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ABSTRACT

The present study provides insights into the stragraphy, facies, and mineral paragenesis of the
sedimentary succession of the Usfan area, based detailed stratigraphic measurements and microscopic
descriptions of the different rock units. The studydescribed five distinct rock units: Unit I-Ferruginous
sandstone, sandy ironstone; Unit 1I-Green clays-Phephatic glauconitic sandstone; Unit 1ll: Fossilifelous
Limestone-Dolostone; Unit IV-Green Clay-Glauconitic Ironstone; and Unit V-Tuffaceous Mudstone-
Basalt. The depositional environments start with tle thinly bedded clastic facies of a lagoonal settin This
is followed by a vertical transition from lagoonalto shallow marine transgression and starved conditins of
low clastic input during which the phosphatic greenclays were deposited. Subsequently, a period ofitk-
bedded white fossiliferous limestone succession &k place. After the deposition of the carbonate unithe
area is dominated by a second new marine transgrésa and deposition of interbedded green clays and
glauconitic sandstone. The study also revealed thdlhe area was subjected to progressive regressionch
subaerial volcanic activities, dominated by the degsition of tuffaceous mudstones under the fluctuadin of
water depth and the formation of red/green tuffaceas mudstones, overlain by bedded grey tuffaceous
basalt, ultimately terminated by black vesicular baalt.

Keywords-Usfan area; tertiary sedimentary successigreen clays

correlated, and used to construct a complete grtaginic

I.  INTRODUCTION ;
section.

The Usfan area is located 100 km NE of Jeddah afdng
Haramain Highway, as seen in Figure 1. The meas&etion
is situated to the North of Usan city, about 4 Kong the left-
hand side of Makkah-Al Madinah Highway. It is chaeized
by the overturned white carbonate horizon. In thelys the
different rock units of the area were identifiegtelally

A. Background

The geology of Makkah, as depicted in Figures 23rths
been the subject of many studies [1-3]. The Usfeen ds
located in the northern part of the Makkah distrand
comprises four main geologic units: the Arabiane®hrocks,
the Tertiary sedimentary succession, the Tertianicanics
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(harrat), and the Quaternary wadi deposits. ThéiAraShield of the Tertiary volcanics. It is mainly localizetbag the main
rocks include two main types: 1) intrusive igneauosks of NW and NE fault line (Grabens). The geology of takkah
gabbro, diorite, granodiorite, and granite, 2) tagevolcano- area, including Usfan, was also studied in [4].
sedimentary rocks, either ~metamorphosed or non-
metamorphosed rocks, with Zebarah Samaran and &atim
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Fig. 1.  Detailed geologic maps and satellite image of thdysarea.

The Tertiary sedimentary succession of the wegtarhof .Asir terrane e
Saudi Arabia was studied in [1, 5, 6]. Most of thefudies are
focused on the age of this succession, utilizingg th .Unassigmd .Post_-amalgamaﬁon
paleontological and palynological evidence to dutee the =
accurate succession age. Usfan and Haddat Ash Shéun
formations and their distribution show that theseai great Fig.2.  Geological map of the Makkah district [3].
similarity in the biostratigraphical aspects of arsfand Haddat ) .
Ash Sham formations, where fossils exist in a caalb® unit The carbonates of the studied succession werenassig

sandwiched between clastic strata of greater teisknThe the Usfan Formation, which lies conformably on thaddat
molluscan species are similar in both areas, key #re more Al-Sham Formation and is characterized by its casite ledge.
common in the Usfan than in the Haddat Ash Sham. aieey ~ According to [7], the formation has been subdivided three
also pointed out that the occurrence of the rutiBtradiolites Mmembers: lower, middle, and upper. The lower member
liratus and the nautiloid cephalopod Angulithesmmeti, which ~ consists of shale, mudstone, marlstone, sandstonestone,
are common in the Cenomanian-Turonian strata oftiNor @nd dolomite. The middle member consists of verg-fo-fine

Africa, supports a Cenomanian-Turonian age forldstan and ~ guartz sandstone, and the upper part consistsrgflamerate
Haddat Ash Sham formations. layers. The upper member comprises remarkably finer

o ) ] sediments composed of fine-grained sandstonetosiéis and
The succession is underlain by different rock unftghe  ghale.

Arabian Shield rocks, and it is also overlain bffedent facies
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Fig. 3.

