones and sandstones show truncated folds, dome-like and large-scale 

ball-and-pillow structures. The successions are brown to grey and individual stacks may be several meters 

to few tens of meters thick. 

Interpretation 

Deposition occurred partly from falling out of suspension but dominantly through bedload transport. 

Some massive siltstones and sandstones were deposited from mass flows. In this facies association, the 

entire suite of lithologies originated in an ice distal setting (Keller et al. 2011). The increase in fine-

grained material towards the top of the succession indicates increasing distance to the retreating glaciers. 

Sediments of this facies association record rapid sediment accumulation with dewatering giving rise to 

slumping, ball-and-pillow structures and associated phenomena. 

LF-A7: Calcareous fine-grained siliciclastics association (Qalibah Formation) 

In the southern outcrop area, several outcrops have been visited, in which a thin succession of fine-

grained calcareous siliciclastic sediments is present (Figure 18g, h). As this succession is rarely more than 

6 m thick and as the individual beds are rarely present in beds more than a few centimetres thick, the 

sediments themselves have not been described as separate lithofacies units. The succession consists of 

reddish calcareous siltstones with shell fragments (braquiopods?) and locally intensive bioturbation 

(Figure 18h), of green shales, and calcareous white sandstones. Intercalated are white crinkly calcareous 

layers which resemble microbial mats.  

Interpretation 

The facies association records a restricted marine environment, probably slightly hypersaline, as indicated 

by a monospecific fauna, microbial mats, and some structures that can be attributed to haloturbation, e.g. 

the disturbance of sediment by the growth of salt crystals. As the Qusaiba Member is stratigraphically 

related to the Lower Silurian post-glacial flooding successions of northern Arabia and northern Africa, 

these sediments described here most probably reflect the early marine onlap of fine-grained sediment onto 

the exposed glacial topography of southern Arabia. Basinward, these restricted marine sediments grade 

into still finer grained and organic-rich deposits as known from the subsurface.  
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LF-A8: Shale-siltstone association (Juwayl Formation) 

This association is composed of thick packages of relatively pure clay shales in alternation with massive 

(LF 3.1) and laminated (LF 3.2) siltstones. Micro-scale bedforms dominate (Figure 19e, f). Locally, white 

fine-grained sandstones with low-angle tabular cross beds are present (LF 8.1.1) in micro-scale to meso-

scale units. 

Interpretation  

The sediments record basically low-energy conditions. Whereas the shales were deposited in stagnant 

water, the siltstones record both mass flow deposition (LF 3.1) and current activity in the lower flow 

regime. The massive siltstones likely are distal turbidites. The white sandstones are difficult to interpret. 

Evans et al. (1991) and Melvin & Sprague (2006) interpreted similar deposits in central Saudi Arabia as 

aeolian deposits; they may similarly reflect shallow-marine deposits, in which tidal activity accounts for 

the sorting and rounding of the sediment. This facies association represents a succession deposited during 

a relative rise in water level. This could have been a rise in the level of the glacial lake that existed in 

much of southern Arabia, or it was sea-level rise during advanced deglaciation. No unequivocal evidence 

is present to support either possibility. Vestiges of glacial processes are no longer visible in this 

succession, which terminates the Wajid Sandstone Group in the Bani Ruhayyah section, and which is 

erosionally overlain by the Khuff carbonate rocks. 

LF-A9: Diamictic siltstone and shale association (Juwayl Formation) 

Fine-grained sediments (LF 1, LF 2, and LF 3.1) are the fundamental building block of this association. 

In addition, and most important for the environmental interpretation, is the presence of LF 13.2.3 

(polymictic conglomerates in a clay or silt matrix).  This succession is tens of meters thick and 

characterized by beige and yellow, partly reddish colours (Figure 19d, e). The entire succession shows 

large-scale soft-sediment deformation structures (folding, thrusting, dragging, water escape; Figure 14g, 

h). 