The exposed sedimentary succession of the Usfan are

The Usfan formation was previously studied in [49B It
is a rift-related sedimentary succession exposdtidanvestern
part of Saudi Arabia, particularly near the towrlsfan, North
of Jeddah. It forms part of the Phanerozoic sediangrcover
that unconformably overlies the Arabian Shield ®dk the
West-central part of Saudi Arabia. The formationswast
described during the regional geological mappinmE@Egns
conducted by the USGS in collaboration with theeblorate
General of Mineral Resources (DGMR) in the 1960% H970s
[10, 11]. These studies established that the UBfamation

intrusive igneous rocks in the area North of WadiirRa are
represented mainly by granites and diorites. Thet &ea basin
rocks (rift-related Tertiary sedimentary successioh the
western part of Saudi Arabia) are mainly presenh@ NW
wadies (Wadi Al Shumaysi, Wadi Daf, and Wadi Al
Shamiyah) and around the Usfan area. Lava fieldahar
consisting of Tertiary basic volcanics of the wastpart of
Saudi Arabia, is present in the eastern and ncstbeaparts of
the study area. The Quaternary wadi deposits asept within
the major wadies of the Makkah district, includivgadi
Fatima, Wadi Al Shumaysi, and Wadi Al Shamiyah.

The present study aims to shed light on the stegiltjc
and petrographic data of the carbonate-bearingessam of
the Usfan area. In this study, the mineral paragjsnef
succession is deduced. The thin carbonates ofstlisession
are very important, and are used for the corralatiod dating
of the rift-related sedimentary succession of tlestern part of
Saudi Arabia.

. METHODOLOGY

The study is based on detailed fieldwork, measumng
complete stratigraphic section in the sedimentancsssion of
the Usfan area. The measured succession is suedivido
five main units. The latter are systematically skdp The
collected samples are used in the preparationiofstctions.
Petrographic description of the different units &acies of the
measured section is performed to deduce the maesfand
depositional environments. The syn- and post-setang
processes and the sequential formation of therdiftemineral
phases (paragenesis) are also achieved in thenpsisdy.

. RESULTS

In this study, a complete stratigraphic section tbé
exposed part of the Usfan Formation, North of Usfams
illustrated in Figure 3, was measured. The measseetion, as
observed in Figure 4, shows the presence of fivan maits,
which are further subdivided. The description oésh five
units is:

A. Unit I: Ferruginous Sandstone-Sandy Ironstone

1) Description

This unit is up to 40 m thick, as evidenced in kgl and
Figure 4 column A. It consists of small-scale cgatd yellow
color siltstone, ferruginous sandstones, and miteted with

consists predominantly of medium- to coarse-grainedeqddish brown to black sandy and silty ironstonksis

sandstones, siltstones, and conglomerates, wittasaal
volcaniclastic interbeds. The report in [12] and #ubsequent
internal reports by the Saudi Geological Survey $¥G
expanded on these early observations, documerigngisant
lateral facies variations and thickness changes.

According to [3], the geologic map of the Makkalstdct,
as portrayed in Figure 2, shows the presence o$sigreed
Arabian Shield rocks in the southeastern corneth wmall
occurrences of rocks of the Asir terrane. The @ezccupied
by igneous and metamorphic rocks of the Jeddatarterr
including Hijaze terrane rocks, which are foundhie extreme
northern part. Ultramafic rocks are only recordedhie North
Rabigh area (Jabal Tharwah area). The post-amatgama

composed of two main large cycles, as seen in aol&min

Figure 4, and Figures 5(a) and 5(b). The lowerayitbm 0 to
15 m in column A, begins with thick grey mudstoneda
terminates with sheeted ferruginous sandstone adlys
ironstone beds with thin ferruginous mudstone beds, as
depicted in Figures 5(c) and 5(d). The second largee

begins with a green clay horizon, which grades ugwato

thinly bedded ferruginous fine-grained sandstonéh whin

mudstone intercalations terminated by egg yelloiomidic

mudstone/dolostone bed, as seen in Figures 4 a)d Hie
microscopic description of this unit led to theaguition of the
following petrographic types:
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Fig. 4.  Complete stratigraphic succession of the Usfan. area

Kaolinitic-Hematitic fine-grained sandstone T1, wahhiis
composed of angular to subrounded, moderately dsorte
hematitic-kaolinitic
matrix/cement. This type grades from grain-suppbrtie

quartz grains embedded within

matrix-supported domains.

The matrix-supported domains contain coagulation of
amorphous clays mixed with iron oxyhydroxides.

Hematitic Fine Sandstone T2, as displayed in Fig{eg,

similar to T1 (Figures 6(b-d).

Kaolinitic-Hematitic Sandstone T3, which is a pgnaphic
lithotype composed of angular to subrounded qugrams

embedded

in hematitic cement. The

interstitial

matr

between the quartz grains is composed of iron-bgalays

(Figures 6(e) and (f)).

Ferruginous Sandstone-Sandy ironstone T4, as pedria
Figures 7(a) and (b), is a petrographic lithotylse aresent
in the red sandy ironstone beds of this unit. Ihsists
mainly of angular, moderate to well-sorted quartairgs
embedded in black hematitic cement. The quartsgraie
found to be highly corroded and embayed by theossira
hematite cement. Small relics of iron-bearing clages still
present within the interstitial spaces between dnartz
grains.

Yellow dolomitic mudstone-dolostone T5 (Figures-8jds
recorded in the uppermost part of this unit (column
Figure 4, and Figure 7(c)). It consists of siltycitezed and
hematitized iron-rich dolomite, as exhibited in trigs 7(d)
and (e).
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[Ferruginous Sandstone-Sandy ironstone Unit 1

Fig.5.  Unit I: Ferruginous sandstone-sandy ironstone:bjasmall-scale

and C, Figure 8(a). It forms a characterized slopeving unit
covered by the limestone boulders of the overlyasgiliferous
limestone dolostone Unit 1ll, as shown in Figure)8(The
green clays and the intercalated glauconitic sandst are
slightly oxidized, resulting in a yellow coloratioand the
formation of ochreous clays (limonite). The glaution
sandstones are also oxidized into reddish browregolas
displayed in Figure 8(a). The microscopic desaiptof this
unit led to the recognition of the following petraghic
lithotypes:

Glauconitic sandstone, present in the lower partthef

measured stratigraphic section, as illustratedigure 4. It

consists of an equi-proportion of silt-sized quanains and
green color glauconite peloids, as demonstrateéigares

8(b) and (c). These components are embedded witiein
glauconitic clay matrix, as evidenced in Figureb)&nd

(c). Some of the glauconite peloids and the glaiticotiay

matrix become slightly oxidized and get a browrigben

color.

[Kaolinitic-Hematitic Fine Sandstone S.1 [Hematitic Fine Sandsione 8.2

160(hm

[Hematitic Fine Sandstone 8.2 [Hematitic Fine Sandstone S.2

cycles of yellow color siltstone, ferruginous saodss, and terminated with
reddish brown to black sandy and silty ironstor{esd) sheeted ferruginous
sandstone and sandy ironstone beds with thin fieloug mudstone interbeds;

and (e) green clay horizon terminated by egg yell@elomitic
mudstone/dolostone bed.

2) Depositional Environments

The presence of horizontal
ferruginous sandstones indicates deposition inIdaieds of a
fluctuating water table. The occurrence of greays| along
with the coarsening and thickening-upward naturéhisf unit,
suggests the progressive shallowing of these lakgs.facie is
generally laminated, which indicates the depositbshallow,
slight fluctuation in the water depth. The presenck
interbedded fine-grained sandstone, siltstone, m@distone

with occasional ripple laminations, flaser beddiagd sparse

bioturbation reflects deposition in a shallow, seestricted
coastal lagoon, where the fluctuating salinity asatliment
influx were controlled by the tidal activity or epdic river
input.

B. Unit Il: Green Clays-Phosphatic Glauconitic Sandsto

1) Description

This unit is present just below the cliff-formingrbonates
of the next unit, as seen in column B, Figure 41 eslumns B

bedded mudstone an

Fig. 6.  (a) Kaolinitic-Hematitic fine-grained sandstone Tb; c, and d)
Hematitic Fine Sandstone T2, similar to T1; (e) #)dKaolinitic-Hematitic
Sandstone T3 (O.L. Ordinary Light; C. N. Crossedd\).