Interpretation 

The presence of LF 2, representing varve deposits, together with the polymictic conglomerates of LF 

13.2.3, indicate that this facies association was deposited in a vast glacial lake, existing during the Late 

Palaeozoic Gondwana glaciation. This conclusion was drawn by Pollastro (2003), Osterloff et al. (2004) 

and Bussert & Schrank  (2007) for adjacent areas of southern Saudi Arabia and Oman into Ethiopia and 

recently also confirmed for the Wajid Group by Keller et al. (2011). In this context, the fine grained 

material was provided by subglacial melt waters draining into the lake, where fractionation created 

buoyant plumes of suspended sediment. Settling out of suspension is then reflected in the mm thick 

laminae of light and dark particles usually attributed to seasonal variations of supply in sediment and 

organic matter. Boulder pavements or pebble carpets and outsized boulders record the presence of 

icebergs. Drift of icebergs across the lake is reflected in deformation structures caused by impact of the 

keels onto the lake bottom. 

 

5.4. Sediment logs and depositional models  
Figures 6 to 16 show logged sections, outcrop photographs and 2D architectural models from the field 

work of this thesis. In the following, these results are presented and interpreted in the frame of 

depositional models, geodynamic evolution of the Arabian Plate, and sea-level fluctuation. 

 

5.4.1.  Dibsiyah Formation 

The depositional model for the Dibsiyah Formation is based on the assumption that during the Cambrian, 

an epicontinental sea bordered the Arabian Shield (Figure 2). In many places of northern Arabia and 

adjacent Africa, the Precambrian ï Cambrian unconformity is marked by deeply weathered crystalline 

rocks with a prominent palaeosoil on top of it (Avigad et al. 2005). This soil marks the top of a vast 

peneplain developed immediately after the fading away of the Pan-African orogeny. Above this soil, 

arkosic sandstones of fluvial origin are rapidly transgressed by shallow marine sands (Avigad et al. 2005; 

Kolodner et al. 2006). These sands were delivered by a braided river system draining the Arabian-Nubian 
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Shield consistently in a northward direction. In southern Saudi Arabia, fully marine strata of the lower 

Dibsiyah Formation are separated from the basement by a thin zone of weathering and arkosic 

conglomeratic sandstones. No fluvial deposits have been encountered (GTZ/DCo 2009). This zone is here 

regarded as a transgressive lag deposits at the base of the Cambrian-Ordovician marine succession. 

Hence, nearshore deposits and their transition into hypothetical braid planes at the lower end of the 

braided river system should have been located farther south and west.  

 

The coarse material delivered through the braided river ï braid plane system makes up much of the 

lowermost part of the Dibsiyah succession (LF-A1; Figure 21). The sedimentary structures with 3D dunes 

and abundant conglomeratic layers testify to very high energy conditions. The Cambrian and Early 

Ordovician are a time of overall sea-level rise (Ross & Ross 1988, 1995; Miller et al. 2005). With the 

gradual sea-level rise and the concomitant migration of the shoreline, the sediments were deposited in 

slightly deeper and less energetic environments as manifested in the transition to increasing 2D dune 

structures and the reduction in conglomeratic layers and pebbles (LF-A2). This overall trend continues 

into LF-A3, the upper part of the Dibsiyah Formation. This unit is regarded as an almost starved 

succession with episodic sediment accumulation and redistribution and a prospering fauna that took 

advantage of these conditions. 

 

The three lithofacies associations of the Dibsiyah Formation together (Figure 17, Figure 21) represent 

parts a vast sand sheet complex (Stride et al 1982). Nearest to the shore, large compound dunes form the 

core of the complex; in the Dibsiyah Formation this core is represented by LF-A1 and LF-A2. Farther 

offshore, smaller dunes follow, in the Dibsiyah Formation LF-A2 and LF A3. The zone of small ripples 

with increasing fine-grained material still farther offshore is not preserved in the Wajid Group. The 

evolution from a supply-dominated regime in the lower Dibsiyah Formation towards an accommodation-

dominated regime in its upper part is roughly reflected in the ichnofabrics. Many of the overall 

observations in the Dibsiyah Formation have been recently described in detail from the Lower Cambrian 

Gog Group in the southern Rocky Mountains by Desjardins et al. (2010). Their model and interpretations 

will be followed here. 

 

In the lower part of the Dibsiyah Formation, relatively short and narrow burrows (< 10 mm and 5 mm, 

respectively), widely spaced are present in the foresets and the upper surfaces of 2D and 3D dunes. The 

Bioturbation Index varies between 1 and 2. Desjardins et al. (2010) interpreted this Ichnofabrics 1 to 

represent short-lived colonization events between sedimentation events. Ichnofabrics 2 is characterized 

by the co-occurrence of abundant Skolithos and Diplocraterion in beds with a Bioturbation Index of 3 to 

4. Diplocraterion is very scarce in the Dibsiyah Formation; however, the overall characteristics of this 

ichnofacies are observed. It occurs in micro- to meso-scale bedforms in different lithofacies. Successions 

of colonization, erosion, and re-colonization are evident in the sediments and probably indicate a decrease 

in sediment supply and concomitantly an augmentation of the colonization windows.  