The fossiliferous calcareous glauconitic sandstpnesent

in the upper part of this unit, consists of thimdistone
interbedded with glauconitic marl, as presentedrigures
8(a) and (b). Microscopically, it consists of frefireen)
and hematitized glauconite peloids (black), andrigua
grains within calcite cement, as shown in Figue) 86ome
large black hematitic domains are formed by the
coalescence of black hematite peloids post glateoni
peloids. Completely calcitized large shell fragnsematre
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observed to be admixed with the black hematiteigel@s 2) Depositional Environments
depicted in Figure 8(e). Also, calcite cement beesm
highly recrystallized in some domains, giving rieeblock
calcite crystals of high interference color, asieitéd in
Figure 8(e).

The green clays-Phosphatic glauconitic sandstorieisin
interpreted as having been deposited in a low-gnergrine
setting along the middle to the outer shelf, likelyring a
marine transgression, with slow sediment accunuorati
periodic winnowing, and authigenic mineral formatiander
ferruginous Sandstone-Sandy ironstone Unit 1 slightly reducing to suboxic conditions.

slauconitic sandstone

Fine dolostone

[Fossiliferous Li Dol Unit 11T]

Fig. 7.  (a, b) Ferruginous Sandstone-Sandy ironstone T4d,(@and e);
Yellow dolomitic mudstone-dolostone T5.

Hematitized phosphatic greensand / glauconitic sane,
composed mainly of green glauconite peloids, yellow
phosphatic peloids, and intraclasts, as presentétgures
9(a) and (b). These components are cemented bitecalc
Most of the glauconite peloids are slightly oxidizgiving
rise to blood red (goethite) and black (hematitgtpes and '

domains (Figures 9(a) and (b)). Some slightly @ddi Fig.8. (a, b) Hematitized phosphatic greensand/glaucositiwstone; (c,
yellowish-green glauconite peloids are still obserwithin d) fine dolostone; (e) fossiliferous limestone-dtme of unit 1.

the different components of this petrographic liipe. . .
Large yellowish-brown amorphous phosphatic intrstsla The green clays were formed first after the marine

are also present within this lithotype (Figures)ad (b)). transgression during periods of very low clastipuin The
These phosphatic components are also diageneticalff€Sence of phosphatic zones that postdate the gneeine

recrystallized. Towards the upper parts of the,utiits  ClayS strongly supports the green clays—phosphorieel (Fe-
petrographic lithotype is mainly made up of quatains, P pumping theory of formation of marine phosphsjitéThis
black hematite peloids, and yellow phosphatic olasts. M0del describes how iron (Fe) oxides adsorb phaepRD? )
The different constituents are cemented by blockigie 1N ©XiC conditions and release it under suboxicatwxic

cement, partially corroded and embayed by the tealci conditions, contributing to phosphate enrichmenarnéhe
cement. sediment—water interface and promoting the autldgen

phosphorite formation [13, 14]. From the genetimpof view,
Fine dolostone is present as thin yellow color dotir it is concluded that the marine phosphogenesisessas were
mudstone intercalations in the upper part of thié-cl carried out just postdate the progressive shoalititg
forming unit (Figures 9(c) and (d)). authigenesis of glaucony facies, and the deposdafoRe and

Mg-rich lime-mud in the shallower areas. This aggmesis of
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glaucony and the deposition of Ca, Mg-rich lime nfedlto the In the lower part of this unit, soft dolomitic marbecome
continuous consumption of Al, Si, Fe, Mg, and Knfradhe enriched with shell fragments and gastropods (EigLo(b)).

phosphorite model (Fe-P pumping theory of formatioh The middle part of these units is highly enrichedthw
marine phosphorites). During the progressive aribeguent macrofossils and is present as a vertical ridgeyofic yellow

stages of syn-sedimentary reworking, transportatiand and grey color carbonates of different lithologimacters and
redeposition, phosphorite facies of different madegical and faunal contents. Figure 10(a) shows the close-ew wf the
chemical characters were deposited. This model I1$® a interbedded yellow and grey carbonates of the mighdirt of
confirmed in [15, 21, 22]. the unit. The petrographic description of the défe horizons
of this unit, Ill, revealed the presence of theldwing

petrographic lithotypes, arranged from base tcamofollows:

Unit II: Green Clays Glauconitic Sandstone

Bioclastic grainstone: This petrographic lithotyipgresent
in the middle part of this unit, and it consistscadcitized
longitudinal shell fragments embedded with micritatrix/
microspar cement (Figures 11(a) and (b)). The tmcri
matrix ~exhibits progressive stages of diagenetic
recrystallization into microcrystalline calcite. 86 non-
calcitized dense shell fragments of micritic compms are
still seen within the dense micritic matrix. Somk tbe
microspar cement domains become highly recrystalliz
into coarse crystalline calcite, similar to thosenfed by
the shell fragment recrystallization.