 

Ichnofabrics 3 is characterized by the co-occurrence of Skolithos and Planolites, a frequent association in 

the Dibsiyah sandstones in micro- and meso-scale deposits. The burrows of Skolithos are more robust 

than in the other ichnofacies (200 mm long and 20 mm wide) and have similar dimensions as Planolites. 

The burrowers are present in moderately to intensively bioturbated horizons (index 3 to 5). The 

coexistence of deep-tier suspension feeders (Skolithos) and shallow-tier sediment feeders (Planolites) 

indicates alternating episodes of current dominated times and slack-water times. The latter were used by 

Planolites to spread across the sands without being immediately buried beneath an overriding dune. In the 

Dibsiyah Formation, several points have been observed, where well-preserved Planolites inhabit the 

upper part of a sandstone bed, which in turn is overlain by siltstone (Figure 15b, c). Ichnofabrics 4 is a 

monospecific occurrence of Skolithos in beds with a Bioturbation Index of 6 and 7. These horizons, often 

structureless through homogenization by the burrowing activities, are up to 7 m thick and laterally 

continuous for more than 1 km. The burrows are rarely wider than 20 mm, but their length may exceed 

100 cm (!). They cross cut internal surfaces. As described above, the mound-like surface of some of these 

horizons corresponds to surfaces of macro-scale dunes. Desjardins et al. (2010) concluded that such 

deposits with their ichnofabrics indicate inactive sediment surfaces during colonization and the capability 

of the organisms to retreat deep into the sediment in times of strong currents. 
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The evolution and succession of ichnofabrics in the Dibsiyah Formation is yet another indicator of a 

marine environment that developed from nearshore supply dominated to a farther offshore, 

accommodation dominated setting. Hence, the ichnofabrics evolution closely follows the sedimentary 

evolution. 

 
Figure 21: Lithostratigraphic logs of the Dibsiyah Formation and the basal overlying strata of the Sanamah 

Formation. Scale in meters. Section localities are those of Figure 1. Note the overall fining-upward from LF-A1 to 

LF-A3 and the concomitant increase in bioturbation and piperock. 
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5.4.2.  Sanamah Formation 

The Sanamah Formation unconformably rests on the Dibsiyah Formation. In the Wajid outcrop area, the 

basal unconformity was carved during initial glacier advance during the Hirnantian glaciation. 

Consequently, the thickest packages are preserved in sub-glacial tunnel valleys (Figure 22a), whereas 

from the intervening areas there is little information on the time-equivalent sediments (Keller et al. 2011). 

The basal unit (LF-A4a; Figure 23) represents the proximal proglacial conglomeratic channel fill of the 

initial glacier advance. The entire succession of LF-A4a with its numerous erosional surfaces testifies to 

small-scale, probably seasonal changes of sediment supply, deposition and erosion. This is characteristic 

of a polythermal regime (Keller et al 2011; Chapter 6). Two subsequent glacier advances are recorded in 

the sediments (Keller et al 2011, Chapter 6). Above the basal package is a succession of massive 

sandstones (LF-A5; Figure 23), which were deposited across an erosional surface with abundant 

striations. The overlying sediment is typical of sandur flats in front of glaciers or ice sheets. The 3
rd
 

glacial advance was only short-lived and failed to carve a major surface. Instead, following the basal 

coarser grained sediments, the remainder of the succession (LF-A6; Figure 23) is characteristic of large 

sediment supply and accommodation big enough to accommodate the sediment. The fining up of the 

sediments and the increasing distance of the environment to the sediment source probably reflects the last 

pulses of the waning ice sheet. 

 

 
Figure 22: Spatial architecture of the Wajid Group and approximate paleogeographic position of the lithologs used 

for the construction of the masterlog of Figure 19. a = Dibsiyah through Khusayyayn Formations b = Khusayyan 

through Khuff Formations. Legend as in Figure 21. Section localities are those of Figure 1. 
 

 






































































































