ossiliferous Limestone-Dolostone Unit III

ossiliferous calcareous glauconitic sandstone

Fig. 9.  Unit Il: Green clays-Phosphatic glauconitic: (a)adcteristic
slope-forming unit of green clays and the interaaglauconitic sandstones;
(b, c) glauconitic sandstone; (d) fossiliferousceatous glauconitic sandstone;
and (e) = fresh (green) and hematitized glaucqeteids (black), and quartz
grains within calcite cement.

C. Unit lll: Fossiliferous Limestone-Dolostone

1) Description

This unit is up to 19 m thick, as seen in columrFiQure 4.
It consists mainly of white color cliff-forming, &siliferous
limestone with very thin yellow color dolostonedrteds, as
seen in Figure 9(e). The carbonate beds are nosepreas
vertical zones of characteristic pseudo-brecciatiature, as Bt =
displayed in Figure 10(a). They are enriched whikelisand Fig. 10. (a) Fossiliferous limestone-dolostone of unit (i) fossiliferous

shell fragments of pelecypods and gastropods (Eig0r (b)).  limestone-dolostone enriched with shell and shedients of pelecypods
and gastropods.
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Calcitized Fe-rich coarse crystalline dolostone:isTh -

petrographic lithotype is present just overlyinge th
bioclastic grainstone and consists of coarse dhysta
dolomite  (iron-rich), containing some calcitized
(recrystallized) shell fragments, as depicted guFeé 11(c).
The dolomite also shows incipient stages of cakiibn
and the formation of large domains of blocky calcin
some of the domains, this petrographic is compo$é&on-
rich coarse crystalline dolomite. It also demoriesa
different stages of ferruginization and calcitizati and the
formation of blocky calcite and hematite, and gideth
patches and domains (Figure 11(c)).

Fine crystalline dolostone: This petrographic lithee is
present in the lower part of the unit (Figure 1)L(d)
consists of very fine crystalline dolomite/dolomitnud or
dolomicrite. Intensive hematitization and calcitiaa of
the fine iron-rich dolomite are observed along samseks
and veinlets, which have led to the formation afool red
iron oxyhydroxides and blocky calcite.

2) Depositional Environments

Unit Il was deposited after the green clays andspihatic
glauconitic sandstone unit. The predominance otlagtic
shell fragments in this microfacies indicates démsin an
agitated condition of an inner shelf environmereTcyclic
nature of this unit, as portrayed in Figure 4, agydor the
deposition under upward shoaling and the transftiom quite
deep to shallow subtidal into agitated shallow isiabt
intertidal conditions dominated during the depositiof the
uppermost parts of such shallowing-upward cyclebesé
small cycles also reflect short-lived periods ofa skevel
fluctuation. The predominance of bioclastic debins the
topmost parts of this lithofacies indicates depasiin a highly
agitated shallow marine environment [16]. The rediped
coarse and fine crystalline dolomites with rarepevates are in
close similarity with the dolostones of the uppeteitidal—
supratidal zone in platform carbonate that werenéxt during
the sea level fall [17, 18]. The fine crystallinelamites have
been interpreted as a
dolomitization of precursor micrite in supratidétfsediments
during the regressive phase in the upper intertmaupratidal
setting [19]. The presence of bivalve is similar tioe
microfacies association number 1 [20].

D. Unit IV: Green Clay-Glauconitic Ironstone Unit

1) Description

This unit is present just overlying the carbonatasing
unit, as observed in column C, Figure 4. It cossisf
successive small-scale cycles and attains up tom3®f
thickness (Figure 11(e)). Each of these cyclesrsegith grey
thinly laminated mudstone, which grades upward igteen
glauconitic clays and is terminated by reddish brdw black
glauconitic ironstones and ferruginous sandstoagshown in
Figures 12(a) and (b). There is an upward decr@ashe
thickness and number of the glauconitic ironstoedsbfrom
the lower to the upper parts of this unit (Figut@¢a-c)). The
microscopic description of this unit led to theritd&cation of
the following petrographic lithotypes:

result of penecontemporaneo

Hematitized Oxidized greensand: This petrographic
lithotype is present as thin reddish brown ironstdreds
within the glauconitic clay unit, as illustrated Figure
12(d). It consists of slightly to completely oxidd
glauconitic clay peloids embedded within a slightly
hematitized glauconitic clay matrix. The ultimatages of
hematitization have led to the complete hematitpaof
the green clay peloids and matrix, as portrayeéFigure
12(e).

Fossilifereous Limestone-Dolostone Unit ILI

Green Clay-Glauconitic Ironstone Unit

Fig. 11. (a, b) Bioclastic grainstone; (c) calcitized Feiraparse crystalline
dolostone; (d) fine crystalline dolostone; (e) uiMt green clay-glauconitic
ironstone unit.

Hematitic glauconitic sandstone/sandy ironstonekis T
petrographic lithotype (Figures 12(e-g), is composs
sandy-sized quartz grains admixed with green clpigs
and matrix (Figure 13(f)). The glauconitic clay qoonents
become progressively hematitized and turn intolwesh
green color. The ultimate stages of hematitizaliahto the
formation of blood red amorphous iron oxyhydroxidesl
goethite. The dehydration of these components éagd
the formation of black hematite cement. The qugrens
are progressively corroded and embayed by the litemat
cement, as presented in Figures 12(g) and (h)ingad the
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formation of wide black hematite domains containusgy
small white quartz relicts, as displayed in FigL2¢f).

2) Depositional Environments

The green clay-glauconitic ironstone unit represenhew
transgression, post-dating the restricted conditiothat
dominated during the upper part of the fossilifertimestone-
dolostone of unit 1ll. The green clays represerjioséion in
the dysaerobic conditions of high Mg, K, Fe2+, Sidrd Al3+
cations.

Fig. 12.

(a, b) Green clay-glauconitic ironstone unit; (claugonitic
ironstone beds; (d) hematitized oxidized greensgay;ultimate stages of
hematitization of the green clay peloids and matffixhematitic glauconitic
sandstone/sandy ironstones; (g, h) blood red amarpliron oxyhydroxides
and goethite.

Their formation is attributed to synsedimentary imar
authigenesis (Neoformation theory). The cyclic nataf this
unit and the presence of sheet-like glauconitingtones in the
topmost parts of successive cycles observed imikldle and
upper parts of column C, Figure 4, indicate depmsitinder
reducing and oxidizing conditions during the tramesgive and
regressive cycles. The alternated greensand (uizeridzone
represents deposition in the reducing dysaerohiclitions of
high organic matter content and high ferrous irativéies.

This mechanism for the formation of glauconiticnistone was
described in [21] in the Gabal Qalamoon area, Wedbesert,

Egypt.
E. Unit V: Tuffaceous Mudstone-Basalt Unit

1) Description

This unit is present in the topmost part of thatgjraphic
succession, as evidenced in column D, Figure 4irarftdgure
13(a). It consists of four main units, which areaaged from
base to top as follows:

Egg yellow limonitic clays, red sandy slightly dai
ironstones (Figure 13(b)),
Figures 13(a-c)).

Upper basalt, vesicular and amygdaloidal basaleviaind
on the topmost part (Figure 13(a)).

Hematitic tuffaceous sandstone: This petrograptiiotype
is composed of isotropic tuffaceous mudstone fragme
quartz grains embedded in tuffaceous matrix (Figia@)).

Blood red amorphous iron oxyhydroxides and hematite

patches and domains are observed within the iitiakst
spaces, as shown in Figure 13(f). The hematitehpatand
domains were formed either through the direct diatje
hematitization of precursor tuffaceous materialtloough
the hematitization of previously formed green clays

Tuffaceous Mudstone-Basalt Unit

Fig. 13. Unit V: (a) Tuffaceous mudstone-basalt unit; (j sandy slightly
oolitic ironstones; (c) grey tuffaceous mudstord); {pper basalt, vesicular
and amygdaloidal basalt on the topmost part; (epnatitic tuffaceous
sandstone; (f) tuffaceous matrix.
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2) Depositional Environments

The tuffaceous mudstone-basalt unit V represeriiaesial
volcanics and related ephemeral lake facies. Theak@lastic
red beds and the overlying tuffaceous glassy basaltblack
topmost basalt are equivalent to the Oligoceneamts and
the underlying green and red beds of the North Rmash
area, Egypt [22]. The tuffaceous mudstone basdlisisimilar
to the volcaniclastic red beds of the North Abu $toarea,
Egypt [22]. Authors in [22] related the formatiorf the
volcaniclastic red beds into two processes: 1) thect
hematitization of the interstitial precursor tuacis materials,
which are deposited in shallow oxygenated lagoerakr; 2)
the diagenetic oxidation and hematitization of gneen clays
that were formed under dysaerobic diagenetic cimmdit

IV. DISCUSSION

The sedimentary succession in the North Usfaniareban
unexposed base. The equivalent succession in Ah&ysi and
Haddat Asham areas is composed of thick kaolingic
ferruginous conglomerates and cross cross-beddedisteame
unit of fluviatile environments. The studied sucies
represents the type locality of the Usfan Formatiear Usfan
village. The studied succession begins with thiblydded
siltstones of unit I. In other areas around Makkhb, Tertiary
sedimentary succession begins with fluviatile conggrates
and sandstones. The coeval succession in the Hadkdham
area was previously studied and subdivided inteethmain
members, representing deposition during earlierticental
environments that grade into fluvio-lacustrine andrine, and
finally another continental regime at the top.

V. CONCLUSIONS AND DEPOSITIONAL MODEL

In the Usfan area, the succession was depositedgdilre
following stages:

Stage A: During this stage, the Arabian Shield sock

become exposed and weathered in uplifted sourees,aas

presented in Figure 14(a). Conglomerates and pebbly

sandstone facies were deposited in proximal amgaaway
from the studied section. Thinly laminated mudsteardy
ironstone of unit | was deposited, consisting oinlth

bedded sandstone/sandy ironstones in successivescyc

and it represents deposition in a lagoonal to duvi
lacustrine environment. This unit may be equivalenthe
fluvio-lacustrine unit Il. In the Haddat Asham ar#é&s unit
represents deposition in a shoaling lagoon, aoarisists of
thinly bedded ferruginous sandstone/sandy ironstane
successive cycles. These sandy ironstone unitesepr
deposition in the ultimate stage of shoaling arstrietion
of the water level.

Stage B: During this stage, the green clays- glaitico
sandstone of unit Il and the overlying fossilifesou
limestone -dolostone of unit Il were depositedidgrthe
marine transgression, as illustrated in Figure 14{he
formation of green clays/greensand has been deskciib
previous research. The Fe—P pumping theory is stggpo
in this area, as phosphatic glauconitic sandstaoeire in
the uppermost part of the green clay successiohi®fnit,
as observed in column B, Figure 4. After a peribdreen

clays-phosphatic greensand, there is a main ragness
period dominated by the deposition of dolostone and
limestones in restricted lagoonal conditions in ldgver
part. This unit consists of interbedded yellow ahoilic
mudstone and dolostone. Above the yellow dolostarig

the succession consists of cyclic interbedded tlmh@sand
limestone beds that characterize the upper pahigfunit.
This unit is enriched with large pelecypods andrgasds.

Fig. 14. Stages of the depositional history of the studiectsssion of the
Usfan area.

Stage C: The time interval (Figure 14(c)) represenhew
marine transgression during which the green clays-
glauconitic ironstone of unit IV was formed. Theegn
clays represent deposition in dysaerobic conditimfnlsigh
Mg, K, Fe2+, Si4+, and Al3+ cations. The cyclic urat of
this unit, and the presence of sheet-like glau@onit
ironstones in the topmost parts of successive sydke
shown in the middle and upper parts of column GQufé 4.
These glauconitic ironstone beds are the resulthef
diagenetic oxidation of Fe3+ rich, organic matserd poor
green clays deposited in shallow oxygenated w&iemilar
glauconitic ironstone is described by in [21] ire tabal
Qalamoon area of the Western Desert in Egypt.

Stage D: During this time interval, subaerial voica
activities were dominated by the deposition of basi
volcaniclastics in lacustrine depositional sitesheT
volcaniclastic red beds and the overlying tuffaseglassy
basalt and black topmost basalt are similar taQtigocene
volcanics and the underlying green and red bedthef
North Abu Roash area in Egypt. Authors in [22] tetathe
formation of the volcaniclastic red beds to twoqasses: 1)
the direct hematitization of the interstitial presor
tuffaceous materials, which are deposited in shallo
oxygenated lagoonal water, and 2) the diageneiatatinn
and hematitization of the green clays that werenéat
under dysaerobic diagenetic conditions.
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